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Foreword 

 
The "International Conference on Transport, Atmosphere and Climate (TAC)" held in Oxford 
(United Kingdom), 2006, was organised with the objective of updating our knowledge on the at-
mospheric impacts of transport, three years after the "European Conference on Aviation, Atmos-
phere and Climate (AAC)" in Friedrichshafen (Lake Constance, Germany). 

  
While the AAC conference concentrated on aviation, the scope was widened to include all 

modes of transport in order to allow a equitable comparison of the impacts on the atmospheric 
composition and on climate. In particular, the conference covered the following topics:  
- engine emissions (gaseous and particulate),  
- emission scenarios and emission data bases,  
- near field and plume processes, effective emissions,  
- impact on the chemical composition of the atmosphere,  
- impact on aerosols,  
- contrails, contrail cirrus, ship tracks,  
- indirect cloud effects (e.g., aerosol-cloud interaction),  
- radiative forcing,  
- impact on climate,  
- metrics for measuring climate change and damage,  
- mitigation of transport impacts by technological means, i.e., environmental impacts of modifica-

tions to vehicles and engines (e.g., low NOx engines, alternative fuels),  
- mitigation of impacts by operational means (e.g., air traffic management, environmentally 

friendly flight and ship routing). 
 
The conference was also a forum for dialogue of the QUANTIFY1 project participants with the 

wider scientific community. At the same time, the conference marked the start of the EC funded 
project ATTICA2, which has the objective of providing a "European Assessment of Transport Im-
pacts on Climate Change and Ozone Depletion". 

 
The conference benefited from substantial financial support from the United Kingdom Depart-

ment for Transport and the European Commission's DG Research, to whom the organizers are ex-
tremely grateful.  

 
139 participants attended the TAC conference and there were 60 oral and 33 poster presenta-

tions. Extended abstracts of most of the presentations are included in this book of proceedings. Af-
ter peer review, a subset of the papers will be published in a special issue of the journal Meteorolo-
gische Zeitschrift.  

 
Robert Sausen David S. Lee 
Institut für Physik der Atmosphäre Dalton Research Institute 
Deutsches Zentrum für Luft- und Raumfahrt e.V. Manchester Metropolitan University 
Oberpfaffenhofen, Germany Manchester, United Kingdom 

 

                                                 
1 QUANTIFY is an EC funded Integrated Project entitled "Quantifying the Climate Impact of Global and European 
Transport Systems", see also http://ip.quantify.eu. 
2 http://ssa-attica.eu/ 
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Light Duty Vehicle Emissions 

T.J. Wallington*, J.L. Sullivan 
Research and Advanced Engineering, Ford Motor Company, Dearborn, MI 48121-2053, USA 

Keywords: Light Duty Vehicles, CO, CO2 HC, NOx, PM, HFC-134a, CH4, N2O emissions 

ABSTRACT: Vehicles emit carbon dioxide (CO2), carbon monoxide (CO), nitrogen oxides (NOx), 
hydrocarbons (HC), particulate matter (PM), hydrofluorocarbon 134a (HFC-134a), methane (CH4), 
and nitrous oxide (N2O). An understanding of these emissions is needed in discussions of climate 
change and local air pollution issues. To facilitate such discussions an overview of past, present, 
and likely future emissions from light duty vehicles is presented. Emission control technologies 
have reduced the emissions of CO, VOCs, PM, HFC-134a, CH4, and N2O from modern vehicles to 
low levels.  

1. INTRODUCTION 

Recognition of the contribution of vehicle emissions to local air pollution and climate change has 
led to a considerable research effort focussed on understanding the nature and quantity of vehicle 
emissions and developing control technologies to reduce these emissions. We present an overview 
of six important aspects of light duty (< 8,500 lbs) vehicle emissions. First, the life-cycle CO2 emis-
sions from a typical vehicle. Second, the historical data for emissions of HC, CO, and NOx. Third, 
the use of diesel particulate filter technology to mitigate PM emissions. Fourth, the magnitude of R-
134a, N2O, and CH4 emissions from the global vehicle fleet. Fifth, the projections of CO, VOC, 
NOx, and PM emissions from the global vehicle fleet up till 2050. Finally, the options to reduce the 
vehicle life cycle CO2 emissions. 

2. LIFE CYCLE CO2 EMISSIONS 

The life cycle CO2 emissions for a typical mid-sized car in the US are given in Table 1. The "in-
use" portion (fuel combustion) accounts for approximately 90% of the life cycle CO2 emissions. 
Reducing the life cycle CO2 emissions requires careful attention to the in-use portion. 

Table 1: Life cycle CO2 impact for typical mid-sized car 

 Tonnes of CO2 % of total 
Raw material production (steel, aluminium, plastics, …) 3.5 5.7% 
Ford manufacturing/assembly 2.5 4.0% 
Manufacturing logistics 0.1 0.2% 
Fuel (120,000 miles at 22.9 miles per US gallon) WTW 1 55.1 88.9% 
Maintenance and repair 0.6 1.0% 
End of life/recycling 0.1 0.2% 
Total Lifecycle 61.9 100% 

1 well to wheels analysis 

3. HC, CO, AND NOX EMISSIONS 

Incomplete combustion leads to the presence of hydrocarbons (HC) and carbon monoxide (CO) in 
vehicle exhaust. Formation of NO by the Zeldovich mechanism (Zeldovich, 1946) leads to the 
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emission of NOx. Recognition of the contribution of vehicle exhaust to the formation of photo-
chemical smog in large urban areas such as Los Angeles in the 1950s led to the adoption of regula-
tions controlling vehicle emissions starting in the 1960s in California. The development of vehicle 
emission control technology over the past 4 decades has led to large decreases in the emissions 
from new vehicles (per mile driven) as illustrated in Table 2. 

Table 2. Historical perspective on vehicle HC, CO, and NOx emissions 

 Year HC (g/mile) CO (g/mile) NOx (g/mile) 
1957-1962 US Fleet 1 8.8 81.6 3.7 
1963-1967 US Fleet 1 9.1 92.8 3.5 
1963-1967 US Fleet 1 4.7 58.7 4.9 
1975/1976 US Federal 1.5 15 3.1 
1991 US Federal 0.41 3.4 1.0 
1994 US Federal 0.41 3.4 0.4 
2000 Europe Stage III 2,3 0.32  3.8 0.24 
2004 US Federal 0.125 1.7 0.2 
2005 Europe Stage IV 2, 4 0.16 1.6 0.13 
2007 US Federal 5,6 0.075 3.4 0.05 

1  from Table 3 in Fegraus et al., 1973;  
2  gasoline;  
3  80 K km;  
4  100 K km;  
5  Tier II bin 5 average requirement;  
6  50 K mile 

Data for the 1957-1967 fleet are averages from several hundred vehicles tested in the laboratory. 
The more recent data are regulatory standards which new vehicles must meet. As seen from Table 
2, there has been major and continuing progress in reducing the emissions of HC, CO, and NOx 
from new vehicles. Over the past 40 years the emissions (g/mile) of hydrocarbons and CO has de-
clined by approximately 2 orders of magnitude. NOx emissions have declined by a factor of forty. It 
should be noted that because of increases in the vehicle fleet the reductions in the total emissions 
from the global vehicle fleet do not parallel those given in Table 2. However, as discussed in sec-
tion 6, in spite of projected increases in the on-road vehicle fleet, the total emissions of "criteria" 
pollutants (ie, HC, CO, NOx, and PM) are projected to decline substantially in the coming decades. 

4. PARTICULATE MATTER (PM) 

Combustion in diesel engines is initiated by spraying liquid diesel fuel into the combustion cylin-
der. Combustion in gasoline engines is initiated by a spark which ignites a homogeneous mixture of 
gasoline vapor and air. Diesel exhaust contains more PM (by a factor of approximately 50-100 on a 
mass basis) than gasoline exhaust. The higher particulate emissions arise from the incomplete com-
bustion of liquid fuel droplets near the fuel injector. Although most of the particulates are burned by 
the excess O2 in the cylinder before leaving the engine, some survive and leave in the engine-out 
exhaust as small particles (10-100 nm diameter). Control of particulate emissions is a significant is-
sue for diesel engines. The recent development of diesel particulate filters (DPFs) that filter solid 
particles from the exhaust constitutes a significant advance in emissions control. As indicated in 
Figure 1, DPFs are highly effective at reducing exhaust PM to very low levels. DPFs have been in-
troduced commercially and seem likely to become widely used in areas where PM emissions are a 
concern. As of July 2005 over 1 million DPF equipped vehicles had been sold by PSA Peugeot 
Citröen. The Ford Motor Company will equip diesel vehicles with DPFs starting in 2007 in the US 
and in 2005 in Europe. As discussed in section 6, the increased use of DPFs in the on-road vehicle 
fleet will contribute to the projected decline in PM emissions in the coming decades. 
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Figure 1: Illustration of Diesel Particulate Filter effectiveness (adapted from Guo et al., 2003). 

5. HYDROFLUOROCARBON-134A (CF3CH2F), NITROUS OXIDE (N2O), METHANE (CH4) 

Hydrofluorocarbon-134a (also known as HFC-134a, R-134a, or CF3CH2F) is used as the replace-
ment for CFC-12 (also known as R-12 or CF2Cl2) in vehicle air conditioning units. There are four 
emission modes of R-134a from vehicles; regular, irregular, servicing, and disposal. Regular loss 
refers to the slow leakage from hoses and seals. Irregular losses are caused by failures of the sys-
tem. As their names suggest, servicing and disposal losses are incurred during servicing and dis-
posal of the vehicle. The results from several studies of R-134a emission have been reported. 
Schwarz et al. (2001) give a total emission per vehicle of 0.24 ± 0.06 g/day. Siegl et al. (2002) es-
timate a total emission rate of 0.41 ± 0.27 g/day. Stemmler et al. (2004) determined the sum of 
regular and irregular loss to be 0.336 g/day. Finally, Vincent et al. (2004) estimate a total emission 
rate of 0.24 g/day. Within the likely experimental uncertainties, there is reasonable agreement be-
tween the results of the studies. Assuming 0.3 ± 0.1 g/day emission, 10000 miles per year travelled, 
25 miles per US gallon fuel economy, and a global warming potential for R-134a of 1300 (100 year 
time horizon) Siegl et al. (2002) estimated that the global warming impact of R-134a leakage from 
an AC equipped vehicle is approximately 3-5% of that of the CO2 emitted by the vehicle. 

 Nitrous oxide (N2O) is produced as an intermediate during the reduction of NOx in three way 
catalyst systems. Some N2O escapes further reduction to N2 and exits with the exhaust flow through 
the tailpipe into the atmosphere. N2O has a global warming potential of 330 (100 year time horizon) 
and is an important greenhouse gas. Several studies of the emissions of N2O from vehicles have 
been performed over the past 15 years. Berges et al. (1993) reported emission factors (g of N2O/g of 
CO2) of (6 ± 3) x 10-5 and (14 ± 9) x 10-5 from tunnel studies in 1992 in Germany and Sweden, re-
spectively. Becker et al. (1999, 2000) reported emission factors of (6 ± 2) x 10-5 and (4.1 ± 1.2) x 
10-5 from tunnel studies in Germany in 1997. Jimenez et al. (2000) used open path, cross road laser 
techniques to measure emission factors of (8.8 ± 2.8) x 10-5 and (12.8 ± 0.39) x 10-5 from on-road 
vehicles in California in 1996 and New Hampshire in 1998, respectively. Becker et al. (2000) con-
ducted a laboratory dynamometer study of 26 light duty cars and trucks and measured an average 
N2O emission of 12 ± 8 mg/km. Behrentz et al. (2004) conducted a similar test using 37 vehicles 
and found an emission rate of 20 ± 4 mg/km. Huai et al. (2004) studied 60 vehicles, nearly half of 
which had N2O emission rate < 10 mg/mile. Emission rates from the remaining vehicles varied sig-
nificantly with the highest emissions being observed for older catalyst technologies. The results 
from all these studies are in broad agreement (within a factor of 2). Becker et al. (1999) have esti-
mated that N2O emissions from vehicles have a global warming impact which is 1-3% of that of the 
CO2 emissions from vehicles. 

Methane (CH4) is produced in small quantities by combustion reactions occurring in internal 
combustion engines. Nam et al. (2004) analyzed CH4 emissions from 30 different cars and trucks 
and recommended use of an emission factor (g of CH4/g of CO2) of (15 ± 4) x 10-5 for the US on-
road fleet. Using a global warming potential of 23, Nam et al. (2004) calculated that the global 
warming impact of CH4 emissions from vehicles is 0.3-0.4% of that of the CO2 emissions from ve-
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hicles. The environmental impact of CH4 emissions from vehicles is negligible and likely to remain 
so for the foreseeable future. 

6. PROJECTIONS OF FUTURE HC, CO, NOX AND PM EMISSIONS 

The International Energy Agency (IEA) and World Business Council for Sustainable Development 
(WBCSD) have developed the Sustainable Mobility Project (SMP) spreadsheet model 
(http://www.wbcsd.org) which projects emissions from global transportation over the time period 
2000-2050. Many of the world's leading automotive related companies were involved in developing 
the model (WBCSD, 2004). 

Figure 2 shows the projected increase in CO2 emissions in the SMP Reference Case (WBCSD, 
2004). Figure 3 shows the projected decrease in NOx emissions. The top panels give the emissions 
from Organization of Economic Cooperation and Development, (OECD) countries, the bottom pan-
els give the projected emissions from non-OECD countries. Emissions reductions for CO, HC, and 
PM are projected to be comparable to those for NOx . Large reductions in the emissions of HC, CO, 
NOx , and PM are anticipated from the on-road global vehicle fleet over the coming decades. The 
projected decreases reflect the diffusion of modern emission control technology into the on-road 
fleet. 

Figure 2: Projected transportation CO2 emissions in 
the SMP Reference Case (WBCSD, 2004). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: Projected NOx emissions from OECD (top 
panel) and non-OECD (bottom panel) countries in 
SMP Reference Case (WBCSD, 2004). 
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7. OPTIONS TO REDUCE LIFE CYCLE CO2 EMISSIONS 

Options to reduce vehicle life-cycle CO2 emissions include: (i) ecodriving, (ii) weight reduction, 
(iii), power reduction, (iv) dieselization, (v) hybrid technology, (vi) biomass derived fuels, (vii) 
electric vehicles, (viii) hydrogen internal combustion engine (H2ICE) vehicles, and (ix) hydrogen 
fuel cell vehicles. 

Ecodriving refers to driving in an ecological and economical fashion (driving at posted speed 
limits, accelerating smoothly, braking gradually, ensuring for proper tire pressure, replacing air fil-
ters as needed, using appropriate engine oils, etc.). Reducing the weight of the vehicle reduces its 
energy consumption, light weight magnesium and aluminium alloys are finding increased use in 
automotive applications. The life cycle CO2 benefit associated with vehicle weight reduction by 
material substitution depends on the material (aluminum, magnesium, fiber composites, etc.) replac-
ing the base case material (usually steel) and/or iron) and the efficiency of the powertrain effi-
ciency. There is a tradeoff between the extra energy almost always usually required to make an "al-
ternative material" relative to its ferrous counterpart and the operational energy saved in reducing 
the vehicle inertial weight. As the energy efficiency of the powertrain increases, the life cycle en-
ergy and carbon dioxide emissions benefit of weight reduction decreases (Sullivan et al.; 1995, 
1998). For today's vehicles, weight reduction via material substitution is generally beneficial. Re-
ducing the power of the engine reduces its energy requirement but also reduces the vehicle's per-
formance which is not desirable. Diesel engines are more efficient than gasoline engines for two 
main reasons. First, diesels do not suffer from the pumping losses associated with the throttling 
necessary in gasoline engines. Second, diesel engines operate at a higher compression ratio than 
gasoline engines. Motivated by a desire to increase the fuel efficiency of their vehicles, automobile 
manufacturers are exploring new technologies which will make gasoline engines more diesel-like in 
their operation. Sullivan et al. (2004) have estimated that on a well-to-wheels per vehicle per mile 
basis, the CO2 reduction opportunity for replacing a gasoline vehicle with its equivalent diesel 
counterpart was 24-33% in 2004 and will decrease to 14-27% by 2015.  

Hybrid vehicles are propelled down the road by a combination of an electric motor and an inter-
nal combustion engine (gasoline for all hybrids currently on the market). All the energy used to pro-
pel the vehicle comes from chemical energy in the gasoline in the fuel tank (although the battery 
alone can propel the vehicle, the energy in the battery comes from combustion of gasoline). Regen-
erative braking is used to capture energy during braking and charge the battery. When there is little, 
or no load, on the engine (e.g. stopped at lights, travelling slowly in congested traffic) the gasoline 
engine shuts down to save fuel. Hybrid vehicles offer substantial fuel savings in city driving but of-
fer more modest savings in highway driving. The 2.3 L Ford Hybrid Escape has city and highway 
fuel economies of 36 and 31 miles per US gallon. The 2.3 L Ford Escape has city and highway fuel 
economies of 23 and 26 miles per US gallon. 

The use of biomass derived fuel such as ethanol or biodiesel can lead to a significant reduction in 
the well-to-wheels CO2 emissions. In principal, if little, or no, fossil fuel is used in the production 
of the biofuel then the net CO2 emissions associated with combustion of the fuel in the vehicle will 
approach zero. As seen from Table 1, fuel combustion accounts for approximately 90% of the vehi-
cle life cycle CO2 emissions. Hence, in principle, the use of biofuels offers an opportunity to reduce 
the CO2 emissions significantly. At the present time it is unclear whether biofuels can be produced 
with sufficiently low fossil fuel inputs, in sufficient quantities, and at sufficiently low cost to make 
a major impact. Biofuels are an area of current research interest.  

Electric vehicles do not emit CO2 and, if the electricity used to charge the battery has a low fossil 
fuel burden, then the use of electric vehicles would lead to a decrease in CO2 emissions. The mass 
use of electric vehicles awaits the development of cheap, robust, high energy density, rapidly re-
chargeable batteries. Hydrogen can be burnt in internal combustion engines (H2ICE) or used in fuel 
cells. Hydrogen fuel cell vehicles have received considerable attention due to their potential to be 
much more efficient than gasoline vehicles on the road today. However, there are formidable tech-
nical challenges to be overcome before hydrogen will see mass use as a transportation fuel. These 
include: the high cost and environmental impacts associated with hydrogen production and distribu-
tion; low energy density, which makes storing sufficient hydrogen on a vehicle difficult; fuel cell 
cost; and fuel cell durability. 
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8. CONCLUSIONS 

Vehicles emit carbon dioxide (CO2), carbon monoxide (CO), nitrogen oxides (NOx), hydrocarbons 
(HC), particulate matter (PM), hydrofluorocarbons-134a (HFC-134a), methane (CH4), and nitrous 
oxide (N2O). There has been substantial progress in reducing the emission of criteria pollutants 
(CO, NOx, HC, PM) linked to photochemical air pollution. Emissions of CO, NOx, HC, PM, HFC-
134a, CH4, and N2O are small and/or short term issues. CO2 is a large and long term issue.  
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ABSTRACT: We present here experimental studies performed on soot particles collected from a 
commercial aircraft engine. Electron microscopy techniques are used to determine the morphology, 
the microstructure, and the size distribution of primary soot particles. Their elemental composition 
is also determined as well as their vibrational characteristics by the mean of X-ray energy disper-
sive spectrometry and Fourier transform infrared spectroscopy. 

1 INTRODUCTION 

Nowadays, understanding the aviation’s impact on the radiative forcing, climate change, air quality 
and human health is a challenging task (J.E. Penner et al., 1999). Although only a few percent of 
the global fuel is used by air traffic, the major part of aircraft exhausts is emitted into sensitive at-
mospheric regions, namely the troposphere and lower stratosphere. Carbonaceous particles, such as 
aircraft engine soot, released in the upper troposphere are a major concern with regards to climate 
response impacts. Indeed, aviation-produced soot aerosols are suspected to enhance contrails and 
cirrus formation (Schumann et al., 2002 ; Schumann, 2005), giving rise to a positive radiative forc-
ing (Seinfeld, 1998). Numerous observations have shown that persistent contrails can evolve into 
extensive artificial cirrus clouds (Seinfeld, 1998 ; Schröder et al., 2000) and the potential modifica-
tion of natural cirrus caused by aircraft-produced carbonaceous particles via heterogeneous ice nu-
cleation (Lohmann et al., 2004) have been estimated with general circulation models. However, re-
sults obtained with these models largely depend on their ability to represent the sources, transport 
pathways, and sinks of various aerosol types in the atmosphere. Recent climate models with sophis-
ticated aerosol modules have been developed (Stier et al., 2005 ; Lauer et al., 2005) but they need 
to be complemented by field and laboratory measurements with regard to the physico-chemical 
properties of atmospheric aerosols as well as their ice nucleation properties. In spite of many efforts 
undertaken to date by the scientific community, there is still a lack of knowledge about the struc-
ture, the morphology, the composition, and the reactivity of aircraft engine soot particles. In order 
to contribute to this effort, we present here an experimental study of the physico-chemical proper-
ties of soot particles emitted by a commercial aircraft engine. 

2 EXPERIMENTS 

The soot sampling is made on a civil aero-engine bench at SNECMA Villaroche center (France) 
during Landing/Take-Off (LTO) cycles. Jet A1 fuel containing 0.15 wt% of sulfur is used during 
the engine runs. Soot particles are collected by direct impaction on polycarbonate membranes (Nu-
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cleopore® Isopore), silicon windows (UQG Ltd, Cambridge), and electron microscope grids (Holey 
carbon film, Oxford Instruments) that are located in the exhaust flux axis at 27 m behind the com-
mercial aircraft engine. Size and morphology of the particles are determined by using a high resolu-
tion scanning electron microscope (SEM) JSM-6320F (Jeol) having a spatial resolution of 1.2 × 10-
9 m at 15 kV and a transmission electron microscope (TEM) JEM 2000FX (Jeol) having a spatial 
resolution of 0.28 × 10-9 m at 200 kV. Both microscopes are equipped with a X-ray energy disper-
sive spectrometer (EDS, TRACOR series II) that enables to determine the elemental chemical com-
position of our samples. Chemical elements having atomic number larger than 5 are detectable by 
this technique at concentrations > 0.1 wt%. Soot particles that impact the TEM grids are imaged by 
using the phase contrast imaging method and their microstructure is determined by electron diffrac-
tion. Polycarbonate membranes, which are not conductive, are coated with an amorphous thin car-
bon film that makes them conductive prior to SEM investigations. The Image J software package, 
which is freely available (http://rsb.info.nih.gov/ij/), is used for analyzing both SEM and TEM im-
ages. Soot samples collected onto silicon windows are studied by Fourier transform infrared spec-
trometry (FTIR) (Equinox 55, BRUKER) in transmission mode in order to characterize the surface 
functional groups. 

3 RESULTS 

3.1 Morphology and size distribution of soot primary particles 
A typical SEM micrograph of a soot sample collected on a polycarbonate membrane and coated 
with an amorphous carbon film is shown in figure 1a. Small aggregates made of a few spherical 
soot primary particles are sparsely deposited but clearly visible near the black disk that corresponds 
to a pore of the membrane. The spherical shape of soot primary particles is also observed in figure 
1b that shows a chain of primary particles recorded during a TEM experiment. 

Figure 1a. SEM image recorded at 15 kV and a magni-
fication of 200,000. The black disc corresponds to a 
pore of the membrane. Small aggregates of aircraft en-
gine soot are located near the pore. 

Figure 1b. TEM image of a chain of spherical 
soot primary particles recorded at 200 kV and a 
magnification of 300,000. 
 

We rarely observe primary particles as single discrete spherules among our numerous SEM and 
TEM images. They mainly appear as small asymmetric aggregates or elongated chains with a lim-
ited number of particles, like diesel soot particles (Van Poppel, 2005). The size distribution, fractal 
dimension, and the number of primary particles of these aggregates and chains will be presented in 
a forthcoming  
paper. We present here in figure 2 the primary particles size distributions derived from SEM and 
TEM analyses. The diameter of over 10,007 and 13,494 primary particles is measured respectively 
on TEM and SEM images. 
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Figure 2. Primary particles size distributions derived from SEM and TEM images. Nclass is the number of 
primary particles of a given class and Ntotal is the total number of particles which is equal to 10,007 and 
13,494 respectively for the TEM and SEM analyses. 
 
Although both size distributions follow a lognormal law, their maxima are centered at ( 10.2 ± 0.1 ) 
× 10-9 m and ( 22.5 ± 0.2 ) × 10-9 m when derived from TEM and SEM images respectively. Keep-
ing in mind that soot samples deposited on polycarbonate membranes are coated with an amorphous 
carbon film prior to the SEM analysis, we attribute the difference in the maxima positions to the 
amorphous carbon film thickness. We conclude from several set of measurements that TEM is a 
more suitable technique for determining the primary particles size distribution since, unlike SEM, it 
does not require a sample preparation which strongly shifts the maximum of the size distribution 
towards higher values. This latter point will be discussed in another paper. The primary soot parti-
cles mean diameter of ( 10.2 ± 0.1 ) × 10-9 m obtained from our TEM measurements is lower than 
values available in the literature, which are in the range 25 to 50 × 10-9 m for various types of soot ( 
Petzold, 1998 ; Popovicheva et al., 2000 . Popovicheva et al., 2003) but it has to be noted that this 
work is the first to have been conducted with a commercial aircraft engine in a civil aero-engine 
bench. 
3.2 Microstructure and elemental composition 
A TEM image of a soot primary particle is shown in figure 3a. It clearly exhibits a spherical shape 
made out of concentric, size-limited, graphene layers arranged in an “onion-like” structure. Such 
structures have already been observed in premixed flames (Grieco et al., 2000) as well as in com-
bustor soot (Popovicheva et al., 2000). 

Figure 3a. “Onion-like” structure of a soot pri-
mary particle observed by TEM at 200 kV. 

Figure 3b. Diffraction pattern of soot primary par-
ticles having an “onion-like” structure. 
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In addition to the specular reflection, diffraction patterns associated to the observed “onion-like” 
structures do not exhibit bright diffraction spots but three distinct diffuse rings, as shown in figure 
3b, which correspond to real-space values of d(002) = ( 3.82 ± 0.17 ) × 10-10 m, d(10.) = ( 2.15 ± 0.07 ) 
× 10-10 m, and d(11.) = ( 1.25 ± 0.02 ) × 10-10 m. These diffuse rings are typical of turbostratic struc-
tures and thus support the real-space TEM observations. Numerous EDS analyses on such particles 
also allow us to determine their mean elemental composition. We find that they are mainly consti-
tuted of carbon atoms, 98.3 ± 2.5 % at., with a few oxygen atoms, 1.5 ± 0.4 % at., and traces of sul-
fur atoms, 0.12 ± 0.05 % at. This elemental composition do not really differ from that determined 
by Popovicheva et al. (2004). 
3.3 Infrared spectrum of aircraft engine soot 
Soot particles may have surface functional groups that cannot be evidenced by EDS experiments. 
Thus we have performed FTIR experiments in transmission mode on soot particles deposited onto 
silicon windows. An infrared spectrum recorded at room temperature and with a resolution of 4 cm-
1 is shown in figure 4. 

Figure 4. FTIR spectrum of aircraft engine soot recorded at 4 cm-1 resolution. 
 
This spectrum is relatively complicated and at this stage, we can not unambiguously assess all the 
various peaks. The most intense contribution at 1730 cm-1 is due to C=O carbonyl groups. Bands 
between 3000 and 3600 cm-1 are attributed to free hydroxyl OH groups and also to associated OH 
groups such as alcohol and carboxylic functions. The carbon skeleton (-C-C- and -C=C- groups) re-
sults in many absorption bands between 1000 and 1600 cm-1 whereas CH2 and CH3 vibrational 
modes are detected in the range 2800 – 3000 cm-1. We also note the presence of sulfur and disulfur 
bands around 500 cm-1. The assessment of several other spectral features is still under investigation 
and a more detailed analysis will be presented in a forthcoming paper. However, the detected func-
tional groups are consistent with our EDS analyses. 

4 CONCLUSION 

We have presented here an experimental characterization of the physico-chemical properties of soot 
particles collected from a commercial aircraft engine. We have performed TEM and SEM experi-
ments that show the spherical morphology of the primary soot particles and allow the determination 
of their size distribution, which follows a lognormal law centered at ( 10.2 ± 0.1 ) × 10-9 m. The 
elemental composition indicates that these particles are mainly composed of carbon, with a few 
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oxygen and traces of sulfur. Various surface functional groups have also been evidenced at the sur-
face of soot particles through FTIR experiments. However, further experiments combining com-
plementary experimental techniques are needed to investigate the reactivity of soot particles in or-
der to reach a better understanding of their ice nucleating properties. 
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ABSTRACT: While comparison of emissions within a transportation mode (i.e. comparing Car A 
to Car B) is fairly straightforward using existing data sources, comparison across modes (i.e. com-
paring Car A to Aircraft B) is more difficult. Appropriate comparisons are challenging because duty 
cycles, emissions metrics, measurement instrumentation, and other factors differ among transporta-
tion modes. In response, a Comparative Emissions DataBase (CEDB) is being designed and imple-
mented to inform comparisons of various transportation modes in terms of potential impact on 
global climate change. The transportation modes being considered are commercial aircraft, light-
duty cars, heavy-duty diesel trucks/buses, locomotives, and marine vessels. Emissions data are be-
ing drawn from regulatory certification measurements and research-grade measurements, both from 
literature and our own studies. While the focus of this project is compiling and organizing measured 
emissions data rather than inventory development or policy analysis, some basic examples of the 
modal comparisons facilitated by the CEDB have also been performed. 

1. MOTIVATION AND OVERVIEW 

Often there are several options for the mode of transportation used by passengers or freight compa-
nies. For example, a passenger wishing to travel from Boston to New York can choose to travel by 
car, airplane, bus, or train. Freight companies make similar choices among heavy-duty diesel trucks, 
freight trains, cargo ships, and freight aircraft. These decisions are usually based on factors such as 
cost, travel time, safety, and convenience. However, various modes of transportation also present 
trade-offs in terms of environmental impact. The objective of this work is to build a database tool, 
incorporating data from our own measurements, literature and certification sources, that enables a 
comparison of the potential environmental impact (especially for climate change) of moving pas-
sengers and freight via various transportation modes. This tool could potentially be used by policy-
makers or urban planners to devise incentives or other programs that would minimize environ-
mental impact by encouraging the use of certain transportation modes for certain routes. 

The pollutants considered in the database include traditional long-lived greenhouse gases (CO2, 
CH4, N2O) that effect climate change directly and shorter-lived urban air pollutants (CO, NOX, hy-
drocarbons) that can have an indirect effect on the climate in addition to contributing to smog for-
mation and other environmental effects. In addition, formaldehyde (HCHO) is also included be-
cause it is an important air toxic and a major component of the total hydrocarbon emissions from 
many combustion sources. 

The sources of data for the CEDB include measurements performed by Aerodyne Research 
(ARI) during various measurement campaigns, literature data, and certification data. The individual 
data sources are too numerous to list, but major sources for each mode include: on-road vehicles 
(Becker et al. 2000; Shorter et al. 2001; Nam et al. 2004; Davis and Diegel 2006), aircraft (Spicer et 
al. 1994; Herndon et al. 2004; Anderson et al. 2006; Herndon et al. 2006; ICAO 2006; Wey et al. 
2006), locomotives (Fritz and Cataldi 1991; Fritz 1994; U.S. EPA 1998), and marine ships (Corbett 
and Koehler 2003; Endresen et al. 2003; Eyring et al. 2005; Williams et al. 2005). 
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2. CHALLENGES OF INTERMODAL COMPARISON 

Comparing emissions performance among transportation modes is challenging for several reasons. 
First, the metrics used by government agencies to regulate emissions from various modes are often 
different. The metrics used in the USA to regulate gas-phase pollutants and particulate matter or 
“smoke” are listed in Table 1. The gas-phase certification metrics are based on mass of pollutant 
per distance travelled for light-duty vehicles or mass of pollutant per unit of work for the other 
modes. To, for example, compare emissions performance of a car and bus, a conversion to a com-
mon metric must first be done. Comparing particulate matter emissions among modes is even more 
challenging. On-road compression-ignition vehicles are regulated based on a mass-based PM2.5 
measurement. In addition, buses, heavy-duty trucks, and locomotives are subject to a measurement 
of percent opacity of the exhaust plume. Aircraft are certified based on smoke number, which meas-
ures the amount of light reflected by filter paper that has been exposed to the exhaust. Large marine 
ships (C3) currently are not regulated for particulate matter or smoke. Some correlations exist for 
estimating PM emissions from the smoke measurements, but these correlations often involve con-
siderable uncertainty.  

Table 1. U.S. Transportation Emission Regulation Metrics 

Mode Basis for Certification (gas-phase) Measure of particles (or smoke) 
Light-duty vehicles g/mi PM2.5 (CI) 
Buses g/bhp-hr PM2.5 and % opacity (CI) 
HDD trucks g/bhp-hr PM2.5 and % opacity (CI) 
Freight locomotives g/bhp-hr PM2.5 and % opacity 
Ships g/bhp-hr None (for C3 engines) 
Aircraft g/kN (also report g/kg fuel) smoke number 

bhp = brake horsepower, CI = compression ignition, C3 = Category 3 (displacement/cylinder > 30 L) 

Another complication arises because different modes of transportation use different drive cycles (or 
duty cycles) for emissions testing. In the USA, new light-duty vehicles are measured based on three 
drive cycles: the FTP drive cycle for emissions, the UDDS drive cycle for “city” fuel economy, and 
the HWFET cycle for “highway” fuel economy. Heavy-duty vehicles, such as buses, trains, trucks, 
and ships, have their own duty cycles. Aircraft are regulated based on the ICAO duty cycle, which 
does not include any emissions above 3000 ft (914 m). As a result of this variability, care must be 
taken to ensure that the duty cycle used for the emission measurements are representative of the 
“trip” that was envisioned for the comparison. This issue of duty cycle is somewhat less important 
for comparison within a single mode because, even if the cycle does not perfectly represent real-
world use, the same cycle is used for all measurements in the comparison. 

3. CALCULATION OF COMPARATIVE METRICS 

The choice of an appropriate comparative metric is necessary to ensure that the intermodal com-
parisons are meaningful, so several alternatives were considered. The emission index, EI, (mass 
pollutant per mass of fuel burned) is attractive because it is widely used in the literature. However, 
the EI only describes how cleanly fuel is consumed and does not address how efficiently that fuel is 
used to transport passengers or freight. Ultimately, the emission intensity, defined as the mass of 
pollutant per passenger per distance travelled for passenger travel or the mass of pollutant per tonne 
per distance travelled for freight, was chosen as the comparative metric. The emission intensity of a 
passenger vehicle at maximum capacity (units of g/seat-km) is related to the emission intensity of a 
partially loaded vehicle (units of g/passenger-mi) by the load factor, which is the fraction of seats 
that are occupied. For passenger cars, the emission intensity of pollutant i, mi, can be calculated 
from available data very easily: 

,
[g/km][g /seat-km]

[seats]i car i
EFm
c

=  (1) 
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where EF is the emission factor and c is the number of seats in the car. For locomotives, literature 
data for emissions are typically available for each notch, or discrete locomotive power setting. The 
emission intensity, mi, can be calculated by summing the product of the emission factor, EF, and the 
power, P, weighted by the fraction of time spent in each notch and dividing by the number of seats, 
c, and the average speed (d/t): 

, , ,
1

[hr][g /seat-km] [g/kW-hr] [kW] [%]
100% [seats] [km]

modes

i locomotive i i n n mode n
n

tm EF P t
c d =

= ⋅ ⋅
⋅ ⋅ ∑  (2) 

Note that the emission factor for the locomotive is defined based on the power for a particular notch 
and not the rated power of the engine. For aircraft, ICAO requires measurement of emission indices 
and fuel flow at four modes: idle, climb-out, approach, and take-off. Using these data and an esti-
mate of emissions at cruise, the emission intensity can be calculated using: 

, , , ,
1

[g /seat-km] [g/kg fuel] [kg fuel/min] [min]
[seats] [km]

modes
engines

i aircraft i i n fuel n mode n
n

n
m EI f t

c d =

= ⋅ ⋅
⋅ ∑  (3) 

where nengines = number of engines per aircraft, c = number of seats, d = trip distance, EI = emission 
index, ffuel = fuel flow per engine, and tmode = time in mode. Equations 1-3 can be multiplied by load 
factors to calculate gi/passenger-mi and similar expressions can be used to calculate emission inten-
sities for freight in gi/tonne-mi. 

4. IMPLEMENTATION OF THE DATABASE 

The comparative emissions database (CEDB) was implemented using a relational database struc-
ture. Relational databases are linked groups of entities (tables) made up of attributes (columns) and 
records (rows). The tables are related to each other by use of unique columns called keys. The ad-
vantage of using a relational structure over a flat-file structure, such as a spreadsheet, is that the re-
lational database removes the need for entering redundant information and thereby minimizes data 
entry errors. For example, the data presented in the ICAO emissions databank can be organized into 
four entities: 1) the engine, which has attributes such as manufacturer and bypass ratio; 2) the meas-
urement, which has attributes such as test date and ambient temperature; 3) power cycle data, which 
contains the power setting and the emission indices; and 4) landing/take-off (LTO) data, which con-
tains characteristic emissions of each pollutant averaged over the LTO cycle. The four entities are 
associated through “has one” or “has many” relationships. For example, the Engine entity has one 
Measurement in the ICAO databank (although in principle an engine could be measured on multiple 
occasions), and a Measurement has many PowerCycleData (one for each power setting) and LTO-
Data (one for each species). The relational database structure used by the CEDB was implemented 
using the MySQL database management software. MySQL is a popular, open-source, well-
documented relational database software package that is capable of efficiently handling large data-
sets. Queries to the database are performed using the structured query language (SQL), which is a 
flexible and powerful way to extract useful information from the database. 

5. EXAMPLE CASE USING THE CEDB 

The focus of this project is compiling and organizing measured emissions data rather than inventory 
development or policy analysis, yet in order to insure that the CEDB is a useful tool for enabling 
those types of analyses, its design and scope need to consider the range of queries that may be 
posed. Thus basic examples of modal comparisons facilitated by the CEDB have been performed. 

Figure 1 shows a comparison of the emissions intensity from a light-duty car (2005 Toyota 
Camry, 4 cylinder, automatic transmission), a passenger locomotive (GM EMD F59PH engine, 
Amtrak Pacific Surfliner trainset), and a wide-body aircraft (Airbus A320-200) with modern turbo-
fan engines (IAE V2527-A5). Figure 1 compares the emission intensities for the vehicles at full 
passenger capacity, while Figure 2 shows the comparison for typical passenger load factors (U.S. 
DOT BTS 2005a; Amtrak 2006; Davis and Diegel 2006). The emission intensities of CO2, CO, HC, 
and PM are fairly comparable among modes, and the trend for CO2 is to be expected. However, cer-
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tain observations are immediately obvious from this type of comparison; for example, the fact that 
the automobile is the only mode using NOX aftertreatment is evident. 

The CO, NOX and hydrocarbons (HC) data for the Toyota Camry were taken from the EPA An-
nual Certification Test Data (U.S. EPA OTAQ 2005) for model year 2005. The CO2 emissions were 
estimated assuming complete combustion and using the combined city/highway fuel economy (11.9 
km/L) reported in the 2005 DOE Fuel Economy Guide. The emission intensities for the EMD lo-
comotive were calculated based on the emission factors and fuel flows reported by Fritz et al. (Fritz 
1994) and the passenger locomotive duty cycle given in (U.S. EPA 1998). This locomotive engine 
uses a separate diesel generator to produce “head end power” for the cabin, and the figures pre-
sented here include emissions for that generator operating at 60% capacity (300 kW). The emission 
intensities for the A320 aircraft were calculated from emission indices and fuel flows from the 
ICAO emissions databank (ICAO 2006). Since ICAO does not include measurements of emissions 
at cruise, the Boeing Fuel Flow Method 2 (BFFM2) (Baughcum et al. 1996) was used to estimate 
cruise emissions. The fuel flow at cruise inputted to the BFFM2 was taken from the Eurocontrol 
Base of Aircraft Data (BADA) (Eurocontrol 2004). The PM emissions from the aircraft were esti-
mated using the smoke number (SN) reported in the ICAO database and the FAA first-order ap-
proximation. This calculation overestimates PM for two reasons: 1) only the maximum SN was re-
ported in the ICAO databank for this aircraft engine, and this SN was used for the entire flight, and 
2) the FAA first-order approximation is intended to give a conservative overestimate of PM emis-
sions. The aircraft emissions depend on the length of the trip because it affects the percent of time 
the aircraft spends at cruise compared to landing and take-off. A trip length of 440 mi (708 km) was 
chosen for this comparison, the approximate distance from Boston, MA to Washington, DC. The 
CO2 emission intensity calculation used typical values for the C/H ratio of gasoline, diesel, and jet 
fuel, and assumed complete combustion for all modes. 

Figure 1. Comparison of emissions from a locomotive, automobile and airplane at full passenger capacity. 
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Figure 2. Comparison of emissions from a locomotive, automobile and airplane using typical passenger load 
factors. 
 
It is important to remember that the vehicles compared in this example case are not necessarily rep-
resentative of the fleet average emission intensities. This point is demonstrated in Figure 3, which 
compares the energy intensity (related to mCO2) of the three vehicles in this example case to the 
2001 fleet average (U.S. DOT BTS 2005b). The energy intensity of the A320/V2527 aircraft is 
quite close to the fleet average although slightly higher, while the energy intensity of the Toyota 
Camry and EMD locomotive are somewhat lower than their respective fleet averages. The data in 
the CEDB could easily be used to extend this example case to other vehicles and thereby account 
for fleet variability. 

 
Figure 3. Comparison of energy intensity of specific vehicles used in this example case to fleet average val-
ues. 
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6. SUMMARY 

A Comparative Emissions DataBase (CEDB) is being developed to enable comparisons of emis-
sions of greenhouse gases and other pollutants from various modes of transportation. Potential end 
users of this tool would be policymakers and transportation policy researchers wishing to under-
stand the environmental trade-offs of moving people and goods via different modes. This project is 
a work-in-progress, so improvements and expansion of the database are ongoing. Planned im-
provements include, for example, the inclusion of estimated uncertainties for the emissions data to 
allow propagation of uncertainty through to the final emission intensities. 
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ABSTRACT: High resolution, single particle measurements have been made in rocket plumes using 
an optical particle spectrometer that measures diameters from 0.5 to 44 μm. The diameter, shape 
and composition is derived from bi-directional scattering. The CAS was mounted on the NASA 
WB-57F aircraft as part of the Plume Ultrafast Measurements Acquisition (PUMA) project to study 
the chemistry and microphysics of rocket plumes. Measurements were made in plumes generated 
by an Atlas IIAS rocket and the booster of the space shuttle Discovery. The microstructure of the 
two plumes and the characteristics of their particles were distinctly different. The Atlas particles 
were on average larger and more irregular in shape. The composition of the Shuttle particles sug-
gests hydrates of nitric acid whereas the Atlas particles were more representative of ice. 

1 BACKGROUND 

Solid-fueled rockets emit chlorine and alumina particles directly into the stratosphere, thus contrib-
uting to the depletion of the ozone layer [Prather et al., 1990; Jackman et al. 1998; Danilin et al, 
2003]. Recent analysis of solid-fueled rocket plumes shows almost complete depletion of ozone lo-
cally [e.g., Ross et al., 2000]; however, global implications of such sharp local ozone reductions are 
predicted to be small [Danilin et al., 2001]. On the other hand, the heterogeneous reactions on alu-
mina particles may be important on the global scale by converting emitted and background HCl into 
short-lived Cl2, resulting in ozone depletion depending on the location of emissions and the size 
distribution and surface area of alumina particles. Previous measurements in rocket plumes have 
documented the emissions of gases and the average total concentrations of the particles, but were 
limited to the smallest particle sizes, < 1 μm. More recent measurements have been made that 
document the size distribution of particles > 1 μm at much higher spatial resolutions than previ-
ously possible. In addition, the instrument that made these measurements also provides information 
from which the shape and composition are derived. These measurements were made as part of the 
Plume Ultrafast Measurements Acquisition (PUMA) project. Instruments were mounted on the 
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NASA WB57F to measure water vapor, ozone, CO2 and particles. The objectives of the particle 
measurements were to characterize the size, shape and composition of fresh particles found in the 
rocket exhausts.  

2 MEASUREMENT TECHNIQUE 

The cloud, aerosol and precipitation spectrometer (CAPS), shown in figure 1, is a combination of 
three sensors for particle size and liquid water content (LWC) measurements. The cloud and aerosol 
spectrometer (CAS), circled in white, derives size distributions from the light scattered by individ-
ual particles that pass through a focused beam from a diode laser (Baumgardner et al., 2001). Two 
cones of light, 4 to 12° and 168° to 176°, are measured by separate detectors and the peak ampli-
tudes are classified into size bins to create two frequency histograms, forward and backward, every 
second. Figure 2 is a schematic diagram of the optical configuration of the CAS. The peak ampli-
tudes of the forward and backward scattering signals are recorded for individual particles. In addi-
tion, the time of arrival, i.e. the time between successive particles that arrive in the laser beam, is 
recorded.  

 
Figure 1. The CAPS probe, mounted on the wing the NASA WB57 F is shown here. The CAS portion of the 
CAPS is circled in white. 

 
Figure 2. This block diagram is a schematic representation of the optical configuration of the CAS  
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The relationship between the forward and backward scattered light is a function of the particle size, 
refractive index and shape. This relationship is exploited in the CAS to derive a refractive index or 
shape factor from the ratio of forward and back scattered signals (Baumgardner et al., 1996; 
Baumgardner et al., 2005; Chepfer et al., 2005). Figure 3 illustrates the relationship between refrac-
tive index and shape in relation to the forward to back ratio (F2BR) as measured by the CAS. The 
shape is expressed as an aspect ratio of spheroids, calculated using T-matrix scattering theory 
(Mischenko and Travis, 1998). As shown by the dashed line box, there is a range of F2BR in which 
the refractive index and aspect ratio cannot be resolved unambiguously.  
 

Figure 3. The ratio of light scattered forward and backward from a particle depends on the refractive index 
(dashed curve) and the shape (solid curve). 

3 RESULTS 

Measurements were made in the plume from an Atlas IIAS rocket on May 19, 2004 and from the 
first stage booster rocket of the Space shuttle Discovery on July 26, 2005, both launched from Cape 
Kennedy Space Center, USA The Atlas plume was intersected at 18 km, 16.2 km, 14.2 km and 13.6 
km, at an environmental temperature of -67°C. The shuttle plume was sampled four times at an alti-
tude of 18 km and a temperature of -67°C. Figure 4 compares the size distributions of the particles 
in the two plumes. The majority of the particles are less than 5 μm in equivalent optical diameter; 
however, the size distribution of the Atlas plume is broader than that of the space shuttle, although 
neither plume has particles larger than 8 μm. 
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Figure 4. Size distributions of the Atlas and Shuttle particles. 
 
The shape factors are given here in terms of as aspect ratios for equivalent spheroids using the 
model for oblate spheroids as described in Section 3. The frequency distributions of particle aspect 
ratios, shown in Figure 5, compare the plumes of the Atlas and Space shuttle. In this figure we see 
that 35% of the particles in the Atlas plume were spherical and the remainder had a variety of 
shapes with aspect ratios between 1.2 and 1.6. A larger percentage of the Shuttle particles were 
spherical, 45%, with the remainder between 1.2 and 1.4 aspect ratios. 
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Figure 5. The frequency distribution of particle aspect ratios for the Atlas and Shuttle emissions are plotted 
in this figure 
 
The composition of the particles, as indicated by the derived refractive indices, was very different, 
as shown in the frequency distributions in Figure 6. The 35% of particles in the Atlas plume that 
were near spherical had refractive indices between 1.30 and 1.35, indicative of ice. The majority of 
the spherical particles in the plume of the shuttle had refractive indices between 1.5 and 1.55. Ice 
particles with a coating of nitric acid or hydrates of nitric acid have refractive indices in this range.  
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Figure 6. The frequency distribution of particle refractive indices for the Atlas and Shuttle emissions are 
shown here.. 
 
The dispersion of the plumes, as indicated by the spatial distribution of the individual particles, dif-
fers between the Atlas and the Shuttle exhausts. Figure 7 shows the frequency of spatial distances 
between the particles, measured in millimetres. The dashed lines on the figures are the spatial dis-
tributions predicted for uniformly, random spacing of particles with different number concentra-
tions. These predicted curves assume Poisson probability distributions to predict the expected fre-
quency of separations. The measured distributions of both plumes indicate that the exhausts are 
mixtures of high and low concentrations, as indicated by the dashed curves with steep (high concen-
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tration) and shallow (low concentration) slopes. The high concentrations were in the central parts of 
plumes where little dilution by mixing with environmental air has occurred and the low 
concentrations are at the plume edges where entrainment has diluted the concentrations.   

 
Figure 7. These are frequency distributions of the interarrival times of the particles in the Atlas and shuttle 
plumes 
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4 CONCLUSIONS 

Measurements of particle size, shape, refractive index and spatial distribution indicate fundamental 
differences between characteristics of exhaust particles in an Atlas rocket plume and Shuttle booster 
rocket plume. These differences are related primarily to the type of fuel used in the two systems. 
The major characteristics that were detected were: 
 
- The majority of particles were < 5 μm in both plumes.  
- The particle refractive indices suggest ice as the dominant particle composition in the Atlas 

plume whereas hydrates of HNO3 nitric acid coated ice was dominate in the Shuttle plume. 
- The particles in the Atlas plume were more aspherical than those in the Shuttle plume but 35% 

and 45% of the particles were spherical, respectively. 
- These results can contribute to the improvement of chemical transport models of rocket plumes 

with better estimates of particle surface area and dynamics. 
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ABSTRACT: The historical developments of the average fuel efficiency of both piston and jet 
powered aircraft are reviewed with the objective to find ways to better forecast future 
developments. It is argued that the current methods of a constant percentage efficiency 
improvement per year cannot satisfactorily represent the historical time series. A sigmoidal model 
is suggested for better fits and more reliable prognoses, leading to less optimistic fuel efficiency 
gains for 2040 than suggested in current literature. 

1 INTRODUCTION TO HISTORICAL ANALYSIS OF FUEL EFFICIENCY 

A recent study on the development of energy efficiency of individual new civil aircraft and for the 
USA fleet shows that the Intergovernmental Panel on Climate Change (IPCC) efficiency 
assumptions yield too optimistic fuel reductions if extrapolated towards the future (Peeters et al., 
2005). Like IPCC, most air transport greenhouse gas emission scenarios assume a constant 
percentage energy efficiency increase (leading to a near-zero fuel consumption in the long term). 
The IPCC special Report on aviation and the global atmosphere assumes values between 1.2% and 
2.2% efficiency increase per annum (Penner et al., 1999). Also several other authors propose 
constant percentages, though often assumed to differ between different time periods to fit the result 
better to the available data (see for example Green, 2003; Lee, 2003; Lee et al., 2001; Pulles et al., 
2002). As will be shown in this paper, a constant reduction percentage approach might not be the 
best model for forecasting purposes. 

Operational impacts have not been explicitly included in the analysis. Load factors, efficient 
routing, holding, weather impacts and delays depend (more) on the efficiency of deployment of the 
aircraft rather than the aircraft technical characteristics themselves. 

2 MATHEMATICAL ANALYSIS OF FUEL EFFICIENCY DEVELOPMENT 

Lee et al. (2001) introduced the term Energy Intensity (EI), the energy consumption per available 
seat-kilometre (MJ/ASK), as a measure for the technological (transport) performance of individual 
aircraft or an aircraft fleet. This EI typically depends on aircraft (technology) parameters: 
- Aerodynamic efficiency, specifically the lift-to-drag ratio during climb and cruise. 
- Weight efficiency, the ratio of payload to the Maximum Take-off Weight (MTOW) and the ratio 

between Operating Empty Weight (OEW) and MTOW. 
- Engine efficiency in terms of fuel consumption per unit thrust (Specific Fuel Consumption, 

SFC). The number of seats; Cabin layout has a significant impact on the number of seats, hence 
seat-kilometres. Seating density may vary by a factor of two between a typical mixed-class lay-
out and single-class high-density layout, while having approximately the same fuel burn per air-
craft-kilometre. 
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Many studies present technological trends in terms of a constant annual percentage efficiency gain, 
as observed from history. Lee et al. (2001), for instance, assert that this ratio will be between 1.2% 
and 2.2% a year in the future, while Penner et al. (1999) use 1.4% for most future scenarios. This 
approach can be modelled with the form: 

( )( )1 −= ⋅ − ref

b

Y Y
I I aE E c   (1) 

where EI is the Energy Intensity (unit MJ/ASK) and (Y-Yref ) the number of years since a base year 
Yref. bI

E is the Energy Intensity at the base year and ac  the annual (fractional) reduction of the 
Energy Intensity. 

Figure 1: IPCC graph with additional data (see text for references). 
 
The historical data presented in this paper show clearly that the reduction percentage itself is not a 
constant, but reduces with time (Fig. 1). Hence, the percent-wise fuel reductions observed in the 
past cannot directly be used for future fuel reduction assumptions. Implicitly, scenarios using this 
approach neglect several technology limits. Amongst others, these concern the limited energy 
content per kg fuel and minimum obtainable levels of aircraft drag and weight. Moreover, 
immediately after market introduction of technology, opportunities for improvement are numerous 
and relatively cheap, causing improvements initially to be implemented at a high rate. When the 
technology becomes mature, these opportunities for improvement reduce. 

Therefore, this paper proposes an approach that allows strong improvements in the first years 
after introduction and continuously decreasing improvements over time. Several tests with 
GraphFirst (Vasilyev, 2002) showed the ‘sigmoidal (logistic 5)’ regression curve resulted in the 
best fit within the requirements. This curve has been developed to represent biological processes 
with rapidly slowing down growth rates (see Gottschalk and Dunn, 2005). The curve has the form: 
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where IE  is the Energy Intensity (MJ/ASK) and (Y-Yref ) the number of years since a base year Yref 
(i.e. the year of introduction of a new technology or the starting year of the data base), 

0IE  is a 
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theoretical minimum energy intensity and 
IEC , 1C , 2C  γ  are constants defining the initial 

(maximum) energy intensity and the rate at which the annual gain of Energy Intensity reduces. 
The EI data of individual civil airliners, are taken from two sources (Penner et al., 1999 (IPCC), 

and Lee et al., 2001). These sources contain only data on jet aircraft since 1957. To complement the 
history of fuel efficiency, EI of piston airliners, roughly since the introduction of all-metal fuselages 
with the DC-2, are added. The exact construction method of the data points by Penner et al., 1999 
and Lee et al., 2001 are not published. Therefore we checked the data by first calculating the 
Energy Intensities for four piston airliners (the L-1049, L1049H and L-1649G version of the 
Lockheed Super Constellation and the DC-7C), two early jets (Boeing B707-120B B707-320) and 
five new jets (Boeing B737-800, B777-200 and B777-200IGW and Airbus A330-300 and A340-
300). Then we fitted the results using the two early and seven modern jets to fit the same models to 
the IPCC data. The fuel consumption per ASK of individual aircraft is derived from the harmonic 
flight distance given by the aircraft’s payload-range diagram (assuming still air, ICAO standard 
takeoff and landing procedures and flying an optimal flight profile). The harmonic flight distance 
indicates the maximum flight stage length at maximum payload and therefore describes the aircraft 
best fuel efficiency performance. 

Figure 1 shows the data given by IPCC (Penner et al., 1999) plus the results of the sigmoidal 
model analysis for jets and piston engine airliners. Based on these the sigmoidal regression model 
has been applied (for parameters see Table 1). The dotted line represents a regression for the best fit 
of an evolutionary model with constant efficiency improvement of 2.8% per year. The EI of the new 
Airbus A380 is based on the 12% reduction with respect to the B747-400, cited by Bickerstaff 
(2005). Finally the ‘typical research target’ as mentioned by ATAG (2005) is shown. 

3 HISTORIC EI DEVELOPMENTS OF THE US FLEET 

Parallel to the analysis of individual aircraft types, the overall average energy efficiency EI of a 
representative fleet of commercial aircraft is investigated as well. Though world-wide aviation 
traffic statistics are available from several sources (e.g. IATA, 1957-2004; Mitchell, 1999), specific 
data on world-wide fuel consumption for commercial aviation are not. Only for the US consistent 
data on both transport volume and fuel consumption could be found from several editions of three 
sources of data (ATA, 1940; ATA, 1950; ATA, 1980; ATA, 2005, Bureau of Transport Statistics, 
2005a; Bureau of Transport Statistics, 2005b and Lerner, 1975). It is presumed that the 
development in the US is representative for world aviation as historically US originating 
commercial aircraft and engine technology has dominated the world fleet.  

The databases cover various time-periods, definitions, units and parameters. All payload 
including mail, express and freight, is converted from ton-kilometres to hypothetically available 
seat-kilometres assuming 160 kg per seat. In this way a EI time series was created for the period 
1930-2005. For further details on the method used see Peeters et al. (2005). 

The results are plotted in Figure 2, which clearly shows two general trends of energy intensity 
(EI) decrease: one before 1955, the other after 1970. The “discontinuity” coincides neatly with the 
fast replacement of pistons with jet aircraft between 1957 and 1968 (also shown in the figure 
marked with x). Medium speed, low flying piston-engined aircraft, using (expensive) avgas as 
energy source, are replaced with high speed, high altitude jet powered aircraft, using (cheap) 
kerosene. As a result the overall air-transport productivity increased. In terms of transport capacity, 
energy consumption and energy efficiency, the transition from piston-engined aircraft to jets must 
have developed at an even higher rate, as the average jet aircraft has a much larger transport 
productivity as the average piston airliner replaced by the aircraft. Figure 2 also shows the fit of the 
two fleet sigmoidal (logistic 5) curves for piston and jet. 
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Figure 2: Overall results of the fleet analysis, (data series based on ATA, 1940; ATA, 1950; ATA, 1980; 
ATA, 2005; Bureau of Transport Statistics, 2005a; Bureau of Transport Statistics, 2005b; Lerner, 1975). 

4 FUEL EFFICIENCY FORECASTS 

Using the model presented in section 2, the sigmoidal (logistic 5) curve parameters for both 
individual aircraft types and fleet averaged data sets are obtained. Table 1 and Figures 1 and 2 show 
the results. The parameters of the graphs are relatively similar, with the exception of the parameters 
for the jet aircraft fleet data. Figure 2 shows these jet aircraft fleet data to be rather irregular, 
specifically after 1980. Speculatively this may be caused by an irregular fleet renewal rate by US 
airlines between 1970 and 2000 and by undefined changes in the measuring method of the data 
published by ATA. 

Table 1: parameters as estimated with FindGraph (Vasilyev, 2002) for equation (2) and the four available time series. 

Case EI 0
 CE I

 
1C  2C  γ  Yref 

IPCC individual long haul aircraft dataset 
(Albritton et al., 1997; Penner et al., 1999) 

-0.2010 3.207 2.214 19.69 0.7183 1958 

Lee individual long and short haul aircraft dataset 
(Lee et al., 2001) 

0.0446 2.855 2.213 19.69 0.7183 1958 

Piston fleet (ATA, 1940; ATA, 1950) 1.195 2.746 3.916 10.22 0.7186 1931 
Jet fleet (ATA, 1980; ATA, 2005; Bureau of 
Transport Statistics, 2005a; Bureau of Transport 
Statistics, 2005b) 

1.160 1.465 4.051 17.15 0.9976 1969 

 
Using the parameters from Table 1 in the sigmoidal model for the IPCC data (long haul only) yields 
a 2040 EI of 0.658 MJ/ASK (35% reduction with respect to IPCC value in 2000), the Lee data 
(short and long haul) yields 0.810 MJ/ASK (28% reduction with respect to the Lee value in 2000) 
and for the USA jet fleet 1.460 MJ/ASK (16% reduction with respect to the jet fleet value in 2000). 

These data contrast with the often cited constant percentage reduction per year ‘best’ fit on the 
IPCC data yielding 2.8% and 

bIE = 2.84 MJ/ASK. Extrapolation of “constant percentage reduction 
approach” results in 0.280 MJ/ASK and a reduction of 72% between 2000 and 2040. A moderate 
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reduction of 1.4% proposed by Penner et al., 1999 would yield a reduction of 43% in 40 years, 
which is still significantly higher than the result with the sigmoidal model for the IPCC data.  

5 DISCUSSION AND CONCLUSIONS 

Figure 1 shows clearly that the common practice of a constant percentage reduction of energy 
consumption per year is less suitable for prognoses as it probably does not very well represent the 
economic and physical processes causing the evolutionary development. In many studies this 
shortcoming is countered by using different ‘constants’ for different periods of time. This method 
leaves us with rather arbitrary choices, introducing some extra uncertainty for prognoses. Therefore, 
one model able to represent the whole historical development with one set of parameters would 
help to reduce this uncertainty. The proposed sigmoidal model represents such a model.  

The main message from the above is the notion that current fuel efficiency forecasts tend to be 
too optimistic. 

The presented data support the idea that most aviation technology developments are clearly 
driven by cost savings, and productivity increases, safety improvements, increased range and take-
off and landing performance. Fuel burn is only one - and commonly not the main – of cost 
components. The transition from piston engines to gas turbines illustrates this clearly as it was made 
predominantly to increase aircraft speed and altitude and to some extent range. The transition 
increased transport efficiency in terms of revenue ton kilometres per year as well as passenger 
appeal and comfort. As kerosene was much cheaper than avgas, the transition did not significantly 
raise fuel cost. The overall effect at the outset of this transition was higher energy intensity.  

Comparing the performance of jet- and piston-powered aircraft in the transition phase between 
the fifties and the seventies of last century, implies comparing immature, early adoption of gas 
turbine technology with mature piston engine technology. In general, aircraft size, speed, range and 
(payload) weight all influence fuel consumption. Today’s aircraft differ significantly in these 
respects from aircraft in the past. Furthermore, load factors do have some influence on fuel 
consumption per seat-kilometre: extra payload costs extra fuel. As load factors increased between 
1970 and 2000, this means that energy consumption per ASK has also been increasing, by several 
percent. However, this applies only for the jet fleet data, as the individual arcraft data are based on 
full payload. Finally the introduction of jet engines implied a significant reduction in complexity of 
the engine, hence, reduced maintenance costs and increased reliability.  

In relation to aviation and environment and the piston-jet transition, there is more than just 
Energy Intensity. From a life-cycle perspective, kerosene is less pollutant to the environment and 
less costly to produce than avgas (of the fifties). The two fuel types have different fuel combustion 
quality requirements, due to fundamental differences between the respective engines. Leaded avgas 
is a high-grade fuel that (in the fifties) included dopes with highly toxic substances such as ethylene 
bromide. In those years, the use of avgas probably caused significant more damage to the local air 
quality (and may be even some to radiative forcing) than kerosene. 
The following conclusions may be drawn from the study: 
- The development of technical fuel efficiency – in terms of fuel consumption per ASK - of civil 

aircraft shows an S-curve due to the transition from the last fuel efficient piston powered 
airliners to the less fuel efficient first jets. 

- The fuel efficiency development of a time series of a typical aircraft layout is in most studies 
represented by a model based on one or just a few time periods with a constant increase in fuel 
efficiency per year. However, a sigmoidal (logistic) model better represents with one set of 
parameters per dataset the full time series. 

- Forecasts on fuel consumption, using the constant percent fuel consumption reductions per year 
tend to over-predict future gains, compared to the sigmoidal (logistic) model. 
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ABSTRACT: Stabilising atmospheric CO2 concentrations at or below 550ppmv is widely believed 
to be necessary to avoid ‘dangerous climate change’. However, the latest science suggests that a 
450ppmv stabilisation is more likely to achieve the desired goal of ensuring that global mean sur-
face temperatures do not increase by 2°C above pre-industrial levels. Achieving such levels de-
mands industrialised nations make significant emissions cuts, whilst emerging economies adopt 
low-carbon pathways. This paper focuses on the UK as a typical Annex 1 nation, and demonstrates 
the severe consequences in meeting its obligations to reduce carbon emissions under the appor-
tionment rules informing both the RCEP’s 22nd report, Energy the Changing Climate, and the 2003 
Energy White, if the UK Government continues to permit the current high levels of growth within 
its aviation sector. 

1 INTRODUCTION 

European nations are in broad agreement that individual States, and the EU as a whole, must tackle 
the problem of rising CO2 emissions. In response, some nations have set carbon reduction targets. 
In theory, many of these targets are chosen to correspond with stabilising CO2 concentrations at 
levels that are likely to avoid ‘dangerous climate change’. Although there is no scientific consensus 
for what is considered to be ‘dangerous’ in relation to climate change, it has been broadly accepted 
by the policy community that this relates to global mean surface temperatures rising less than 2ºC 
above pre-industrial levels. However, many of the chosen carbon reduction targets omit emissions 
from the aviation industry. By choosing targets related to global CO2 concentrations, governments 
have, often without due consideration or recognition, accepted that such targets must include all 
CO2-producing sectors. In this regard, the UK is a clear example, and, as a typical OECD nation 
with a ‘mature’ aviation industry, it will provide the focus of this paper which addresses the conflict 
between the UK’s energy and aviation policies. The UK Government set a carbon reduction target 
in 2003. Its basis for this target was a Royal Commission on Environmental Pollution’s report 
(RCEP, 2000), which calculated that, for the UK to make its ‘fair’ contribution to stabilising global 
CO2 concentrations at 550ppmv, it must cut its carbon emissions by 60% from 1990 levels by 2050. 
Their calculation used a Contraction & Convergence regime to apportion emissions between na-
tions. However, the UK Government stated that this target does not include emissions from either 
international aviation or shipping. Furthermore, in the same year that it chose its carbon target, it 
published a White Paper proposing how the UK could meet the rising demand for air travel. 

Selecting which sectors to include and which to omit to meet a particular carbon target essen-
tially negates the choice of basing it on global CO2 concentrations, unless those sectors contribute 
negligible amounts of CO2. This paper clearly demonstrates that this is not the case for the UK’s 
aviation sector, and illustrates that this sector’s emissions are growing rapidly. The implications for 
such rapid growth in relation to the UK’s carbon reduction target are highlighted using carbon pro-
files for stabilising CO2 concentrations at both 550ppmv and 450ppmv. 
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2 BACKGROUND 

Although the UK’s national emissions inventory does not include emissions generated by the UK’s 
international aviation or shipping industries, data for these sectors are collected and submitted sepa-
rately as a memo to the United Nations Framework Conventional on Climate Change (UNFCCC). 
To estimate the emissions generated by the UK’s aviation sector, the National Environment Tech-
nology Centre (NETCEN), employ a methodology that takes into account aircraft movements, dis-
tances travelled, deliveries of aviation spirit and turbine fuel and the consumption of aviation tur-
bine fuel by the military (Watterson et al., 2004). The data includes both passengers and freight and 
is plotted in Figure 1. Uncertainties analysis can be found in the Watterson paper. 

Figure 1. CO2 emissions from the UK’s international aviation industry measured in million tonnes of carbon. 
 

The data indicates that CO2 emissions from the UK’s international aviation industry have increased 
rapidly since 1991, apart from during the two years following the events of September 11th 2001. 
On average, emissions increased at an annual rate of 7% between 1990 and 2000. According to 
these estimates, between 2003 and 2004, CO2 emissions generated by international aviation in-
creased by 11.7%, and those from domestic aviation increased by 3.8%. Not surprisingly, the fig-
ures for the number of passengers passing through UK airports collected by the Civil Aviation Au-
thority follow a similar trend (CAA, 2005). The annual average growth rate between 1990 and 2001 
was 7% per year. However, the increase in passenger numbers between 2003 and 2004 was much 
smaller than the growth in emissions, around 8% compared with 11%. The difference between these 
two figures has not been explored in detail, but could be due to a range of factors. For example, if 
there is a larger growth in number of passengers flying long-haul than short-haul, the emissions per 
passenger averaged over all flights will increase. 

To assess whether or not future emissions from the aviation industry will be significant in rela-
tion to the UK Government’s proposed contracting carbon profile, a combination of Government 
aviation forecasts, and ‘what if’ scenarios for the aviation industry are compared with UK CO2 tra-
jectories for the UK’s 60% target trajectory relating to 550ppmv, and for 450ppmv, as it relates 
more closely to the 2°C temperature threshold. 

3 DISCUSSION 

3.1 Current and historical CO2 emissions 
Figure 2 illustrates the UK’s domestic CO2 emissions. According to these NETCEN estimates 
(Eggleston et al., 1998), emissions have been reducing on average at 0.36% per year. However, the 
period between 1991 and 1995 was significantly affected by a switch from coal to gas, and a reloca-
tion of energy intensive industry overseas. Both contributed to the biggest reduction in carbon 
emissions seen between 1990 and 2004, and are likely to be one-off events that can not be repeated. 
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CO2 emissions have not been declining since 1995. When the estimates for CO2 emissions from in-
ternational aviation and shipping are added to this profile, it is clear that CO2 emissions have not 
shown the same level of reduction since 1990. [Emissions for shipping submitted to the UNFCCC 
are currently based on UK marine bunker sales. However, unlike aviation, the tax on shipping fuel 
allows for large discrepancies in price from nation to nation, resulting in a significant amount of 
‘bunkering’. Assuming that the proportion of total marine bunker fuel is related to a nation’s GDP 
is a crude but more realistic method of apportioning shipping emissions and is employed here. This 
method will be refined in the future. The uncertainty associated with this method has not been 
quantified, but will be affected by uncertainty in the global marine bunker fuels sold, for which no 
figure could be obtained. Assuming this figure, provided by the International Energy Agency, to be 
appropriate, the fact that the UK is an island state suggests that any apportionment of shipping 
emissions based on national GDP is more likely to be an underestimate than an overestimate]. The 
gap between emissions that do not include aviation and shipping, and those that do include these 
sectors, is widening. This indicates that international aviation and shipping emissions are becoming 
larger portions of the overall total as time progresses. 

Figure 2. UK domestic CO2 emissions estimates and those including international aviation and shipping. 

3.2 Carbon emission trajectories 
To produce total economy future emission trajectories for the UK, the Global Commons Institute 
(GCI) Contraction & Convergence model was used to reproduce the results of the RCEP report 
(RCEP, 2000), in line with the UK Government’s 60% target. The GCI model, CCOptions, essen-
tially calculates a global carbon trajectory based on stabilising atmospheric CO2 concentrations at a 
particular level. This global carbon budget is then apportioned between nations as they move to-
wards equal per capita emissions. However, the CCOptions model does not include emissions from 
international aviation and shipping. 

Figure 3. 450ppmv and 550ppmv profiles for UK carbon emissions. 
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To estimate the impact of including these emissions, the model was modified to incorporate global 
bunker fuel data available from the CDIAC database (CDIAC, 2005). A trajectory is generated for 
the UK based on the output of the CCOptions model, but modified to produce a scenario reflecting 
the historical emissions between 2000 and 2004, and their likely trends up until 2012. The resultant 
trajectory is illustrated in Figure 3. If a similar method is applied to the 450ppmv level, the second 
profile illustrated in Figure 3, is produced. To investigate the implications of these trajectories for 
the aviation sector, UK Government aviation forecasts and Tyndall scenarios are compared with the 
emissions profiles illustrated in Figure 3. 
3.3 Future aviation emissions 
In 2003, the UK Government published a White Paper (DfT, 2005) including 3 forecasts for avia-
tion industry CO2 emissions (DfT, 2005) from domestic, international and freight aviation (Table 
1). 

Table 1: UK Government aviation emission forecasts 

Year DEFRA 
Worst Case 

DEFRA    
Central Case 

DEFRA    
Best Case 

  MtC  
2000 8.8 8.8 8.8 
2010 11.4 10.8 10.3 
2020 16.5 14.9 13.4 
2030 20.9 17.7 15.9 
2040 25.1 18.2 16.4 
2050 29.1 17.4 15.7 

 
The data for these forecasts begin in the year 2000, but data for 2004 is now available. Furthermore, 
the methodology used by the NETCEN to estimate emissions has been revised recently and histori-
cal figures re-evaluated (Watterson et al., 2004). Comparing the new estimates for 2000 to 2004 
(Table 2) with these figures illustrates that the figure for 2004 is already close to the forecasted val-
ues for 2010. Emissions would therefore have to grow at extremely low rates between 2004 and 
2010 to remain within the upper bound of the ‘worst’ case estimate by 2010. 

Table 2. NETCEN aviation emissions data as submitted to the UNFCCC 

Year NETCEN data 
 MtC 
2000 9.0 
2001 8.8 
2002 8.6 
2003 8.8 
2004 9.8 

 
The very high growth rates experienced by the aviation industry during the past few years have al-
ready rendered these UK Government’s forecasts out-of-date. This is a significant limitation when 
attempting to assess this industry’s impact on the climate. To illustrate how emissions are more 
likely to evolve if growth rates continue at close to current rates in the short term, two very simple 
scenarios are presented here.  

The first assumes that the average annual rate of growth in emissions of 7% per year, seen be-
tween 1993 and 2001, continues from a baseline 2004 figure of 9.8MtC, until the year 2012. This 
growth rate is somewhat lower than the latest confirmed rate available indicating that emissions 
from international aviation increased by ~12% between 2003 and 2004. Between 2013 and 2050, 
emissions are assumed to grow at a much lower rate of 3% per year – similar to the figure suggested 
by the UK Government forecasts. Assumptions underlying this scenario for 2004 and 2012 include: 

no new policies to address growth within the aviation sector; oil prices continue to have a very 
limited impact on growth; the success of the low-cost airlines continues and grows; fuel efficiency 
improves at around 1% per year across the fleet 
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For the period post-2012, it is assumed that: radical policies either in the form of quotas or fiscal 
measures, are introduced; fuel efficiency improvements are more significant 

The second scenario, assumes:rates of growth in emissions seen historically, continue until 2030; 
fares remain affordable and there is little to no tax on kerosene; airport capacity is increased to 
adapt to this growth; fuel efficiency of the fleet increases by ~1% per year 

Table 3: Aviation emission scenarios 

Year Scenario 1 Scenario 2 
 MtC  

2000 9.0 9.0 
2010 14.7 14.7 
2020 21.4 29.0 
2030 28.7 57.0 
2040 38.6 76.7 
2050 51.9 103.0 

3.3.1 Implications of a growing aviation for UK climate policy 
To assess the implications of a growing aviation industry within a UK striving to cut emissions, the 
UK Government aviation forecasts and the Tyndall aviation scenarios are compared with the Con-
traction & Convergence profiles illustrated in Figure 3. Figure 4 presents the comparison between 
the UK Government’s aviation forecasts and the UK carbon budget. Despite these forecasts being 
unrepresentative of the true scale of aviation emissions, the results show that for all of the DfT’s 
forecasts, carbon emissions from the aviation industry are accounting for more than the total carbon 
budget for the 450ppmv profile by 2050. Furthermore, the UK Government’s ‘worst’ case scenario 
exceeds the 450ppmv profile during the 2030s. This is particularly worrying as recent scientific re-
search (Elzen and Meinshausen, 2006) indicates that stabilising CO2 concentrations at levels lower 
than 450ppmv, will be necessary if there is to be a reasonable likelihood of avoiding so-called 
‘dangerous climate change’. In other words, it will be virtually impossible to reconcile the levels of 
aviation growth forecast by the UK Government with a 450ppmv stabilisation level, unless dra-
matic changes are made to the way aircraft consume fuel or indeed the nature of the fuel source it-
self. This disproportionate allocation of emissions to one sector will inevitably have significant 
consequences for all other carbon-emitting sectors of the economy (Anderson et al., 2005). 

Figure 4. UK carbon emission trajectories vs UK Government aviation forecasts 
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Considering now the 550ppmv profiles, the DfT’s forecasts show aviation emissions representing 
between 15% and 20% of the carbon budget by 2030, and between 30% and 56% by 2050. For 
comparison, in 2004, aviation accounted for 7% of the UK’s carbon budget (Anderson et al., 2005). 
The likely shift from a 7% share to these much higher proportions would indicate that other sectors 
need to decarbonise substantially to compensate for air travel, either through significant reductions 
in energy consumption or the large-scale adoption of low-carbon energy supply. Consequently, the 
UK Government’s forecasts predict the aviation industry accounting for over 50% of the UK’s total 
carbon budget by 2050 if 550ppmv is the stabilisation target, and exceeding the UK’s total 2050 
carbon budget for 450ppmv. Whilst it may be argued that the Hadley Centre model, upon which the 
Contraction & Convergence profiles are based, generates slightly larger carbon-cycle feedbacks 
than other similar models (Zeng et al., 2004), the forecasts nevertheless clearly highlight the sub-
stantial contradictions between the UK Government’s Energy White Paper targets for carbon emis-
sions and the same government’s Aviation White Paper’s airport expansion proposals.  

Figure 5. UK carbon trajectories vs aviation scenarios 
 
The aviation scenarios presented in Table 3, and in graphical form in Figure 5 clearly illustrate the 
outcome of the arguably more realistic growth scenarios for the aviation industry, and what this 
means for the UK’s total carbon budget. Both scenarios exceed the UK’s carbon budget under the 
450ppmv regime by the early 2030s, with scenario 2 exceeding it prior to 2030. If 550ppmv is the 
chosen trajectory, only scenario 1 remains within budget by 2050. The rapidly increasing emissions 
being generated by the aviation industry will likely leave the industry with extremely difficult 
choices in the future. If the current high rates of growth continue, even for a short period, then 
emissions growth will need to be curbed to less than 3% per year within the next 6 years, if the UK 
is to remain within the budget necessary to meet 550ppmv. However, the latest science is suggest-
ing that to have a reasonable chance of avoiding ‘dangerous climate change’, a 450ppmv target is 
more appropriate. The corresponding budget would require growth in passenger-kilometres to 
closely match fuel efficiency per passenger-kilometre over the short to medium-term. In other 
words, growth in the region of 1 to 2% per year. 

The silver bullet for the aviation industry is often cited as its swift incorporation into the EU 
Emissions Trading Scheme (EU ETS). However, as all of the EU nations are industrialised, they too 
will be looking to significantly reduce their carbon emissions from all of their sectors year-on-year. 
The EU Commission intends to include international aviation in the EU ETS by or before 2012 
(COMM, 2005). The Commission is also intending for the scheme to include all flights taking off 
from EU nations, as opposed to a scheme incorporating just intra-EU flights in the first instance; the 
latter being preferred generally by the aviation industry (Bows et al., 2006). However, given the lo-
gistics of incorporating this international sector within the current EU ETS, it is highly unlikely that 
trading between the aviation industry and other sectors will begin prior to 2010-12.  
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4 CONCLUSION 

By focussing on the UK as an exemplar nation, this paper illustrates a number of key points in rela-
tion its aviation industry and climate change targets. Firstly, UK Government forecasts for aviation 
emissions have quickly become outdated due to the very high rates of growth being seen within the 
industry. Consequently, these forecasts must be revisited as a matter of urgency. Secondly, that 
even using these outdated forecasts, this paper illustrates the conflict between the UK Govern-
ment’s Aviation White Paper, which lays out measures to meet the demand for flights, and the 
UK’s Energy White Paper of the same year. Indeed, the UK typifies the EU in actively planning 
and thereby encouraging continued high levels of growth in aviation, whilst simultaneously assert-
ing that they are committed to a policy of substantially reducing carbon emissions. Thirdly, using 
aviation emission scenarios that reflect the recent trends in emissions, the conflict between the UK 
Government’s target and this growing industry has serious consequences for other sectors.  

If the aviation sector is to be given a larger quota of emissions compared with other sectors, then 
these other sectors will need to decarbonise to compensate. This could be a reasonable solution to 
the limitations on technology and alternative fuels unique to the aviation sector, if the room for ma-
noeuvre for other sectors were significant. However, these aviation scenarios suggest that if 
450ppmv becomes the new climate target stabilisation level, then aviation emission can not be sus-
tained at current levels, even with significant compensation from other sectors. If 550ppmv is cho-
sen, then it is still possible that the total carbon budget will be exceeded by this one industry by 
2050. Furthermore, if the industry were to take up 90% of the carbon budget, the pressure on other 
industries to decarbonise to 10% of their current levels would likely be too great. Ultimately, the 
UK and the EU face a stark choice: to permit high levels of aviation growth whilst continuing with 
their climate change rhetoric; or to convert the rhetoric into reality and substantially curtail aviation 
growth until it can be balanced by fuel efficiency gains.  
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ABSTRACT: The allocation of CO2 emissions to specific sources is a major policy issue for inter-
national aviation. This paper addresses this problem by recommending a possible methodology for 
calculating air transport carbon dioxide (CO2) emissions using detailed air traffic data. The basis for 
the calculations is an air traffic sample for one full-day of traffic for the UK. The results are com-
pared with two of the most widely-used aviation CO2 emission estimates to have been made for the 
UK: the SERAS study and NETCEN estimate. Their estimates for the year 2000 are 26.1 Mt and 
31.4 Mt, respectively. Our estimate of total aviation CO2 emissions, using detailed simulations and 
real air traffic data, is 34.7 Mt for the year 2004. Different methodologies and their implications are 
also discussed. 

1 INTRODUCTION 

Carbon dioxide (CO2) is one of the main causes of climate change and air transport is the fastest 
growing source. Commercial air transport currently contributes a small but growing share of global 
anthropogenic CO2 emissions. This share was estimated at 2% of the worldwide total in 1992 (In-
tergovernmental Panel on Climate Change (IPCC), 1999). In the UK, reported CO2 from sales of 
fuel for international aviation was 2.8% of all CO2 emissions in 1992 (which includes all interna-
tional bunker fuels, which are sometimes ignored in assessments of CO2 emissions). By 2003, this 
had risen to over 5% (UNFCCC, 2006). With estimated world wide growth in air transport as high 
as 5% per year, the air transport sector will account for a growing percentage of total CO2 emis-
sions, despite improvements in efficiency.  

In the Kyoto Protocol, anthropogenic greenhouse gas emissions are attributed to individual coun-
tries to set targets and monitor performance. Currently, countries only have to include domestic air 
traffic in the calculation of total national emissions. Total international aviation fuel sales in each 
country are reported separately (as bunker fuels), but there is no agreed allocation procedure to at-
tribute the associated CO2 emissions to national totals and bring them within targets for emission 
reduction. In the context of national progress towards Kyoto targets, it is important to have a clear 
understanding of the total contribution of aviation, not just domestic flights, to ensure that policy 
priorities can be fairly assessed. 

Several air transport CO2 emission estimates have been provided for the UK in the past few 
years. The National Environmental Technology Centre (NETCEN) estimated that in 2000, UK air 
transport accounted for 31.4 million tonnes (Mt) of CO2 emissions (DfT, 2003). Figures produced 
by Halcrow for the UK Department for Transport (DfT) in the South East and East of England Re-
gional Air Services Study (SERAS) estimated total air transport related CO2 emissions for 2000 at 
26.1 Mt (DfT, 2003). Both studies had their limitations and assumptions. Here, in this study, we as-
sess their findings using real air traffic data for one day to develop a new CO2 emissions estimate. 
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2 METHODOLOGY 

2.1 Scenario Definition 
The Reorganized Air Traffic Control Mathematical Simulator (RAMS Plus) and the Advanced 
Emission Model (AEM III) were used to analyse fuel burn use and hence CO2 emissions. The 
RAMS Plus model simulates the four dimensional profile of each flight, describing the operation of 
the aircraft at each point, such that the fuel burn for each element of the journey can be calculated. 
This allows calculation of the emitted CO2. The AEM has been developed at the EUROCONTROL 
Experimental Centre to estimate aviation emissions and fuel burn using flight profile information 
(AEM, 2003). 

Simulations were conducted using traffic, route network and sector data provided by National 
Air Traffic Services in the UK (NATS). A 24-hour air traffic sample for Friday, 3rd September, 
2004 was used with 7074 flights, each with specified departure and destination airports and simula-
tion entry times. The simulation area covers the UK airspace. For the region simulated, data de-
scribing the location of sector boundaries, airports and navigation aids (navaids), are specified. The 
ATC sectors are specified in four dimensions and the routes are defined according to the sequence 
of navaids to be used.  
2.2 CO2 Emissions Calculations 
The fuel burn rate, and hence the rate of CO2 emission, varies with mode of flight. Two flight 
phases can be considered for emissions calculations: the Landing and Take Off cycle (LTO) which 
includes all activities below 3000 feet (1000 m) and the Climb, Cruise and Descent cycle (CCD) 
which is defined as all activities that take place at altitudes above 3000 feet. 

Additional emissions occur due to fuelling and fuel handling in general, maintenance of aircraft 
engines and fuel jettisoning to avoid accidents. These emissions are, however, not included in this 
analysis. Also, CO2 emissions from surface access to airports were not within the scope of this esti-
mate.  

To calculate the total fuel burn for the traffic sample, fuel burn rates from the performance tables 
of the Eurocontrol Experimental Centre (EEC) Base of Aircraft Data (BADA) Revision 3.6 were 
incorporated into RAMS Plus. Flight speed and rate of climb/descent were also defined according 
to the BADA performance tables.  

The configuration of RAMS Plus with the UK air traffic sample has two limitations. Firstly, it 
only has the capability to calculate emissions above 3000 ft (CCD cycle), as detailed data on airport 
configurations and ground movements was not available. Secondly, given the limitations of the 
available air traffic sample and the specific sectors, navaids, and routes as defined for UK airspace, 
as required by RAMS Plus, it was possible to only calculate emissions within UK airspace. Since 
one of the objectives of this research was to estimate UK CO2 emissions which can be allocated to 
the UK CO2 budget, using a Flight Schedule Approach (meaning all domestic and traffic departing 
from UK airports), it was necessary to perform additional calculations using the AEM tool.  

The air traffic sample available had detailed information only on flights within UK airspace. For 
international departures, the AEM completes the flight profile assuming that the aircraft uses the 
shortest (great circle) distance between the point of departure from UK airspace and the destination 
airport. On average, journeys are about 10% longer than this great circle route because of airspace 
constraints and meteorological factors (IPCC, 1999). In addition, the AEM completes the whole 
flight profile by adding missing LTO legs from departure and arrival airports as well as joining 
these legs with the first and last known position of the aircraft according to the flight file from 
RAMS. 

3 UK CO2 EMISSIONS ESTIMATE 

The AEM uses flight profile information from the RAMS Plus output to calculate fuel consumption 
and emissions. Summing the emissions from all flights it was possible to derive total CO2 emissions 
for the 24 hr traffic sample. Traffic was separated into three categories: domestic, UK departures to 
the EU, and UK departures to other international airports. All other traffic, including fly-over 
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flights and flights arriving to the UK are omitted; emissions are calculated only for departures. This 
Flight Schedule approach gives a total fuel estimate consistent with the recorded deliveries of avia-
tion fuel to the UK and prevents double counting of emissions allocated to international aviation. 
Just over half (55.19%) of the UK’s total daily traffic movements are domestic (21.11% of total air 
traffic) or EU departures (22.78%) and international departures (11.30%) and they are used for es-
timation of the CO2 emissions inventory.  

The daily CO2 estimates are adjusted to correct for underestimation due to the assumption that 
the flight trajectory follows the shortest (great circle) route outside of UK airspace. Previous studies 
(IPCC, 1999; Howell et all., 2003) have estimated that the distance flown is typically 10% longer 
than the great circle route. As this additional distance occurs in the cruise phase, and only outside 
UK airspace, the underestimation of the total CO2 will be less than 10%. Assuming that the great 
circle portion of the flight underestimates distance flown by 10%, and that the additional CO2 for 
the route as flown is proportional to the additional distance, the mean underestimation is 4.9% for 
EU departures and 6% for other international departures (expressed as a percentage of the total CO2 
for the full flight trajectory). Total daily CO2 estimates are adjusted accordingly. CO2 for domestic 
flights is not adjusted as there is no section outside of UK airspace. 

In the absence of detailed data for each day, monthly total estimates for September were ob-
tained by multiplying daily values by 30.  

To reflect seasonal variation in air traffic volumes, monthly CO2 emissions for the three catego-
ries of air traffic for the rest of the year were calculated using the reference values for September 
and weighting for the monthly number of air traffic movements using Civil Aviation Authority sta-
tistics for 2004 (CAA, 2004a). CAA monthly airport statistics tables for 2004 do not include re-
cords for accession countries admitted into the European Union in May 2004.  

Air travel is greater during the week than on weekends and fairly uniform across individual days 
of the week. For scheduled traffic, a 20% difference between a weekday and a weekend day is not 
unusual (EUROCONTROL, 2006). Converting from a single weekday to an annual figure overes-
timates total traffic movements, partly by failing to account for the reduction in traffic at weekends. 
To correct for this, we assumed that the overestimation can be described by the difference between 
the number of air transport movements in our sample and those reported by the CAA and that this 
overestimation of traffic movements corresponds to a proportional overestimation of CO2 emis-
sions. For domestic traffic, the overestimation of traffic movements is 13.6%; for international (EU 
and other international departures), it is 9.7%. The annual CO2 estimates are adjusted to correct for 
this. 

Annual CO2 emissions estimates for 2004 for the three traffic categories are shown in Table 1. It 
is assumed that the emissions in each category follow the annual cycle of movements, that is, the 
mix of aircraft types and route lengths remains constant and changes in frequency of service occur 
uniformly across the traffic fleet (within each traffic category).  

Table 1. UK CO2 Emissions - 2004 

2004 UK CO2  
Emissions Estimate 

CO2 (Mt) 

Domestic   1.94 –   3.14 
EU Departures   7.98 –   9.73 
International Departures 16.54 – 22.97 
Total 26.46 – 35.85 

 
For domestic traffic, the monthly variation in movements is small and the distribution of routes 
shows little seasonal variability (CAA, 2004b). EU and International traffic are more variable. Most 
destinations for EU-bound traffic have a uniform pattern throughout the year, but traffic (in terms of 
carried passengers) to vacation destinations like Spain and Greece almost doubles during the sum-
mer. Within the International (non-EU) routes the largest variation is again for summer vacation 
destinations, such as Cyprus and Turkey, and for long haul flights to North America and the Far 
East (CAA, 2004c).  

The assumption that the pattern of routes does not show seasonal variability overestimates stage 
lengths by about four percent for international scheduled services and by 7.5% for non-scheduled 
services within the 25 EU states. This is based on an analysis of CAA data (CAA, 2004d). There is 
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a further underestimate of the stage lengths of international non-scheduled, non-charter traffic by 
18.3%; however these flights represent only 2.3% of annual UK airlines flights for 2004. 

Figure 1 shows the estimated annual cycle of the UK’s CO2 emissions from aircraft. As ex-
pected, the biggest polluter group comprises International Departure flights; although the number of 
movements is roughly half that for domestic or intra-EU flights. Aircraft are typically larger and the 
average route is much longer for these flights. EU and international departures have similar annual 
cycles; both groups have the highest emissions occurring in July and August. CO2 emissions from 
domestic traffic have only minor variations throughout the year.  

Figure 1. UK's CO2 Emissions Annual Cycle 
 
In addition to providing a national CO2 emission estimate, this method allows analysis of those 
flights and aircraft within the sample that are the largest emitters. This provides an assessment of 
which flights and associated aircraft account for the bulk of emissions. More detailed analysis can 
be found in Pejovic et al. (in prep).  

4 COMPARISON WITH OTHER CO2 EMISSION ESTIMATES 

Findings from this analysis are compared with the NETCEN and SERAS CO2 estimates for the year 
2000 taken from the report Aviation and the Environment: Using Economic Instruments (DfT, 
2003). Despite the fact that estimates were made using different methodologies and data, there is 
some consistency between them (Table 2). Our estimate includes the uncertainty associated with the 
BADA performance data and fuel burn rates and uncertainties in the corrections for the great circle 
approximation and the overestimation of traffic. More detailed information can be found in Pejovic 
et al. (in prep). 

Table 2. Aviation-related CO2 Emissions, Year 2000 (million tonnes) 

Type of traffic SERAS 
(2000) 

NETCEN 
(2000 old) 

NETCEN 
(2000 new) 

NETCEN 
(2004 new) 

This analysis 
(2004) 

Domestic    1.5   2.9   1.97   2.30   1.94 -   3.14 
International  24.6 28.5 30.24 33.12 24.52 – 32.71 
Total  26.1 31.4 32.21 35.42 26.46 – 35.85 
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NETCEN estimated that in 2000, UK air transport accounted for 31.4 Mt of CO2 emissions, of 
which 2.9 Mt CO2 were emitted by domestic flights (DfT, 2003). In addition, NETCEN's updated 
UK Greenhouse Gas Inventory 1990 to 2003, records that the UK aviation sector, including all do-
mestic flights plus international passenger departures and freight air traffic movements produced 
32.2 Mt of CO2. Of this total, UK civil passenger aviation produced 30 Mt of CO2 (Baggot et al, 
2005). Using a new methodology, their just released UK Greenhouse Gas Inventory 1990 to 2004, 
suggests that CO2 emission estimates for international traffic in 2000 and 2004 were 30.2 and 33.1 
Mt respectively (Baggott et al, 2006).  

The NETCEN figures take into account the fact that international and domestic flights have a 
different proportion of emissions at altitude and in the LTO cycle. However, NETCEN calculates 
estimates of aviation CO2 emissions at cruise altitudes based on aviation fuel sales data. Therefore 
NETCEN’s estimate of the UK’s CO2 emissions is an approximation since NETCEN estimates the 
total fuel uplifted by aircraft in the UK as the UK’s CO2 emissions from aviation. In practice, part of 
the uplifted fuel could be used on flights not departing from the UK but used, for example, on a re-
turn flight back to the UK from a different country (or vice versa).  

The SERAS study gave slightly different results. In the SERAS study total air transport related 
CO2 emissions were estimated at 26.1 Mt for the year 2000 (DfT, 2003). SERAS produced esti-
mates, which are over 10% lower than those estimated by NETCEN, assuming that aircraft use 
“great circle” routes. In addition, the SERAS estimates were based on the assumption that the UK’s 
share of international flights is one-half of the total traffic. Apart from smaller coverage of UK air-
ports by SERAS (29 UK airports), the likeliest reason for the discrepancy is that the modelling for 
the SERAS estimate assumed that all aircraft fly great circle distances. Our use of the RAMS simu-
lation with real air traffic data allows actual flight paths to be modelled.  

5 DISCUSSION AND CONCLUSIONS 

The international air traffic emissions, calculated in this study (31.8Mt), appear to be slightly higher 
then those given by NETCEN for 2000 (30.2 Mt). However, looking at the NETCEN figures for the 
CO2 emissions of international traffic in 2004 (33.1 Mt) and with respect to traffic growth between 
2000 and 2004 which is in the range of 2-6% per year (CAA, 2004e), these estimates match well. 
Moreover, the latest UNFCCC records show that the UK’s reported emissions resulting from fuel 
use for aircraft engaged in international transport were 30.24 Mt and 29.66 Mt in 2000 and 2003 re-
spectively (UNFCCC, 2006). 

There is a possibility, though, that NETCEN figures for emissions of international traffic are 
overestimated, since the metric used by NETCEN to measure the CO2 emissions in cruise phase is 
an approximation. Furthermore, the high uncertainty in NETCEN’s aviation fuel consumption re-
flects the uncertainty in the split between domestic and international aviation fuel consumption 
taken from DUKES. On the other hand, the SERAS study produces under-estimates and their ap-
proach uses assumptions which do not represent realistic assumptions about air traffic in the UK.  

Nevertheless, both the NETCEN and the SERAS study provide a good basis for evaluation of 
our results. The results presented here indicate that by using real traffic profiles to calculate CO2 
emissions, by means of the Flight Schedule Approach, and applying different emission factors for 
each different mode of flight, it is possible to calculate a CO2 emissions inventory consistent with 
other estimates. This approach also allows better disaggregation of domestic and international 
flights and their emissions as well as disaggregation into aircraft groups and route profiles that can 
serve as a basis for analysis of various policy effects, which the other estimates cannot provide. 

Understanding of the total contribution of aviation, not just domestic flights, can ensure that pol-
icy priorities can be fairly assessed. Even if national targets for CO2 emission reduction are met, a 
very small proportion of international departures can consume a large amount of the national allow-
ances. This has implications for how the associated CO2 emissions of international aviation can be 
brought within national targets for emission reduction. 

Overall, this method for calculating a CO2 emissions inventory based on actual flight paths, al-
lows a better disaggregation of domestic and international flights and their emissions. CO2 emis-
sions of international traffic are calculated using real traffic profiles within UK airspace, and apply-
ing different emission factors for each different mode of flight, which results in a higher accuracy of 
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the method. This approach also provides an assessment of which flights and associated aircraft ac-
count for the bulk of emissions. Furthermore, with availability of different traffic samples, to reflect 
seasonal and weekend traffic changes, it is evident that this approach can give us even more realis-
tic and accurate estimates. 
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Global road transport’s emission inventory for the year 2000 
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ABSTRACT: Emission inventories are needed to determine the impact of different sectors and trace 
species on environment and health. We have calculated a highly differentiated emission inventory 
for road passenger and freight transportation worldwide, with a resolution of 1°x1° longi-
tude/latitude, for CO2, CO, NMVOC, CH4, NOx, primary PM and SO2. Our bottom-up country by 
country calculation agrees to 2% with global fuel sales. We compare our results to other invento-
ries, which have used a less differentiated approach or only cover certain world regions. 

1 INTRODUCTION 

Atmospheric research needs emission inventories to determine the impact of different sectors and 
trace species on the atmospheric composition and consequently on environmental and health im-
pacts, among others climate change. Transportation has received increasing attention because it 
contributes about 15 to 20% of global anthropogenic emissions of carbon dioxide, carbon monox-
ide, nitrogen oxides, volatile organic hydrocarbons and primary particulate matter (EDGAR 
32FT2000 Emission data, 2005). Furthermore, road transportation runs almost exclusively on oil 
products and combustion engines. With high growth rates for the transport volume in most parts of 
the world it is set to stay a major emitter of atmospheric pollutants, even if exhaust emission stan-
dards become more tightened and fuel quality improves. 

This paper presents an inventory of road transport’s fuel consumption and emissions of air pol-
lutants on a 1°x1° grid for the whole world for the year 2000. We differentiate by vehicle category 
and fuel type on a country by country level. With this differentiation and scope of pollutants we go 
substantially beyond current knowledge (EDGAR 32FT2000 Emission data, 2005; Olivier et al., 
2002; Schafer and Victor, 1999). Such a technology based approach is necessary for a more accu-
rate estimate of current pollutant emissions. 

Section 2 summarizes system boundaries and explains our calculation method, section 3 dis-
cusses validation, section 4 presents the emission results, and section 5 gives conclusions. 

2 APPROACH 

For the purposes of this inventory, road transport is any movement with motorized vehicles on pub-
lic roads, for passenger or freight transportation. Excluded are movements by agricultural, forestry, 
building or construction machinery and with sports, pleasure or museum vehicles. Road vehicles 
are split up in five categories: mopeds, motor-cycles and three-wheelers (later referred to simply as 
two-wheelers); passenger cars; busses and coaches (later referred to simply as busses); light duty 
trucks below 3.5 tons gross weight; heavy duty trucks above 3.5 tons gross weight. 

We consider consumption of motor gasoline, diesel, ethanol, biodiesel, LPG and CNG (the last 
four only for cars). We calculate exhaust emissions of CO2 (from fossil fuels and non-fossil fuels 
separately), CO, NMVOC, CH4, NOx, primary PM and SO2. Not included are evaporative losses, 
brake, tyre or clutch wear, resuspension, or discharges during maintenance, accidents or at the end-
of-life. 

                                                 
* Corresponding author: Heike Steller, DLR – Verkehrsstudien, Rutherfordstr. 2, 12489 Berlin, Germany. Email: 

Heike.Steller@dlr.de 
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All emissions and the fuel consumption are calculated separately for 216 countries and territo-
ries, which are grouped in twelve world regions. For each country and vehicle-fuel combination, 
transport volumes (expressed as vehicle-kilometers) were estimated as described in Vanhove and 
Franckx (2006) and Borken et al. (submitted). Specific fuel consumption and exhaust emission fac-
tors (in g emitted substance per vehicle-kilometer) were estimated for each world region (Merétei, 
2006; Borken et al., submitted). The sum-product of specific fuel consumption and transport vol-
umes gives the total fuel consumption in a region. This calculated fuel consumption is compared to 
fuel sales data in road transport (IEA/OECD, 2003). The comparison is made separately for gaso-
line and diesel in each world region. Comparing on the level of world regions instead of countries 
has the advantage that fuel tourism does not distort the picture.  

Our transport volumes are scaled such that the resulting fuel consumption matches the fuel sales 
data. Emissions are then calculated as the product of emission factor and transport volume, per ve-
hicle-fuel combination and country. 
2.1 Uncertainties  
Emission factors have a high uncertainty even for OECD countries. This is because of the large 
number of factors influencing emissions, about which little data are available. Emission regulations 
provide some help, but they vary even between countries belonging to the same world region. 
Measurement data are often not representative of the fleet average. Also, so-called super-emitters 
have a high share in the overall emissions, despite their small number, and little data are available 
on them. 

Inaccuracies in the mileage distribution over vehicle types affect both the overall level of emis-
sions and the relative amount of particular substances. Especially uncertain is the distribution of 
freight vehicle mileage over light duty trucks and heavy duty trucks, as often only total ton-
kilometers are given in statistics.  

It is also known that some fuel is misallocated in the IEA data (e.g. fuel consumed in road trans-
port is reported as fuel consumed in agriculture), notably in non-OECD countries. After comparison 
with other sources, we assumed different fuel sales for road transport than IEA in China, South Ko-
rea and India. This uncertainty affects the overall level of emissions in the respective world region. 

3 VALIDATION 

3.1 Comparison of calculated fuel consumption with fuel sales data 
A first plausibility check for transport volumes, fuel consumption factors and fuel sales data is 
given by the comparison of our calculated fuel consumption with the fuel sales data (mostly IEA 
data). Globally, they are in good agreement; the total calculated gasoline consumption is lower than 
the sales data by 3% and the total calculated diesel consumption by 1%. In individual world re-
gions, the discrepancy is sometimes much higher, but usually where gasoline consumption is under-
estimated, diesel consumption is overestimated, which means the discrepancy of total fuel sales is 
lower and the problem is partly due to difficulties with the distribution of mileage over fuel types 
(probably mostly freight mileage). The notable exception is the Middle East, where we underesti-
mate both gasoline and diesel consumption by more than 40% compared to IEA sales data. We are 
therefore in the process of revising our transport volumes for this region and have also identified 
problems with the IEA sales data. 

As discussed above, our raw data are adjusted according to the fuel sales data for each region 
and fuel separately. The following presents adjusted data only. 
3.2 Comparison with global and regional emission inventories 
As measurements of real world emissions are so far limited either in driving conditions or in the 
representativeness of the fleet, our best possibility of comparison are other global or regional emis-
sion inventories. Here we compare road transport’s emissions globally, for North America, Western 
Europe and Asia. Comparison data are taken from one global, but regionally disaggregated inven-
tory (EDGAR 32FT2000 Emission data, 2005) and one region specific inventory each (National 
Transportation Statistics 2004, 2005; De Ceuster et al., 2006; RAINS ASIA, 2001). 
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Table 1. Comparison of inventory data for road transport’s emissions in the year 2000 globally, in North America, 
Western Europe and Asia; percentages denote differences to this work. 

  CO2 
[Mt] 

 
 

CO 
[Mt] 

 VOC
[Mt] 

 NOx 
[Mt] 

 PM 
[Mt] 

 SO2 
[Mt] 

 

World             
 this work 4223  111  15.6 1 29.2  1.33  1.79  
 EDGAR 4276 [+1%] 186 [+68%] 35.4 [+127%] 28.5 [-2%]   3.66 [+104%]
North America          
 this work 1570  41  4.0 1 7.9  0.18  0.19  
 EDGAR 1639 [+4%] 64 [+56%] 8.4 [+110%] 7.5 [-5%]   0.33 [+74%] 
 NTS (only USA) 1407 [-10%] 2 62 [+51%] 4.8 [+20%] 7.6 [-4%] 0.21 [+17%] 3 0.24 [+26%] 
Western Europe          
 this work 800  12  1.7 1 5.4  0.28  0.09  
 EDGAR 819 [+2%] 17 [+42%] 4.4 [+159%] 4.6 [-15%]   0.27 [+200%]
 TREMOVE 842 [+5%] 21 [+75%] 3.7 [+118%] 4.4 [-19%] 0.20 [-29%] 0.10 [+11%] 
Asia          
 this work 608  21  4.7 1 6.2  0.45  0.53  
 EDGAR 589 [-3%] 37 [+76%] 9.4 [+100%] 5.6 [-10%]   1.53 [+189%]
 RAINS ASIA           0.78 [+47%] 

1 without evaporative emissions  
2 derived from fuel consumption 
3 PM10 (PM2.5: 0.15 Mt) 

The variation is small for CO2 emissions, which means that the assumptions for road transport’s 
fuel consumption are in close agreement. Therefore, differences in the other pollutants must result 
from different fleet average emission factors, i.e. due to different assumptions about the shares of 
the various vehicle-fuel combinations and the respective vehicle emission factors. E.g. EDGAR 
32FT2000 values are calculated with emission factors for the year 1995. These do not capture the 
subsequent reductions in specific vehicle emissions and hence EDGAR has higher total emissions 
throughout than our work. One notable exception is the emission factor for NOx: It has recently 
been discovered in EU15 that real world emissions from heavy duty vehicles are about 30% higher 
than the limit values (Hausberger et. al, 2003). This is already reflected in our emission factors, 
contrary to all other data. 
Concerning VOC emissions it must be noted that we calculated tail pipe emissions only, and there-
fore our data are not directly comparable to other inventories which include evaporative emissions 
as well. 

4 RESULTS 

4.1 Total global and regional pollutant emissions from road transport 
Road transportation emits about 4223 Mt CO2, 111 Mt CO, 15 Mt NMVOC, 0.8 Mt CH4, 29 Mt 
NOx, 1.33 Mt primary PM and 1.8 Mt SO2 worldwide in the year 2000 (Table 2). 

The OECD regions (North America, Western Europe, Japan, Oceania) emit almost two-thirds of 
fossil CO2, more than half of which is from North America. Asia and the Middle East account for 
one fifth of CO2 emissions. Road transportation in the Former Soviet Union and in Central and 
Eastern Europe accounts for about 5% of CO2 emissions, while Africa’s share is about 3%. This re-
flects the regional shares in fuel consumption. 

The shares are different for the other exhaust gases due to the regional differences in the vehicle 
fleet composition, fuel usages, in exhaust emission controls and technology: The OECD regions, 
which have started to implement vehicle exhaust emission controls long before the year 2000, ac-
count for 54% of CO, 41% of NMVOC, 38% of CH4, 52% of NOx, 39% of primary PM and only 
18% of SO2 emissions globally, with the US again providing the lion’s share except for PM. Vice 
versa, all Asian regions have higher shares of exhaust pollutants than their respective share in fuel 
consumption. There, an exhaust emission control began only recently and many two-wheelers were 
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still powered by two-stroke engines. Due to the high sulphur contents in their fuels, Africa, Latin 
America and the Middle East account for about half of global sulphur dioxide emissions. 

Table 2. Emissions from road transportation in the year 2000 differentiated by region, in decreasing order of fuel con-
sumption and CO2 emissions, in absolute numbers and as shares of the global total. 

 Fuel 
[Mtoe] 

CO2 
[Mt] 

CO 
[Mt] 

NMVOC 
[Mt] 

CH4 
[Mt] 

NOx 
[Mt] 

PM 
[Mt] 

SO2 
[Mt] 

NAM 533 [37%] 1570 [37%] 40.9 [37%] 3.85 [26%] 0.18 [23%] 7.87 [27%] 0.18 [14%] 0.19 [11%]
EU15 268 [19%] 800 [19%] 12.2 [11%] 1.66 [11%] 0.08 [10%] 5.35 [18%] 0.28 [21%] 0.09 [5%] 
LAM 130 [9%] 369 [9%] 9.3 [8%] 1.16 [8%] 0.06 [8%] 2.89 [10%] 0.13 [10%] 0.46 [26%]
EAS 101 [7%] 301 [7%] 10.1 [9%] 1.85 [12%] 0.11 [14%] 2.81 [10%] 0.15 [11%] 0.15 [8%] 
JPN 78 [5%] 233 [6%] 4.6 [4%] 0.47 [3%] 0.03 [4%] 1.53 [5%] 0.04 [3%] 0.02 [1%] 
MEA 71 [5%] 211 [5%] 8.5 [8%] 1.33 [9%] 0.07 [9%] 1.95 [7%] 0.10 [8%] 0.22 [12%]
SEA 59 [4%] 175 [4%] 7.1 [6%] 1.39 [9%] 0.08 [10%] 1.68 [6%] 0.15 [11%] 0.21 [12%]
CIS 47 [3%] 140 [3%] 6.6 [6%] 0.92 [6%] 0.04 [5%] 1.15 [4%] 0.06 [5%] 0.05 [3%] 
AFR 44 [3%] 131 [3%] 3.3 [3%] 0.48 [3%] 0.02 [3%] 1.01 [3%] 0.05 [4%] 0.19 [11%]
SAS 43 [3%] 131 [3%] 4.0 [4%] 1.19 [8%] 0.08 [10%] 1.75 [6%] 0.14 [11%] 0.17 [9%] 
CEC 29 [2%] 87 [2%] 2.2 [2%] 0.34 [2%] 0.02 [3%] 0.71 [2%] 0.03 [2%] 0.02 [1%] 
OCN 25 [2%] 73 [2%] 2.2 [2%] 0.22 [1%] 0.01 [1%] 0.53 [2%] 0.01 [1%] 0.02 [1%] 
World 1429  4223  110.9  14.86  0.78  29.23  1.33  1.79  

NAM: North America; EU15: Western Europe; LAM: Latin America; EAS: East Asia; JPN: Japan; MEA: Middle East; 
SEA: South East Asia; SAS: South Asia; CIS: Commonwealth of Independent States; AFR: Africa; CEC: Central and 
Eastern Europe; OCN: Oceania 

4.2 Gridded pollutant emissions from road transport 
Emissions are distributed from a country level to a 1°x1° grid using rural and urban population den-
sities, which are available for 1990 from EDGAR (Olivier et al., 2002). Depending on the vehicle 
category and world region, urban and rural populations are weighted differently in the gridding. The 
emissions of every vehicle category are split in two shares: one is distributed according to the den-
sity of the rural population, the other according to the density of the urban population. The shares 
are detailed in Table 3. This approach is a better approximation than distributing the traffic volumes 
according to the total population, because it takes into account the differences in the transport struc-
ture of rural and urban areas, e.g. individual motorized passenger transport in developing countries 
is available primarily in urban areas and heavy duty trucks drive more in rural areas compared to 
light duty trucks. 

Figures 1 and 2 show as examples maps for emissions of CO2 and NMVOC. Remarkable are es-
pecially the high NMVOC emissions in parts of India, China and South East Asia. These are due to 
the relatively low emission control standards and high share of two-wheelers, often still with two-
stroke engines. 

Table 3. Weighting of rural and urban population for gridding of emissions per vehicle category and region. 

 Car Bus Two-wheelers Light duty truck Heavy duty truck

 Rural Urban Rural Urban Rural Urban Rural Urban Rural Urban 

AFR+MEA 10% 90% 30% 70% 20% 80% 50% 50% 50% 50% 
CEC 61% 39% 57% 43% 60% 40% 63% 37% 66% 34% 
CIS 20% 80% 30% 70% 10% 90% 50% 50% 75% 25% 
EAS+SAS+SEA 25% 75% 75% 25% 10% 90% 20% 80% 90% 10% 
EU15+JPN 50% 50% 49% 51% 53% 47% 59% 41% 64% 36% 
LAM 20% 80% 50% 50% 10% 90% 25% 75% 90% 10% 
NAM+OCN 37% 63% 61% 39% 42% 58% 39% 61% 58% 42% 
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Figure 1. CO2 emissions from road transportation in the year 2000 

 
Figure 2. NMVOC emissions from road transportation in the year 2000 

5 CONCLUSIONS 

The work presented here is a major step towards a detailed and consistent global emission inventory 
for transportation (cf. QUANTIFY Homepage: http://www.pa.op.dlr.de/quantify/). Emissions of 
road passenger and freight transport are available separately, and if needed, emissions by vehicle 
category and by fuel type can be provided. Road transport’s exhaust emissions have been calculated 
for the first time for many non-OECD regions at this level of detail. Fuel sales data have been 
cross-checked for some important non-OECD countries, which improves the reliability of the emis-
sion estimates for those countries. 
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The largest source of uncertainty remain the emission factors, especially in non-OECD regions. 
Also important are the uncertainties resulting from the lack of knowledge about the distribution of 
total ton-kms over the different vehicle and fuel types, and the associated load factors. A sensitivity 
analysis is planned to estimate the magnitude of the uncertainties. We also develop scenarios for fu-
ture emissions from road transportation, analyzing the potential of different mitigation measures. 

Similar inventories are being prepared for rail and inland waterways emissions. Together with 
the maritime shipping emission inventory produced by Det Norske Veritas and the aviation emis-
sion inventory produced by the Manchester Metropolitan University, the whole transport sector will 
be covered in much detail. 
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ABSTRACT: In this paper we demonstrate the forecasting of maritime shipping emissions for Bel-
gium with an activity based emission model. The activity based emission model made it possible to 
forecast the emissions from maritime shipping for the near future (2010). Emissions for the year 
2010 are calculated by using activity growth factors, fleet evolution, existing legislation and de-
tailed data from a statistical year (2004). To compute the effect of the existing IMO and EU legisla-
tion, we defined on the one hand an autonomous growth scenario and on the other hand a current 
legislation scenario. The IMO regulation decreases the NOX emissions of the main engines with 
merely 1 % in 2010. The IMO and EU regulation on the sulphur content in maritime fuels has a 
large effect on the SO2 emissions (decrease of 50 -  53 %).  

1 INTRODUCTION 

As in many other countries, the current emission estimation methodology for maritime shipping in 
Belgium is based on bunker fuels allocated to the country. VITO developed an alternative approach 
based on traffic related data. The activity based emission model for maritime shipping calculates 
the carbon dioxide (CO2), sulphur dioxide (SO2), nitrogen oxides (NOX), carbon monoxide (CO), 
hydrocarbons (HC) and particulate matter (PM) emissions from sea-going vessels within Belgian 
jurisdiction. The activity based emission model made it possible to forecast the emissions from 
maritime shipping for the near future (2010), taking into account the effect of the current IMO and 
EU legislation. 

2 OBJECTIVES 

In this paper we want to demonstrate an activity based emission model to map historical emissions 
from maritime shipping and to make emission projections for the near future (2010). Therefore, we 
have defined the following subsidiary aims: 
- To present briefly the activity based bottom-up approach for the calculation of an emission 

inventory of maritime shipping within Belgian jurisdiction. 
- To describe the methodology used for forecasting maritime shipping emissions for Belgium, 

taking into account the IMO and EU legislation. 
- To forecast the CO2, SO2, NOX, CO, HC and PM emissions from maritime shipping in Belgium 

for the year 2010 under a well-defined current legislation scenario. 
- To analyse the effect of the current IMO en EU legislation on the emissions of sea-going vessels 

in the year 2010. 
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3 ACTIVITY BASED MARITIME SHIPPING EMISSION MODEL 

We have evaluated different European activity based methodologies MEET (1999), ENTEC (2002), 
ENTEC (2005), EMS (2003) and TRENDS (2003) used to estimate emissions for maritime trans-
port. We screened the utility of the different methodologies for mapping emissions from sea-going 
vessels in Belgium on the basis of a list of strengths and weaknesses. Transparency, reproducibility, 
the integration of technical aspects of the sea-going vessels and the amount of detail were important 
selection criteria for the methodology. Therefore, we finally decided upon an approach similar to 
the one used in EMS (2003), but with specific adaptations to the Belgian situation. 

We developed an activity based maritime shipping emission model for six different geographical 
areas in Belgium: four harbours, the river Scheldt and the North sea (12 mile zone). The model con-
tains data on all shipping activities of sea-going vessels for the year 2004, originated from: 
- each of the Belgian harbours (Antwerp, Ghent, Ostend and Zeebrugge) for the activities in the 

different harbours and the Belgian part of the river Scheldt; 
- the Belgian/Dutch Vessel Traffic System for the activities in the Belgian jurisdiction of the 

North Sea (12 mile zone). 
The information systems where the activity data for the year 2004 were extracted from are not 
modelled for the emission inventory purpose. It was a time consuming job to transform the informa-
tion into appropriate input files. 

We extracted for the year 2004 all Lloyd’s numbers for sea-going vessels that called in at a Bel-
gian harbour (or travelled in the 12 mile zone of the North sea). VITO then purchased the following 
characteristics of those sea-going vessels from Lloyd’s Register Fairplay: 

 
Ship Type RPM 
Length TEU 
Date of building Refrigerated containers 
Main engine type Speed  
Power main engine Flag 

 
The model determines CO2, SO2, NOX, CO, HC and PM exhaust emissions through the energy use 
(power and fuel consumption), taking into account the length, building year and other technical as-
pects (e.g. engine type, RPM, fuel type, …) of the sea-going vessels, and the power use during each 
stage of navigation (cruise speed, reduced speed, manoeuvring, hotelling and anchoring). A distinc-
tion is made between the exhaust emissions of auxiliaries (e.g. for on board electricity production) 
and the main propulsion engines. For the latter, we distinguish three types of main engines, namely 
2-stroke engines, 4-stroke engines and steam turbines. 

The model is provided with technology-related emission factors from EMS (2003) to compute 
the NOX, CO, HC and PM emissions. These emission factors depend on the building year of the 
vessel and the percentage of the maximum continuous rate. The emission factors for CO2 corre-
spond with the IPCC (1997) CO2 emission factors for the different maritime fuels. The model also 
takes into account the EC (2002, 2005) and IMO (2005) regulations for the sulphur content of mari-
time fuels (Table 1).  

Table 1. Overview of the CO2 and SO2 emission factors (kg/ton fuel). 

Emission Factor  
[kg/ton] 

 Heavy fuel oil Diesel & gas oil Gas boil off 

CO2 - 3110 3100 2930 
SO2 (… – 18/05/2006) 54 4 ~0 
SO2 (19/05/2006 – 2009) 30 4 ~0 
SO2 (2010 - …) 30 4 or 21 ~0 
1 2 kg SO2/ton diesel or gas oil at berth (minimum duration of 2 hours) 

 
Energy for loading and unloading can either be supplied from the vessel engines or from the har-
bour energy facilities. Currently, the energy consumption and the emissions resulting from it for 
loading and unloading are not included into the model. 
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4 FORECASTS 

The activity based emission model made it possible to forecast the emissions from sea-going ves-
sels for the near future. To compute the effect of the current IMO and EU legislation, we defined on 
the one hand an autonomous growth scenario and on the other hand a current legislation scenario. 
4.1 The autonomous growth scenario 
In the autonomous growth scenario, we only take into account the traffic and fleet evolution, based 
on activity growth rates per harbour and techno-economic improvements (fuel, ship size, engine 
management). So, no environmentally-friendly legislation was included. 

The determination of the activity growth factors is exogenous to the model. We use economic 
growth rates to model future activities. The bases for the merchant vessels are the transported 
freight tonnes by sea-going vessels per harbour in the year 2004 and projected tonnages for the year 
2010 according to a low and high autonomous growth scenario. From 2004 until the year 2010 and 
for each harbour, we implemented for passenger ships an annual growth rate of 1 % in a low 
autonomous scenario and 2 % in a high autonomous scenario (DG Environment, 2005). 

In consultation with an expert committee, we assumed that the increase in traffic of merchant 
vessels will be filled in by newly built sea-going vessels. The extra tonnages have to be transported 
to the different harbours with those new ships. We determined how many extra visits the new ships 
will have to make by taking into account the gross tonnage of the new ships. For passenger ships 
and negative growth of merchant vessels, we assumed that the growths between the year 2004 and 
2010 will have an effect on all ship categories (lengths). Therefore, we decreased the activity data 
of the different ship types with accumulated growth rates over 6 years. 

We made the following assumptions to define the ship characteristics of the new sea-going ves-
sels and this for each harbour and each ship type to take into account geometry of the harbours and 
the docks: 
- new ships have the length of the largest ship visiting in 2004; 
- the characteristics of a new ship are based on average ship characteristic from all available ships 

in the Lloyd’s Register Fairplay database with the corresponding length that were built from 
2000 on. 

4.2 The current legislation scenario  
We implemented extra measures in the current legislation scenario compared to the autonomous 
growth scenario to meet the IMO and EU regulations. 

On the 19th of May 2005, the MARPOL Annex VI convention came into force. The NOX Tech-
nical Code, developed by IMO, defines mandatory procedures for the testing, survey and certifica-
tion of marine diesel engines to ensure that all applicable engines comply with the NOX emission 
limits defined in it. The requirements for the control of emissions apply to all engines > 130 kW in-
stalled on ships constructed after 1st of January 2000 and all engines that undergo a major conver-
sion after 1st of January 2000 (Table 2). 

Table 2. NOX-standard for sea-going vessels according to Annex VI of MARPOL. 

Engine speed - n 
[rpm] 

n < 130 130 ≤ n < 2000 n ≥ 2000 

Limit Value 
[g/kWh] 

17.0 45 * n-0.2 9.8 

 
Apart from standards for NOX, Annex VI also includes limit values for SO2. In the Annex, a global 
upper limit of 4.5 mass % on the sulphur content of fuel oil for sea-going vessels is set as well as 
two emission control areas (SOX Emission Control Areas – SOXECA's) with more stringent controls 
on sulphur emissions. Ships in these areas can only use fuel oil with a sulphur content lower then 
1.5 mass %. Alternatively, ships must fit an exhaust gas cleaning system or use any other techno-
logical method to limit SOX emissions. In the original protocol, the Baltic Sea area has been desig-
nated as SOXECA, the North Sea and the English Channel have been appointed in 2000 after nego-
tiations with the EU-member states. This required the implementation of: 
- a NOX correction factor in the emission model for all vessels built from 2000 on; 
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- a sulphur content of 1.5 mass % for heavy fuel oil. 
The sulphur content of 1.5 mass % for heavy fuel oil is also prescribed by the 2005/33/EC Direc-
tive. This Directive also imposes the use of 0,1 mass % sulphur for vessels at berth with a minimum 
berth duration of 2 hours. We assumed the use of diesel oil with a sulphur content of 0.1 mass % for 
all vessels at berth because the duration at berth is in most cases (> 97 %) longer than two hours. 

5 EMISSION RESULTS 

Table 3 presents the emission results for the historical year 2004 and the future year 2010 in the low 
and high current legislation scenario. 

Table 3. Emissions of sea-going vessels in the historical year 2004 and the future year 2010 (Belgium) in a low and 
high current legislation scenario. 

Emission  
[kton] 

2004 2010 (low) 2010 (high) 

CO2 720 735 783 
SO2 10.9 5.16 5.48 
NOX 16.9 17.1 18.1 
PM 1.28 1.25 1.34 
CO 2.77 2.89 3.11 
HC 0.569 0.579 0.614 

 
Depending on a low or high economic growth, the CO2 emissions increase with respectively 2 % 
and 9 % in the current legislation scenario over the period 2004-2010 due to an increase in activity.  

The NOX emissions rise slightly (1 %) in the low current legislation scenario, the increase in ac-
tivity offsets the reductions of the IMO and EU regulations. An increase of 8 % of the NOX emis-
sions takes place in the high current legislation scenario between the years 2004 and 2010. 

The IMO and EU regulations are most effective for the reduction in SO2 emissions. A decrease 
of 53 % (low) and 50 % (high) in SO2 emissions is accomplished despite to the increase in activity 
between the years 2004 and 2010. 

6 THE EFFECT OF THE IMO AND EU LEGISLATION 

Figure 1 shows the regulated emissions SO2 and NOX of sea-going vessels in Belgium for the years 
2004 and 2010 in the autonomous growth and current legislation scenarios.  

Figure 1. SO2 and NOX emissions of sea-going vessels in the reference and baseline scenarios. 
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The IMO regulation results in a reduction of merely 1 % of the NOX emissions of main engines in 
the year 2010. The total reduction of 55 % in SO2 emissions is due to both the IMO and EU regula-
tions: 
- a decrease of the sulphur content for heavy fuel oil; 
- a decrease of the sulphur content for fuels used at berth, which also implies a switch from heavy 

fuel oil to diesel oil for vessels at berth built after 1984. 
The switch form heavy fuel oil to diesel oil for vessels at berth results for the auxiliaries in a large 
emission reduction (33 %) for PM and small emission reductions for CO2 (5 %), NOX (5 %), CO 
(4 %) and HC (4 %). 

7 CONCLUSIONS 

The transformation of the activity data for historical years into the activity based emission model 
for maritime shipping is a time consuming job. The activity based emission model however, makes 
is possible to forecast the emissions from sea-going vessels for the near future by taking into ac-
count various legislations. 

The technological evolution of sea-going vessels is slower than that of other transport modes. An 
increase in activity between 2004 and 2010 offsets the technological improvements for most pollut-
ants. CO2 emissions increase with 2 - 9 % between 2004 and 2010. The IMO and EU legislation 
have the largest effect on the SO2 emissions. A decrease of 50 -53 % between 2004 and 2010 was 
calculated in the current legislation scenario. The IMO regulation has only a small reducing effect 
on the total NOX emissions of sea-going vessels in the year 2010. 
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ABSTRACT: Transport over water is more efficient and cleaner than transport over land. But the 
standards for exhaust gas emissions from diesel engines from inland vessels lag 5 to 10 years be-
hind the standards for emissions from road transport. With unchanged policy, this will result in 
more nitrogen oxides and particle matter to the transport performance (in kilometres) for inland 
vessels than for trucks.  

However, the emissions from the inland navigation are based on only a few experiments with a few 
vessels whereas the emissions from road transport are much better known.  

This measurement method is based on remote measurement of the exhaust plumes from vessels that 
pass by on a canal/river. In a two-day campaign, 20 km east of Rotterdam, emissions from about 
150 ships were obtained. The gasses, which were measured are CO2, NO, NO2. For particulate mat-
ter, total particle numbers and particle size distribution were determined. High time resolution made 
it possible to see the different ship passages. The observed plumes for NOx and particles were 
linked to those observed for CO2. The latter is linked to the amount of diesel used and to the engine 
power. In this way we obtained an average emission factor for NOx of 11±4 g NOx/kWh (n=132 
vessels).  

The same procedure was used for particle numbers. For particle mass the uncertainty is signifi-
cantly larger but the measurements seem to indicate that ships are slightly cleaner than expected. 
The average emission factor was in the range of 0.1-0.3 g/kWh.  

These experiments can give a better understanding of the ship emissions and may facilitate effective 
policy on reduction of emissions from inland shipping  

1 INTRODUCTION 

Cargo transport by inland navigation will be more important in Europe in the future. Navigation is 
considered to be a durable option for long and middle-long distances compared to cargo trucks 
(Schilperoord, 2004).  

Because of the current policy in the Netherlands, NOx emissions from mobile sources are de-
creasing, but this is mostly through cleaner techniques for road traffic. The use of these techniques 
in sea and inland navigation takes more time, also because ship engines can last for 25 years. The 
contribution of these sources is increasing both in absolute sense and relatively compared to road 
traffic emissions. NOx-data from the central bureau of statistics (CBS) in the Netherlands for the 
years 1990-2003 show decrease of NOx for total of mobile sources, but an increase for inland navi-
gation and total navigation (Fig. 1). The emission factors are relatively uncertain, because these are 
based on scarce data from a limited number of experiments that were not specific for the Dutch fleet 
(Klein et al., 2004).  
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At this moment, with the available emission data and with measurement techniques used so far, 
it is difficult to quantity the total emission of the total Dutch fleet. CBS calculates the emission 
from vessel kilometres. These are transformed with an assumed average speed into sailinghours to 
calculate kilowatt-hour (Klein, 2004). Emission ceilings for NOx emissions from inland vessels 
vary between 9.3 and 13 g/kWh, depending on the engine rotations (Schilperoord, 2004). The emis-
sion factors which are registrated in the Netherlands are between 8 and 16 g NOx/kWh and 0.3 and 
0.6 g PM/kWh (Oonk et al., 2003) 

Figure 1. NOx emissions for the total mobile sources in millions of kg (left axis) by CBS, the Netherlands for 
the years 1990-2003. The right axis shows the percentage of the total navigation (including sea navigation) 
and the inland navigation against the total mobile sources emissions. 

2 MEASUREMENT METHOD 

The exhaust gas of diesel engines in vessels is a mix of gasses and particles among which are car-
bon dioxide (CO2), nitrogen oxides (NOx), particulate matter (PM) and sulphur dioxide (SO2). Once 
in the atmosphere the emitted gasses and particles are carried along with the wind in a (smoke) 
plume.  
2.1 Plume measurements 
Emission meaurements for vessels are possible at the lee side of the wind using high time resolution 
instruments that analyse the gasses or particles in the air. In this experiment a mobile van was used 
to house of all the instruments. (Fig. 2). 

Ambient air was analysed using a chemiluminescence NO/NOx analyzer (Eco-physics CLD 700 
AL), a CO2/H2O analyzer (Licor Li-6262), and a pulsed Fluorescence SO2 analyzer (Thermo Elec-
tron Model 43A). These systems used a 2 m ¼ inch inlet hose that was flushed at 7 l/minute. NOx 
calibration took place in the lab after the experiments. The CO2 monitor was calibrated each day be-
fore and after the experiments using N2 for zero calibration and 450 ppm CO2 in an N2/O2 mixture. 

A range of different instruments were used to measure particulate matter. A PM10-TEOM 
(model 1400) was used to obtain PM mass data. This instrument is to slow to enable measurements 
of individual plumes but the whole day timeseries was used to determine a proper conversion factor 
for the optical particle instruments into mass level. A Condensation Particle Counter (TSI-3022A) 
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was used for particle numbers. The CPC has a high resolution in time, but only provides particles 
numbers and can’t be used to determine the particle size. Particle size distribution data was ob-
tained using a LAS-x. This instrument also counts the number of particles and classifies each parti-
cle in one of the 16 different size channels (from120 nm – 10µm). These distributions are trans-
ferred into mass. This was done assuming all particles are spheres with a uniform density. The 
density is dependent on the aerosol composition. Diesel exhaust mainly contains elemental carbon 
(40 %), organic carbon (30%), sulphate and water (14%) and remaining elements (13%) (Burtcher, 
2005). The LAS-x was not specifically calibrated for ship diesel exhaust during this experiment. 
Experiments in the lab were done that showed that for this instrument a density of 1.65 g cm-3 pro-
vides an accurate mass number as compared to a filter collection system. 

Figure 2. Schematic overview of the measurement set-up.  

2.2 Tracer use 
The measured concentration at a certain distance of the source is a function of both the released 
amount of gas/particles and the dilution or dispersion that occurs in the atmosphere. This dilution 
depends on many variables like wind speed, wind direction, stability of the atmosphere, the distance 
between source and measurement location and speed of the vessel. The dilution factor can be de-
termined with a Gaussian plume model, but there are many uncertainties because of all the different 
input parameters. A way to determine the dilution factor is to release a tracer gas with a known 
source strength from a ship and determine the concentration of that constituent. (Fig. 3) 

Figure 3. Experiment with release of tracer gas (N2O). The plume model and the measurements are in one 
line also with different distances from the source. 
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In this experiment the CO2 released from the ship itself was used as tracer. Doing so the absolute 
quantity of the emitted gas is not obtained but the emission factor can be still be determined. The 
measured concentration equals the emission multiplied with an unknown dilution factor. Dividing 

two equations for two components eliminated the dilution factor and provides: 
The concentration measurements are used to obtain the concentration ratio in the plume. This is 
done by integration of the concentration above the background level. The integrated values for NOx 
and CO2 are divided to obtain a gNOx/gCO2 emission factor. Since the emission standards are de-
fined used in gNOx per kWh. The CO2 emission is transferred into the amount of fuel used. With 
the carbon fraction in diesel and the combustion value of diesel this provides a conversion factor of 
73.3 g CO2 MJ-1. Finally the emission factor is obtained assuming an engine efficiency of 38% 
(Schilperoord, 2004) for the ship engines.  

3 RESULTS 

Two projects were done on inland navigation. On 18 march 2005 at the Amsterdam-Rijn canal and 
on 6 and 7 February 2006 at the Dordtse Kil, a river east of Rotterdam. The distance between 
source and inlet to the instruments was between 25 and 200 m. On a single day about 100 ships pass 
by and 60 to 70 ships were analysed. At the measurement location a typical plume passage lasts for 
about 40 seconds per ship. A time series obtained with several passing vessels shows how the dif-
ferent components increase simultaneously when a ship is passing. (Fig. 4) The difference in con-
centration peaks height is caused either by difference in emissions or difference in dilution. The 
correlation between peak levels of CO2 and NOx or particles counts is good.  

Figure 4. Time series with a set of passing vessels. Simultaneous concentration peaks occur for the different 
components. The concentrations of the gasses CO2 and NOx are shown in the lower part of the graph and par-
ticle counts in the upper graph.  
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3.1 NOx 
The emission factors obtained with the method described here provided a consistent dataset. Table 
1 gives the statistics for the measurements at the Dordtse Kil, the data is also shown Figure 5. The 
average emission factor for NOx is in the expected range.  

Table 1. Statistics of emission factors for NOx in g/kWh 

  g NOx/kWh 
Average 10.7 
Median 10.7 
Standard deviation 3.6 
Relative standard deviation 33% 
Plume counts 132 

Figure 5. Emission factors of NOx and PM (measured with LAS-x and Osiris)  

3.2 PM 
Figure 5 shows the emission factors of particulate matter that were obtained. These are all low 
emissions compared to what is used in the Netherlands until now. An example of the size distribu-
tion obtained on a single day is shown in Figure 6. The patterns show an average particle size dis-
tribution for 25 plumes both using the data in the plume and in the background data in between 
these plumes. The difference of these two distributions represents the PM added to the background 
level by the plume. About 80 % of this mass is below1 μm with the peak around 0.5 μm. 

Figure 6. The particle size distribution downwind of the river in and outside a set of 25 plumes as measured 
with the LASx.  
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During part of the measurements we uses an inlet to the LAS-x was relatively long (1 m steel tube), 
this might have caused an underestimation of the emission level. The average emission factor was 
in the range of 0.1-0.3 g PM/kWh.  

4 DISCUSSION AND CONCLUSIONS 

This method provides emission factors for a large number of vessels per day especially as compared 
to tailpipe measurements. Another advantage of this method is that the emission factors of the fleet 
can be determined in a realistic situation in stead of a laboratory setting. The flexibility of a moving 
laboratory enables experiments on various locations and eventually also the evaluation of actual ex-
posure levels for people living close to the waterways.   

The use of CO2 as internal tracer works well. This means that that the emission factor of the ves-
sels can be determined directly instead of indirect using a atmospheric transport model. The model 
is still needed when an absolute emission of NOx is required.  

The emission factors of NOx obtained with this plume method had an average level of 11±4 g 
NOx/kWh was obtained (n= 136). The range in the emission factors obtained was relatively small 
which results a 95% confidence level of 0.7 for the average emission factor. This factor is within 
the range of the emission factors used by the as the Dutch emission registration.  

The particle size distribution for ship emissions peaks below 1 μm. An instrument that can detect 
smaller particles compared to the LAS-x used here (below 120 nm) would be an advantage for the 
next measurements to evaluate the mass in the plume below this size level. According to Burtcher 
(2005) the particle emissions of (car) diesels have an average diameter from 60-100 nm that is 
nearly independent from motor type or running circumstances. These small particles might add 10-
20% to the mass. This cannot explain why the emission factors measured for PM during these ex-
periments were about 5 times below the level used in the emission inventory. This difference was 
larger than expected even is we assume our data has an uncertainty of a factor of 2. For this reason 
experiments are still ongoing with a focus on additional experiments that can narrow down the un-
certainty in the PM emission levels. 
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ABSTRACT: In the framework of a combined effort ship emission studies were conducted in 2004. 
Detailed aerosol microphysics and chemistry was measured in the raw exhaust gas of a single-
cylinder test bed engine. The emission studies were complemented by airborne aerosol transforma-
tion studies in the marine boundary layer using the DLR aircraft Falcon 20 E-5. In this experiment a 
single plume of a large container ship was extensively investigated. Observations from emission 
studies and plume studies combined with a Gaussian plume dispersion model yield a consistent pic-
ture of particle transformation processes from emission from a ship engine to atmospheric process-
ing in the marine boundary layer during plume expansion. The results are used for the determina-
tion of emission indices of particulate matter from ships and for the estimation of life times of ship 
exhaust particles in the marine boundary layer. 

1 INTRODUCTION 

Currently, gaseous and particulate matter emissions from ship engines are gaining increasing atten-
tion because of possible environmental and climate impacts (Eyring et al., 2005a, b). Emitted spe-
cies can considerably influence the atmospheric composition and in particular the ozone chemistry 
in the troposphere (Endresen et al., 2003). As for any combustion source, ship engine exhaust also 
contains particulate matter. Ship engine exhaust particles are composed of combustion aerosol par-
ticles consisting of elemental and organic carbon, sulphate and ash (Petzold et al., 2004), and of 
volatile particles forming outside the combustion process in the expanding plume.  

Elemental or black carbon (BC) is the most efficient particulate absorber of atmospheric solar 
radiation and has therefore a strong impact on the atmospheric radiation balance. Additionally, 
combustion particles can act as nuclei for the formation of cloud droplets and affect by that means 
the life cycle and radiative properties of marine stratus clouds at the top of the marine boundary 
layer (Durkee et al., 2000).  

In particular the emission of particles and their fate in the marine environment are however 
widely unknown. Until today, observations reported mainly bulk aerosol properties like mass con-
centrations (Cooper, 2003), while detailed chemical analyses and aerosol microphysical data are 
missing.  

In the framework of a combined effort, ship emission studies were conducted in 2004 as part of 
the European Integrated Project HERCULES (High Efficiency R&D on Combustion with Ultra 

                                                 
* Corresponding author: Andreas Petzold, DLR Institute of Atmospheric Physics, Oberpfaffenhofen, 82205 

Wessling, Germany Email: andreas.petzold@dlr.de. 



PETZOLD et al.: Particle Emissions from Ship Engines: Emission Properties and Trans... 79  

 

Low Emissions for Ships). Detailed aerosol microphysics and chemistry were measured in the ex-
haust gas of a single-cylinder test bed engine, which was operated at various load conditions, run-
ning on fuel with a sulphur content of 3.45 wt.-%. 

The emission studies were complemented by airborne aerosol transformation studies in the ma-
rine boundary layer as part of the ICARTT-ITOP (Intercontinental Transport of Ozone and Precur-
sors) experiment in 2004. Research flights using the DLR aircraft Falcon 20 E-5 were conducted in 
the English Channel and in a single plume of a large container ship. 

2 METHODS AND RESULTS 

On board of the DLR research aircraft Falcon, a comprehensive set of instruments was operated for 
measuring aerosol microphysical properties of both the secondary volatile aerosol, the primary 
combustion aerosol and trace gases H2O, NO, NOx, O3, CO, CO2, and SO2. The excess CO2, or 
ΔCO2 respectively, was calculated from the total CO2 time series by subtracting the average back-
ground value from the full CO2 signal. Since there is no additional source for CO2 in the vicinity of 
the investigated ship plume, the value of ΔCO2 is a very good indicator for combustion emissions. 
Using a calculated value of 40000 ppm CO2 in the raw exhaust gas of the investigated vessel, the 
plume dilution can be determined from ΔCO2. 

Figure 1 shows the flight track of the aircraft during the plume study in the exhaust of the con-
tainer ship. The colour of the symbols represents the black carbon mass concentration in the plume. 
Close to the source, ΔCO2 exceeded a value of 10 ppm, ranging up to > 100 ppm. Simultaneously, 
the BC mass concentration reached values of close to 10 µg m -3, while the Condensation Particle 
Counters (TSI 3760A) were above their upper detection limit of 20,000 cm -3. 

The plume encounters observed during the Single Plume Study are shown in Figure 2. The 
strength of the plume event was rated according to the CO2 measured above the background signal 
(excess CO2, ΔCO2 ).  

The analysis of the measured DMA size distributions in the fresh plume yielded a count median 
diameter of the combustion particles of 70 nm. Comparable data from emission studies yield a 
count median diameter of 52 nm. For aged plumes the count median diameter of the combustion 
particle mode was found at approx. 100 nm. These values reflect a considerable size shift in the par-
ticle size distribution by coagulation during the plume expansion from exhaust conditions to an 
aged plume embedded in the marine boundary layer. 

 
Figure 1. Tracks of the source ship and the research aircraft Falcon during the Single Plume Study; symbol 
colours represent Black Carbon mass concentrations in the plume. 
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Figure 2. Time series of flight altitude in m above sea level (asl), excess CO2 (ΔCO2) and excess number 
concentration ΔN during the Single Plume Study. 
 
As is shown in Figure 3a, the exhaust particle mode inside the ship plume exceeds the background 
aerosol in the size range from 20 to 200 nm by max. two orders of magnitude. In the size ranges be-
low and above this range of particle diameters, no deviation from the background aerosol was 
found. The ship exhaust particle mode was still detectable in polluted air masses outside the single 
plume. This observation is in agreement with data reported by Osborne et al. (2001). For compari-
son, Figure 3b shows the size distribution measured on the test bed in the exhaust of an engine 
which operated at 100% load.  
 

 
Figure 3a. Composite size distributions from data from DMA, PCASP 100X and FSSP 300 for a strong 
plume encounter and for a marine background case; the log-normal size distribution represents the exhaust 
particle mode. 
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Figure 3b. Size distributions of raw particle emissions measured in the test bed studies. 
 
The plume age during the Single Plume Study was calculated from trajectory analyses of the ship 
plume with respect to the aircraft flight track and from the geometrical distance from the probing 
aircraft to the source ship at the time of emission. The CO2 data measured during the Single Plume 
Study were then used for the determination of the plume diffusion coefficients according to the 
plume dispersion model of Glasow et al. (2003). Glasow et al. report best estimates for horizontal 
and vertical diffusion coefficients of 0.75 and 0.6, while a plume model fitted to the CO2 measure-
ments yields values of 0.74 and 0.7. When using ΔCO2 as an indicator for the plume age, plume ob-
servations extended from very young plumes in the Single Plume Study (t ≅ 60 s) to well aged 
plumes in the English Channel (t ≅ 10,000 s).  

Comparing Figures 3a and 3b, a strong mode of particles with diameters around 10 nm is visible 
in the raw exhaust data (Figure 3b) while only very few particles are observed in the young plume 
(Figure 3a). A detailed analysis yielded a ratio N (D > 4 nm) / N (D > 10 nm) of 1.25 at plume ages 
of about 600 s while this ratio decreased to 1.0 +/- 0.1 after about 100 s. Hence nucleation mode 
particles are expected to live no longer than about 1 h. 

Assuming an estimated precision of 0.2 ppm for the determination of ΔCO2, the ΔCO2 signature 
of a ship plume becomes indistinguishable from the CO2 background after about 10 h. This value 
can be used as an average ship plume life time when plume dispersion is the only active dilution 
process. As soon as turbulent mixing comes into play the life time can be much shorter.  

3 CONCLUSIONS 

The adapted Glasow plume dispersion model in combination with the observations from emission 
studies and plume studies yields a consistent picture of particle transformation processes from 
emission from a ship engine to atmospheric processing in the marine boundary layer during plume 
expansion: 
 
- Black carbon mass and ΔCO2 are well correlated for emission and young plume conditions. 
- Extensive transformation of particle size distribution properties from exhaust to aged plume ob-

served: count median diameter of the size distributions shifts from 52 nm (raw exhaust) to 70 nm 
(young plume) and to approx. 100 nm (aged plume). 

- Strong nucleation particle mode in raw exhaust; nucleation mode is almost completely depleted 
in the single plume far field (plume age > 10 3 s). 

- High abundance of volatile Aitken mode particles in raw exhaust, increased fraction of volatile 
particles in ship plumes is still visible at plume ages > 10 4 s. 

- Ship plume reaches top of MBL after approx. 1000 s, earliest onset of ship track effects. 
- ΔCO2 plume signature disappears latest after approx. 10 h. 
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A detailed analysis of the SHIP Plume Study is under way. Quantitative results on emission factors 
in terms of mass and number and particle life times will be reported soon in a publication in prepa-
ration for Atmospheric Chemistry and Physics. 
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ABSTRACT: Aircraft measurements of gaseous ship emissions were performed in the vicinity of 
the heavily travelled ship lanes through the English Channel and in the exhaust trail of a major sea-
going container ship. In the single ship plume experiment the concentration and dilution of major 
emissions (CO2, NO, NOy, SO2) were measured up to a distance to the source ship and plume age of 
25 km and 1650 s, respectively. Emission factors for NOx and SO2 were determined from individual 
plume encounters. The inferred NOx emission indices compare well with calculated emission indi-
ces from the engine emission model of the manufacturer. The deduced SO2 emission indices from 
the SO2 enhancements in the plume are smaller than calculated emission indices bases on the ana-
lysed sulphur content in the fuel sample. However, the difference is still within the estimated error 
limits for the SO2 emissions factor measurements. A survey flight in the ship corridor through the 
English Channel revealed the presence of a multitude of ship plumes aged between 0.5 and several 
hours. Many of the observed concentration enhancements in the ship corridor are due to the super-
position of several plumes with different ages.  

1 INTRODUCTION 

Shipping represents a major element of international transportation. Combustion from ships pro-
duces gaseous species and aerosols that contribute to anthropogenic pollution and climate change 
(e.g. Corbett and Fischbeck, 1997, Lawrence and Crutzen, 1999, Endresen et al., 2003). A number 
of model studies have been performed to investigate the local, regional and global impact of gase-
ous ship emissions on photochemistry (Capaldo et al. 1999, Lawrence and Crutzen 1999, Kasib-
hatla et al. 2000, Davis et al. 2001, Glasow et al. 2002, Endresen et al. 2003, Song et al. 2003). 
These studies revealed that photochemical and heterogeneous processes in the ship exhaust plumes 
and the ship corridors are important but not well parameterized in the chemistry transport models. 
Experimental data to investigate these processes, however, are very sparse. Chen et al. (2005) per-
formed aircraft measurements in the exhaust trail of two ships off the coast of California in 2002 
and found that models underestimate NOx and SO2 losses and largely overestimate HNO3 abun-
dances in the plumes. Recently, Williams et al. (2005) reported observations in exhaust plumes of 
several small marine ships off the coast of New England performed on board the research vessel 
Ron Brown in summer 2004. Here we report on first aircraft measurements in a major European 
ship traffic corridor including detailed observations in the exhaust trail of a large container ship. 
The objectives of these investigations are to provide data for analysis of plume dilution and mixing, 
determination of ship emission factors, and validation of plume box and chemistry transport mod-
els. This paper presents the measurements of chemical compounds, observations of particulate ship 
emissions are described in the proceedings contribution of Petzold et al. (this issue).  
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2 EXPERIMENT 

The measurements were performed on 23 and 30 July 2004 as part of the DLR research program 
Transport and Environment. The DLR research aircraft Falcon was used based from Creil in north-
ern France. The objective of the flight on 23 July 2004 was to survey the English Channel at the 
western exit and search for corridor effects of ship emissions. The English Channel is one of the 
most travelled ship corridors in the world. About 500 ships per day use the east- and westbound 
shipping lanes in the English Channel. The objective of the flight on 30 July 2004 was to sample 
the exhaust trail of a designated source ship, a very large container ship. The sampling of the con-
tainer ship plume was performed off the coast of north-western France near 48.2°N/ 6,5°W. Infor-
mation on the operating conditions of the ship and the engine as well as a sample of the fuel burnt 
were provided by the ship operator.   

Measurements presented here include CO2, NO, NOy, O3 and SO2. A NDIR absorption spec-
trometer was used for fast CO2 measurements (modified LI-COR 6262) with an accuracy of ±0.8 
ppmv for a time resolution of 1 s. (Fischer et al., 2002). NO and NOy were detected using chemilu-
minescence technique (Schlager et al., 1997, Ziereis et al., 1999). Individual NOy compounds were 
catalytically reduced to NO on the surface of a heated gold converter with addition of CO. The inlet 
tube for air sampling was oriented rearward and heated to 30°C to avoid sampling of NOy in parti-
cles and adsorption of nitric acid on the wall of the sampling tube, respectively. The accuracy of the 
NO and NO measurements is 8 and 15 % for a time resolution of 1 s. Detection of O3 was by UV 
absorption technique (Thermo Electron Corporation, Model 49) with an accuracy of 5 % for a time 
resolution of 5 s. SO2 was measured using an ion trap mass spectrometer and chemical ionization 
technique (Speidel et al. 2006). 

3 RESULTS 

3.1 Individual plume measurements 
Figures 1 shows the route of the container ship and the Falcon flight track during the exhaust trail 
measurements on 30 July 2004. The detailed sampling of the plume was performed between 16.30 – 
17.30 UTC at flight levels between 93 and 266 m asl. The wind direction was east/southeast with a 
mean wind velocity of 2.5 ms-1. Besides the exhaust plume of the container ship additional plumes 
were present of other ships cruising west (downwind) of the container ship on similar routes.  

Table 1 summarises the observations during ten successful plume penetrations. Given are the 
measured enhancements of mixing ratios of CO2, NO, and NOy in the plume. Also included is time, 
altitude, and estimated plume age for each encounter. NO and NOy values are missing for the en-
counters at small plume ages due to concentrations in the plume outside the measurement range of 
the instruments. A device for dilution of the sample air prior to detection was not used during these 
first measurements of ship plumes.  

Figure 2 (right panel) shows the measured peak mixing ratios of CO2, NO, and NOy for the 
plume encounters as a function of plume age. After a plume age of 1000 s the exhaust plume is di-
luted by a factor of 3.5 · 10-5 considering the initial CO2 mixing ratio at the engine exit of 40.000 
ppmv. Observed ΔNOy/ΔCO2 ratios versus plume age are shown in the right panel of Figure 2. The 
NOy/ΔCO2 ratios for the plume encounters #6 and #10 agree within error estimates with the initial 
NOx/CO2 ratio at the engine exit indicating no NOy loss for plume ages up to 1300 s for the mete-
orological conditions in the boundary layer during the measurements. The NOy/ΔCO2 ratio of 
plume encounter #3 is slightly smaller than the initial NOx/CO2 ratio at the engine exit suggesting 
onset of reactive nitrogen loss. 

 
 

3.2 Ship traffic corridor measurements 
Figure 3 depicts the Falcon flight track on 23 July 2004. The flight section in the ship corridor was 
from Brest (48.5°N, 4.2°W) to the northwest (50°N, 7°W) at a constant altitude of 200 m asl. Figure 
4 shows observed mixing ratios of NOy, NO, SO2, and CO2 along the Falcon flight track in the ship 
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corridor (right panel). Coincident enhancements in the mixing ratios of NOy, NO and SO2 were 
found caused by a multitude of ship exhaust plumes aged between about 0.5 and 5 hours. In many 
cases measured concentration peaks are due to superposition of several ship plumes. For some of 
the exhaust plumes enhancements of the CO2 mixing ratios were also detected. An example is 
shown in the right panel of Figure 3. Observations in this multiple plume were used to infer emis-
sion factors for NOx (see below).  
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Figure 1. Sampling strategy of the exhaust plume of the large container ship. Routing of the Falcon and con-
tainer ship (left panel). Falcon encounters (solid circles) of the container ship plume are labelled from 1-10 
(right panel). The wind direction and velocity are also indicated. Plumes from other nearby ships were also 
penetrated (open circles). 
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Figure 2. Observed peak concentrations of CO2, NOy, and NO for the container ship plume transects versus 
estimated plume age (left panel). Measured NOy/CO2 ratios of the plume encounters #3. #6, and #10. Also 
included is the initial emission NOx/CO2 ratio at the engine exit (right panel).  
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Figure 3. Falcon transect through the ship corridor at the exit of the English Channel at a constant altitude of 
200 m asl on 23 July 2004.  

 
 
Figure 4. Time series of observed NOy, NO, SO2, and CO2 for the ship corridor transect (left panels). Ob-
served concentration enhancements in the multiple plume sampled at about 51910 s (UTC) in the ship corri-
dor (right planels).  
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Table 1. Observed differences of trace gas mixing ratios for the individual plume encounters relative to ambient con-
centrations in the boundary layer. Plume ages are calculated using the wind measurements from the Falcon  

 # UTC  Alt plume age ΔCO2 ΔNO ΔNOy ΔNOy / ΔCO2 
 Sec m S μmol / mol nmol / mol nmol / mol mmol / mol 
1 60194 134 210 ±30 14.6±0.4 - - - 
2 60307 105 640 -90/+120 2.0±0.4 49.2±2.5 - - 
3 60536 95 1650 -200/+300 1.6±0.4 9.4±0.5 28.4±3.2 18(-5/+9) 
4 60977 93 70 -20/+25 35.3±0.5 - - - 
5 61136 150 420 -60/+80 3.9±0.4 - - - 
6 61274 149 930 -120/+150 1.5±0.4 13.6±0.7 48.3±5.1 32(-9+16) 
7 61470 194 710 -70/+90 1.9±0.4 32.9±1.6 - - 
8 61689 195 1220 -120/+150 2.1±0.4 32.2±1.6 - - 
9 61903 263 950 -110/+130 0.8±0.4 - - - 
10 62157 266 1280 -140/+180 1.2±0.4 13.8±0.7 40.4±4.2 34(-11/+22) 

 

3.3 Determination of emission factors  
Emission factors for NOx were derived from the plume encounters #3, #6, and #10 during the flight 
on 30 July 2004 (see Table 1) and the multiple plume observed in the ship corridor during the flight 
on 23 July 2004 (Figure 3, right panel). Emission factors for SO2 were inferred from the plume en-
counters #3 and #10. Emission indices (emitted mass per kg fuel burnt) for NOx (as NO2 mass) 
were calculated using (e.g. Schulte & Schlager, 1996)  

EI(NOx) = EI(CO2) 46/44 Δ[NOx]/Δ[CO2] (1) 
where EI(CO2) denotes the CO2 emission index, 46 and 44 the mole masses of NO2 and CO2, re-

spectively. Δ[NOx] and Δ[CO2] are the observed enhancements of the mixing ratios in the plumes 
relative to ambient background concentrations. For Δ[NOx] we used the measured Δ[NOy] and as-
sumed no loss of reactive nitrogen in the plumes. The CO2 emission index is known with high accu-
racy (3070 ± 20 g CO2 / kg fuel) from the carbon mass fraction in ship fuel (85.1%) and the fraction 
of carbon that is converted to CO2 for cruise conditions (98.5%). The calculated NOx emission indi-
ces are given in Table 2.  

 Emission factors for SO2 were derived from the ratios of the integrals of the corresponding 
plume enhancements 

EI(SO2) = EI(CO2)  64/44   ∫[SO2]/ ∫[CO2]. (2) 
Integral ratios needed to be used because of the different time responses of the CO2 and SO2 

measurements. The calculated SO2 emission indices are also summarized in Table 2. 

Table 2. Summary of emission indices derived from the plume observation. For comparison calculated values are also 
given. 

(a) engine model of manufacturer for measurement conditions, (b) mean all cargo ships (Eyring et al. 2005), (c) from 
analysis of sulphur content in the fuel sample of the container ship (2.45% by mass), (d) from mean sulphur content of 
cargo ship fuel (Eyring et al., 2005).  

 
The inferred EI(NOx) values compare well with calculated emission indices for the container ship 
using the engine emission model of the manufacturer and the known engine operating conditions 
during the measurements. The SO2 emission factors derived from the integrals of the CO2 and SO2 
enhancements observed in the plume are lower by 6% and 19% compared to the values calculated 

Date,  
Plume encounter 

EI(NOx) measured 
(g NO2 / kg fuel)   

EI(NOx) calculated 
(g NO2/ kg fuel) 

EI(SO2) observed 
(g SO2/ kg fuel) 

EI(SO2) calculated 
 (g SO2/ kg fuel) 

30 July, #3     96 ± 14 112 (a) 46 ± 12 49 (c) 
30 July, #6 103 ± 15 112 (a)      - 49 (c) 
30 July, #10 109 ± 16 112 (a) 40 ± 10 49 (c)  
23 July, corridor   98 ± 15   86 (b)      -  
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from the known sulphur content in the fuel burnt by the container ship. Considering the estimated 
errors, however, the emissions factors are still consistent with the values derived from the analysis 
of the sulphur in the fuel.  

4 CONCUSIONS  

The measurements in the exhaust trail of a designated source ship and in the ship corridor revealed 
that aircraft-based observations in ship plumes are possible for plume ages up to about 5 hours. The 
inferred emission factors for NOx are consistent with reported mean values for the fleet of large 
container ships. Observed SO2 enhancements in the plumes relative to the CO2 enhancements as a 
dilution tracer are smaller than calculated values from the known sulphur content in the fuel but still 
agree within error limits. In order to study SO2 losses in the exhaust plumes further measurements 
with higher accuracy and for larger plume ages are needed. During the flight transects in the ship 
corridor very inhomogeneous concentration field were found for trace gasses related to ship emis-
sions due to multiple aged plumes. Next year a large aircraft campaign on ship emission will be per-
formed in the frame of the EC project QUANTIFY with an extended set of instruments.  
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ABSTRACT: Dedicated tests to measure the emissions from aircraft engines are costly due to high 
fuel and equipment costs, require specialized probes and support structures, and are generally logis-
tically complex. On the other hand, in-service aircraft are routinely being operated using normal 
procedures at any active airport. Several recent studies have used the transport of prevailing winds 
to carry the airplane emissions to a suite of sensitive, fast time response measurement instruments. 
By identifying individual aircraft tail numbers, the measured emissions can be tied to the specific 
engines being operated, without interfering with airport operations. A description of such airport 
tests and the type of results obtained from advected plume studies using a suite of measurement in-
struments are presented. Distinct differences in emission quantities can be discerned for differing 
aircraft types, especially notable in particle property signatures of older versus newer airplanes. 

1 MEASURING IN-SERVICE AIRCRAFT EMISSIONS AT AIRPORTS 

While dedicated engine tests are very useful for obtained detailed emissions measurements at pre-
cisely defined engine operation conditions, making measurements of in-service airplanes as they 
carry our their routine operations has several significant advantages. The measurement of aircraft 
engine plumes advected by the wind to strategically placed instruments allows data during actual 
operation to be obtained with no cost or burden on the normal operations of the airplanes or airport. 
Not only are the planes being operated as they are normally but the emissions are also captured at 
downwind locations in ways that account for the mixing, dilution, and emission evolution that occur 
as the emissions are processed in the atmosphere. 

In order to make such advected plume emission measurements, the instrumentation must be sen-
sitive enough to measure the diluted species concentrations and must have sufficient time resolution 
to capture a reliable signal during the time while the plume concentrations are elevated. Positioning 
the instrumentation must be planned based on the prevailing wind direction and an understanding of 
where the emissions are released from the airplane during the various aircraft operational modes. In 
tests to date, measurements during idle, taxi, take-off, and landing have all been obtained. 

Several advected plume airport emission measurements have been made in the past several years 
(Herndon et al., 2004, 2005, 2006, ARB 2006). Most recently in August 2005, the JETS/APEX2 se-
ries of tests were performed at Oakland International Airport by a consortium of measurement 
teams, with significant support and interaction with the Port of Oakland and Southwest Airlines, 
supported by the California Air Resources Board, NASA, FAA, EPA, and DoD. Both dedicated en-
gines tests (not discussed here) and advected plume studies were performed. The latter were carried 
out by The University of Missouri, Rolla’s Center of Excellence on PM Reduction Research, and 
included personnel from UMR, Aerodyne, and NASA. Figure 1 indicates the general arrangement 
used for advected plume studies in that series of measurements. The prevailing winds were at a 
shallow angle to the axis of the primary runway, which allowed a measurement site to be identified 
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that would allow plumes to be captured for airplanes taxiing to the runway, for idling prior to take-
off, during take-off itself, and for airplanes landing on that same runway. 

Figure 1. Measurements were made at the Oakland International Airport in JETS/APEX2. Dedicated engine 
tests (not presented here) were performed in the Ground Run-up Enclosure (GRE) with support of Southwest 
Airlines and the Port of Oakland. Runway tests on advected plumes as reported here were performed at the 
southeast end of the primary runway. 

 
By recording the aircraft identifying tail number, specific airframe and engine information for the 
emitting aircraft could be obtained. The wind direction and speed, in concert with video recordings 
of the upwind field of view, were used to unambiguously identify the timing and source of any in-
dividual plume. Each arriving plume was measured by fast time response instruments to record both 
gaseous and particle emissions from the subject aircraft. The measured emissions include NOx, CO, 
several hydrocarbon species, and a variety of particle parameters. Particle measurements by Aero-
dyne include black carbon (using Multi-Angle Absorption Photometry, MAAP), particle number 
(using a Condensation Particle Counter, CPC), and non-refractory aerosol composition and size (us-
ing an Aerosol Mass Spectrometer, AMS). 

2 EI ANALYSIS BASED ON TIME RESOLVED CONCENTRATION MEASUREMENTS 

Advected aircraft engine plumes are swept by the measurement station, lasting seconds to minutes 
with varying concentration histories that depend on the plume dilution and how the plume is trans-
ported past the sampling probe. In order to determine the relationship between the measured species 
and the emissions performance of the engine, Emission Indices (EIs) are determined. These are cal-
culated using the correlation between any individual measurement and the CO2 concentration 
measured for the sample exhaust sample. CO2 provides a direct indication of the amount of fuel 
consumed in generating those emissions, where ideal combustion can be assumed or correction can 
be applied to account for combustion inefficiencies, usually very small for aircraft gas turbine en-
gines. Thus by plotting the species of interest versus CO2, EIs can be obtained from the slope of 
their correlation, independent of the dilution history or plume structure. 
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Figure 2 demonstrates the basis of determining EIs for gaseous species in a plume. The top panel 
includes time series for CO2, CO, NO2, and NO, which are all put on the same time basis to gener-
ate the correlations in the bottom panel. Linear fits to each of the concentration histories provide 
EIs for the pronounced peak in the emissions curves. Some of the scatter in the correlation plots at 
lower CO2 values can be attributed to overlap of an idle plume (at 11:55:300) overlapping with the 
more pronounced take-off plume. This type of analysis allows such interference to be identified and 
removed during data processing. In addition, such correlative analysis also automatically accounts 
for varying background levels in all species of interest as long at that variation is slow compared to 
the plume passage times. 

Figure 2. EIs are determined by plotting the species of interest against CO2, and using the slope of the linear 
fit to calculate an EI. The species and CO2 must both be analyzed on the same time basis, accounting for dif-
ferent instrument response times and any time shifts due to instrument or line delays. 
 
Similar analysis is performed on the particle data. Figure 3 shows correlations for both MAAP 
(black carbon mass) and CPC data (particle number), for two overlapping plumes. While the dis-
tinct nature of the two events (full versus open symbols) is more apparent in the CPC data, the 
MAAP fit would also be affected if that bimodal nature of the combination of two plumes were not 
properly taken into account. Such overlapping plumes were not very frequent during JETS/APEX2, 
since Oakland is a smaller hub that primarily uses a single runway. However, examination of the 
data in this manner is important to exclude such interferences when they occur and also to be sure 
that a linear correlation is obtained, indicating that time shifts and instrument effects are properly 
included and a reliable EI has been obtained. 
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Figure 3. Particle parameter EIs are obtained from plots versus CO2, here showing a two-plume event. The 
bimodal nature is most obvious in the CPC data (open versus closed symbols), but even the MAAP data 
would be affected if the entire data set were fit as a single plume event. 

3 RESULTS 

Figure 4 shows a time series that includes both an idle plume and a take-off plume. The idle plume 
(left event) is enhanced in CO, formaldehyde, and ethylene relative to the take-off plume (right 
event), in both cases accounting for CO2 levels. Also of interest is that most of the NOx is present as 
NO2 in the idle plume, while more NOx is present as NO in the take-off plume. 
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Figure 4. Time traces for gaseous species are presented for both an idle plume event (4:18:00 to 4:19:30) and 
a take-off plume event (4:20:00 to 4:21:00). The composition is enhanced in HCs for idle and the NO2/NO 
ratio is significant higher (shifted to NO2) for idle conditions. 
 
Figure 5 presents two take-off plumes that occurred close together. The earlier (left event) plume 
shows higher MAAP signals relative to the later (right event) plume, while the earlier plume has 
lower CPC signals the later event. So on a relative basis, the first plume has fewer, more massive 
particles being emitted, while the later plume has more numerous less massive particles. This iso-
lated comparison has been borne out in other cases analyzed, and the earlier plume is more charac-
teristic of some older technology engines, while newer technology engines tend to have emissions 
more consistent with the later plume in this figure. 

Figure 5. Two take-off plumes are presented, with the concentrations time series on the left panels and the EI 
analysis for the later (rightmost) plume presented in the right panels. The MAAP data is the filled-in curve in 
the lower left panel, while the CPC data is the thick (grey) shaded line in the same panel. The EIs for HCs 
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are very small for these take-off plumes, while NOx and particle EIs are significant and different for each 
plume. The top curves in the left panel show several gaseous species. 

4 CONCLUSIONS AND NEXT STEPS 

A comprehensive emissions suite has been effectively employed in non-interfering runway studies 
and individual engine/airframe combinations have been identified for the specific emissions events 
that were captured. Multiple analyses are possible using the EIs that have been obtained using cor-
relation between the species of interest and the measured CO2 concentration in the sampled exhaust. 
Because the airframe/engine combination was determined, through the subject aircraft’s tail num-
ber, the emissions values can be compared to the ICAO databank. Further, individual signatures for 
particular engine types may be determined, and statistical information on the emissions perform-
ance for specific engine/airframes and on averages, variation, and correlation of emissions with 
maintenance history may all be possible with sufficient airport emissions data. 
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ABSTRACT: At an airport study conducted at the Oakland International Airport (OAK) in August 
2005, aircraft PM emissions data was gathered during a twelve hour period of normal daylight taxi 
and run- way operations. The prevailing wind was from the W/NW and the sampling location was 
situated downwind of the eastern end of the runway at OAK. The location selected for sampling the 
advected plumes was unique in the sense that it provided an opportunity to measure emissions as 
aircraft taxied to departure, departed, and landed on the single runway. Real-time PM and emission 
gas measurements, provided emission factors, size distributions and chemistry for over 300 aircraft 
under normal operating conditions. Aircraft tail numbers were also recorded for identification of the 
airframe and engine. This paper discusses the physical characteristics of the PM detected for the 
most common aircraft type operating at OAK, the B737. 

1 INTRODUCTION 

Project JETS APEX2 was a multi-agency funded study to measure PM emissions from in-service 
commercial aircraft at the Oakland International Airport (OAK) in August 2005. There were two 
components of this project –dedicated engine emissions testing performed at the Ground Runup En-
closure (GRE) and an airport runway study. A detailed account of the dedicated engine emissions 
results is provided in Hagen et al. (2006). This paper focuses on the airport runway study results as-
sociated with measurements of B737 type aircraft emissions during normal Landing and Take-Off 
(LTO) operations. It demonstrates the potential of downwind emissions monitoring adjacent to ac-
tive taxi- and run- ways as a means to rapidly acquire evolving aircraft PM characteristics from in-
service commercial aircraft. Emissions were monitored during a twelve hour period of daylight air-
craft operations along a single runway where the advected exhaust plumes for over 300 aircraft 
were sampled. An aerial view of the test venue is shown in Figure 1. Mobile laboratories from 
UMR and Aerodyne Research Inc. (ARI) were co-located downwind on the eastern end of the run-
way with the prevailing wind direction coming from the W/NW. The UMR laboratory focused on 
the physical characterization of the advected PM and the measurement of CO2. The ARI laboratory 
focused on PM speciation, CO2,  and additional combustion gases (Miake-Lye et al., 2006)  

 
 
 

 
 
Figure 1.  
Aerial view of the OAK test 
venue for advected plume 
monitoring 
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2 INSTRUMENTATION SUITE 

UMR has developed a state-of-the-art mobile diagnostic facility and a sophisticated sampling meth-
odology for nanometre scale PM optimized for jet engine exhaust characterization (Schmid et al., 
2004; Lobo et al. 2006). The instrumentation consists of a stat-of-the-art fast particulate spectrome-
ter (Cambustion DMS500) to gather real–time size distribution information and total concentration 
of engine exhaust PM; a differential mobility analyzer (DMA) (TSI model 3071), a more traditional 
tool for particle size measurement, sacrificing speed for greater sensitivity when compared to the 
DMS500; Condensation Particle Counters (CPCs) (TSI models 3022 and 3025 ) to measure total 
number concentration; a fast response carbon dioxide (CO2 ) detector (Sable Systems model CA-
2A) to monitor sample dilution and establish emission factors; and a weather station to monitor the 
ambient conditions of temperature, relative humidity, pressure, and wind speed and direction.  

3 RUNWAY STUDY RESULTS  

A total of 300 aircraft landings and departures were detected and monitored during the period from 
7am – 7pm on Friday, August 26, 2005. The distribution of landings and departures as a function of 
time is presented in Figure 2a. Aircraft tail numbers and operational status (i.e. taxi, takeoff, and 
landing) were acquired through visual observation including video recordings. Aircraft specific air-
frame and engine data were obtained by correlating these tail numbers with a Federal Aviation Ad-
ministration (FAA) database. Figure 2b. illustrates the distribution of aircraft types operating at 
OAK on that day. 15 different airframe types were operating, of which approximately 63% of the 
aircraft were B737 type. The analysis in this paper will be limited to B737 airframes only. 

Figure 2a and 2b. Distributions of aircraft activity as a function of time (2a) and airframe (2b) 
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Distinguishing aircraft emissions from ambient PM is a significant component of the analysis task 
for sampling downwind of a runway. The ratio of plume PM concentrations to ambient levels was 
found to always exceed 50:1 and was found to vary significantly from plume to plume. The OAK 
runway is located on the eastern shore of San Francisco Bay, downwind of the conurbation of the 
western Bay Area, and upwind of the OAK terminal. Figure 3. illustrates the time-dependent ambi-
ent PM levels recorded during the study. Each data point represents a 60 sec. average of the inte-
grated size distributions, centred on periods where no aircraft activity occurred. Peaks at ~9am and 
~4pm in the ambient PM levels can be attributed to rush hour activity in the Bay Area. These time-
dependent ambient PM levels have been subtracted from the operational plume data presented be-
low. The ambient CO2 values were also measured and subtracted from the respective plume values. 

Figure 3. Time dependent ambient PM concentration during the test period (August 26, 2005) 
 
Figure 4a shows emission profiles for CO2, PM number and volume concentrations for a typical 
isolated aircraft taxi followed by take-off event involving a B737-300 aircraft with CFM56-3B1 
engines. By comparison, Figure 4b. demonstrates a non-isolated series of events involving 3 air-
craft, 2 landings in close succession followed by a taxi event. In this case, the PM emissions pro-
files are more complex and require combining PM data with concomitant speciation data to associ-
ate the emissions with specific aircraft. The latter example is more representative of the sampling 
environment in this one-day campaign. In this paper, where the intent is to demonstrate the practi-
cality of downwind sampling, the analysis will focus on isolated events such as those observed in 
Figure 4a. Time-dependent number-based and volume-based size distributions corresponding to 
these events are presented in Figures 5a and 6a for the taxi, and Figures 5b and 6b for the take-off 
event, respectively. Table 1 lists the physical PM characteristics derived for these events where 
Dgeom is the number-based geometric mean diameter, Sigma is the geometric standard deviation, 
DgeomM is the mass-based geometric mean diameter, and EIn and EIm are the number and mass-
based emission indices, respectively. EIn and EIm are derived from the ratio of the ambient sub-
tracted PM parameter to its CO2 concentration.  



98 WHITEFIELD et al.: PM Emissions from Advected Aircraft Plumes at the Oakland Int. Airport 
 

 

Figure 4a and 4b. Emissions profiles (CO2, PM-number, PM-volume) for the taxi and take-off of plumes for 
one aircraft (4a), and for two landings and one taxi event occurring in rapid succession (4b) 

Figure 5a and 5b. Time dependent number-based size distributions for the events shown in Figure 4a 
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Figure 6a and 6b. Time dependent volume-based size distributions for the events shown in Figure 4a 

Table 3. Physical PM Characteristics for an isolated taxi and take-off event 

Event   Parameters   
 Dgeom (nm) Sigma  DgeomM (nm) EIn (1e15/kg fuel) EIm (g/kg fuel) 
Taxi  15.90 ± 0.82 1.38 ± 0.09 34.65 ± 15.29 38.37± 16.55 0.18 ± 0.09 
Take-off 16.69 ± 1.57 1.99 ± 0.09 73.93 ± 6.16 12.42 ± 3.36 0.36 ± 0.10 

4 DISCUSSION 

Plume processing in the exhaust plume results in the production of a large number of small particles 
not present at the engine exit plane. The production of these small particles serves to shift Dgeom to 
smaller values and results in at least an order of magnitude increase in EIn when the plume data are 
compared to those acquired at the engine exit plane (Hagen et al. 2006). These new particles do not 
significantly contribute to the mass dependent parameter values and no significant changes are ob-
served in DgeomM and EIm.  

In this paper, the intent is to demonstrate the practicality of downwind sampling, and the analysis 
has focused on isolated events where detailed characterizations of the taxi and take-off plumes for 
the same aircraft have been achieved. In some cases, because of the unique aircraft traffic patterns, 
sampling location, and prevailing wind direction at OAK, take-off and taxi plumes for different air-
craft are found to mix prior to sample extraction, greatly complicating data interpretation. The PM 
data from these mixed plumes can be deconvolved to yield single aircraft specific information and 
such analysis is currently underway. 

For the subset of plumes that have been assigned to specific airframes and engines, another dem-
onstration of the power of this measurement and analysis approach is presented in Figures 7a and 
7b. Here the average taxi and take-off EIn and EIm are compared for the B737-300 and B737-700 
series of aircraft, having CFM56-3B and CFM56-7B series engines, respectively. To the limit of the 
number of plumes analyzed at this time (-300 taxi: 14, take-off: 4; -700 taxi: 9, take-off: 4), the fol-
lowing observations can be drawn. For EIn, no statistically significant differences were found be-
tween taxi and take-off and engine type. However for EIm, the -300 series take-off emissions were 
significantly greater than those for its taxi emissions and for both take-off and taxi emissions for the 
-700 series. On average for the -700 series, a newer technology engine, EIm is less than half that for 
the older technology -300 series.  
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Figure 7a and 7b. Averaged taxi and take-off EIns (7a) and EIms (7b) for B737-300 and B737-700 aircraft 
monitored 

5 CONCLUSION 

The work described in this paper clearly demonstrates the potential of downwind emissions moni-
toring adjacent to active taxi- and run- ways as a means to rapidly acquire detailed and aircraft spe-
cific information related to the evolving plumes advected from in-service commercial aircraft under 
normal operational conditions.  
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ABSTRACT: This report presents the review of results obtained from 1) laboratory studies of water 
uptake by original aircraft –generated soot at the conditions of cooling and saturated plume, 2) 
modeling studies of H2SO4 accumulation on the surface of exhaust soot particles due to coagulation 
with sulfate aerosols and H2SO4/H2O heterogeneous nucleation, and 3) laboratory studies of H2SO4 
chemical processing of soot particles toward their hygroscopicity. 

1 INTRODUCTION 

A major source of uncertainties in assessing of aircraft impact on climate change is the emission of 
aerosols which may induce significant perturbations in cloudiness and the Earth’s radiation balance. 
Aviation-produced soot aerosols are suspected to enhance the contrail and cirrus cloud formation 
(Schumann et al., 2002; Hendricks et al., 2005). Analysis of ice residuals in contrails (Petzold et al., 
1998) and the properties of ice-nucleating aerosols from aircraft plume (Chen et al., 1998) exhibits 
that soot particles facilitate the contrail formation. Optical observations of an internal mixture of 
ice-BC aerosols in the plume (Kuhn et al., 1998) directly confirm theoretical model predictions 
showing (Kärcher et al., 1996) that the exhaust soot particles can serve as cloud condensation nuclei 
(CCN). The quantification of this impact has been advanced but the state of scientific understanding 
is still poor, mainly because of the lack of explanations for a number of observations such as 1)why 
the supersaturation with respect to water is needed for visible contrail formation (Kärcher et al. 
(1998), 2) is it true that ~ 1/3 proportion of exhaust soot particles (but not all) acts as ice nuclei in 
contrails (Schroder et al., 1998), and 3) why the changes in the value of Fuel Sulfur Content (FSC) 
have a small impact on the contrail formation threshold (Schumann et al., 2002).  

The main reason for this disadvantage is insufficient studies of the water uptake and ice nucleat-
ing ability of exhaust soot aerosols. The lack of experimental data on hydroscopic properties of soot 
particles produced by aircraft engines led some investigators (Kärcher et al., 1996; Gleitsmann and 
Zellner, 1998) to assumption about hydrophobic nature of the surface of engine-generated soot par-
ticles. Various activation pathways were proposed to facilitate the ice particle formation on a hy-
drophobic soot particle surface (Kärcher et al., 1996, 1998). Numerical modeling demonstrated that 
coagulation of homogeneously nucleated sulfate aerosols with soot particles, binary H2SO4/H2O 
heterogeneous nucleation, and direct deposition of sulfuric acid molecules may have a pronounced 
effect on the activation of soot particles by creating a liquid solution coating on their surface. How-
ever, no visible difference in the appearance of contrail was found at low and normal FSC (Schu-
mann et al., 1996). Moreover, there is no any explanation of the existence of the fraction of exhaust 
soot particles acting as ice nuclei in contrails (Schroder et al., 1998). This is why it is more reason-
able to assume the initial heterogeneities of emitted soot particles in respect to their ability to up-
take water molecules and to consider the ways for natural water condensation on the hydrophilic 
fraction of soot particles.  
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 To prove such a suggestion the sampling campaigns was conducted to collectoriginal soot be-
hind the combustion chamber of a Russian gas turbine engine D30KU (Popovicheva et al., 2003; 
2004). To simulate the cruise conditions the engine was operated with an average air/fuel equiva-
lence ratio of ~4 and a pressure up to 7 atm. Aviation kerosene TC1 containing 0.11 wt% sulphur 
was used as a fuel. Aircraft Engine Combustor soot (AEC) was collected on a specially made cop-
per probe being placed as close as possible to the combustor exit (at 12 cm distance behind it) to 
minimize the contact time for soot particles with hot exhaust gases.  

2 TWO FRACTIONS OF EXHAUST SOOT 

AEC soot was characterized in respect to a number of physico-chemical properties such as the par-
ticle size, microstructure, surface area, and chemical composition (Popovicheva et al., 2004). Two 
fractions in engine-generated soot were clearly observed: a main fraction containing essentially 
amorphous carbon and a fraction of impurities which is characterized by a complex structure and by 
a large amount of impurities such as oxygen, sulfur, iron, and potassium. Comprehensive chemical 
analysis exhibited a high amount of water soluble compounds (near 13.5 wt%) including sulfates, 
organics, and inorganic species which were deposited on soot particles within an engine. Moreover, 
a strong heterogeneity in the distribution of soluble impurities over the soot surface was found, this 
is why we assume to address all water soluble compounds to the fraction of impurities. Such an ap-
proach allows us to perform the water uptake measurements on AEC soot which itself may repre-
sent the fraction of impurities and on laboratory-made kerosene TC1 flame soot, which due to high 
similarity in microstructure and composition (Popovicheva et al., 2004) can represent the main frac-
tion of exhaust soot . 

Figure.1. Water uptake of fraction of impurities and of main fraction of AEC soot 
 

A series of water uptake measurements were performed by conventional gravimetric method in the 
wide range of RH and temperatures down to threshold contrail formation conditions. Figure 1 pre-
sents the findings for AEC and TC1 soot samples. As much as 30 statistic monolayer of water 
molecules (ML) may be absorbed by the soot belonging to the fraction of impurities at 233K that 
corresponds to ≈18% of a total soot mass. Such high hygroscopicity relates with the bulk dissolu-
tion of water into the water soluble surface coverage. Low temperatur facilitate the water uptake by 
AEC soot. In opposite, the main fraction of AEC soot is found to be hydrophobic due to low ad-
sorption on active sites of TC1 soot surface (see Figure 1). Even at low temperature of ~ 240K it 
adsorbs only 2.5 ML of water molecules. 
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3 UPDATE MODEL OF WATER-SOOT INTERACTION 

The concept of separation of emitted soot particles into two fractions: fraction of impurities with 
high hygroscopicity and main fraction with low water uptake ability allow us to build the update 
model for interaction of water molecules with soot particles in aircraft plume presented in 
Scheme 1. 

 
Scheme 1. Update model of water –soot interaction in aircraft plume. 

 
Water molecule uptake by the fraction of impurities leads to formation of the liquid solution on the 
soot surface that is a prerequisite for the CCN formation at the reaching the conditions of water va-
por supersaturation in the cooling plume. The following freezing of solution coverage facilitates the 
ice nucleation on this fraction of exhaust soot particles in the condensation - freezing mode.  How-
ever, the soot particles of the main fraction are likely to be remained inactivated due to low water 
molecule uptake and can not act as CCN if they do not contain some hygroscopic gaseous com-
pounds (like a sulfuric acid), which may be accumulated on the soot surface due to gas- to –surface 
interaction. To address the question arising how H2SO4 activation for hydrophobic soot particles 
may be effective due to plume proceeding, the additional theoretical and experimental studies have 
been carried out. 

4 MODEL OF H2SO4 – SOOT INTERACTION 

A quasi-one dimensional model (Starik et al., 2004) for a B-747 aircraft plume at cruise was used 
with emission parameters described in Savel’ev et al., 1999. At RH>50% in the ambient atmos-
phere the threshold contrail formation conditions are reached at 100-200 m distance from the nozzle 
exit when the aircraft plume is cooled down to temperatures of ~ 240-233К. Chemical transforma-
tion of 70 gaseous species, binary H2O/H2SO4 homogeneous nucleation, condensation growth of 
sulfate aerosols, their coagulation with soot particles, and heterogeneous nucleation of H2O and 
H2SO4 on the soot particle surface were addressed. Measurements of the contact angle, θ, of a sulfu-
ric acid droplet on TC1 soot surface were accompanied the theoretical studies to provide the pa-
rameters needed for the classical theory of heterogeneous nucleation. The variation of θ for sulfuric 
acid with weight persent, wt% ,can be approximated by the expression  

32
0 %%% wtDwtCwtB ⋅−⋅+⋅−θ=θ ,  
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where θ0 is the water droplet contact angle, θ0=67.67 B, C, D are coefficients: B=0.068, C=0.018, 
D=3.6·10-4. We did not take into account the direct deposition of gaseous H2SO4 on soot particle 
surface in our model because our additional experiments have shown the negligible amount of sul-
furic acid molecules adsorbed on TC1 soot at the H2SO4 concentration of ~1012 cm-3 in the young 
plume.  
It was found that the amount of sulfuric acid accumulated on the unit area of the soot particle sur-
face due to both heterogeneous binary H2O/H2SO4 nucleation and coagulation of soot particles with 
sulfate aerosols strongly depends on the particle radius. The evolution of the total amount of sulfu-
ric acid accumulated on the surface of the whole ensemble of exhaust soot particles, t

4SO2H
ε , along 

the plume for medium and high FSC is shown in Figure 2. The size distribution of soot particles 
was assumed to be lognormal with median radius of 25 nm and geometric standard deviation of 
1.56. The total concentration of soot particles at the engine exit was assumed to be equal 4⋅106 cm-
3. The maximum value of t

4SO2H
ε  at high FSC at the contrail formation threshold corresponds to 

~0.2 wt% of the soot mass if we take into account the surface area of~30 m2/g for the whole ensem-
ble of exhaust soot particles (Popovicheva et al., 2004). A simple close-packed sphere model for 
H2SO4 molecules, assuming its effective molecular cross-section of 0.246 nm2, gives one static 
monolayer ≈ 4 H2SO4 molecules per nm2. With this assumption, we estimate a maximum H2SO4 
coverage of 0.1 ML for soot particles due to sulfur-induced processing in the young plume.  

Figure.2. Evolution of the total amount of H2SO4 accumulated on the surface of exhaust soot particles along 
the plume for medium and high FSC. Ns=4⋅106 cm-3. 

5 EXPERIMENTAL SIMULATIONS 

The TC1 soot treatment conditions were chosen to provide an amount of H2SO4 on the surface 
close to t

4SO2H
ε ≈ 0.2 wt%. It was accomplished by the gaseous H2SO4 deposition at T= 413K for 3 

h. The isotherms of the water adsorption on TC1 soot modified by H2SO4 at T= 295K and 240K are 
shown in Figure 3. At 80% RH treated soot adsorbs water by a factor of 3 larger than untreated soot 
increasing its mass up to 3.2%. One sees that treated soot with 0.2 wt% of H2SO4 can uptake 8 ML 
of water molecules at the threshold conditions of the contrail formation.  
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Figure 3. Amount of adsorbed water molecules per surface unit of original TC1 soot (crosses) for T=295K; 
TC1 soot with maximum value of H2SO4 coverage (~0.2 wt%) for T=295K (triangles) and for T=240K (dia-
monds). 

6 DISCUSSIONS AND CONCLUSION 

Treatment of TC1 soot by sulfuric acid (0.2 wt% of H2SO4) increases the original amount of SO4
2- 

by three orders of magnitude. However, it is still much smaller than original one on AEC soot 
(~ 3.5 wt%). AEC soot exhibits a much higher hydroscopicity than TC1 soot modified by H2SO4 in 
the whole RH range (see Fig.1). Therefore, we conclude that the hydrophilic fraction of engine-
generated soot does not require any water activation; its own original amount of sulfates is much 
larger than the maximal amount of H2SO4 which may be accumulated from the gaseous and particu-
late aircraft exhaust. In opposite, the hydrophobic fraction of engine soot is sensitive to surface-
adsorbed acid and may be activated by the sulfur- induced processing. 

Our results make it possible to clarify the key question, which had raised in observations: how 
soot particles could acquire a liquid soluble coating under plume conditions to act as CCN. When 
the plume reaches water vapor supersaturation, the most hydrophilic fraction of engine – generated 
soot particles will be activated firstly. If assigning all water soluble (~ 13.5 wt%) measured in AEC 
soot to the fraction of impurities we should report that this fraction will uptake water constituting of 
18% of its mass. It is a fine prerequisite for the CCN formation on such soot particles at water su-
persaturations. Therefore, we may apply the classical Koehler theory to estimate the critical super-
saturation, Sw, needed for CCN activation on the fraction of impurities for engine – generated soot 
particles. We calculated Sw≈ 0.08% for soot particles of 80 nm diameter. Such a small value of Sw is 
definitely reached in the plume. Therefore, we may reasonably conclude about the CCN formation 
on the hydrophilic fraction of engine soot particles. Since strong evidence is found by in-situ obser-
vations (Schröder et al., 1998), which showed that ~ 1/3 of exhaust soot particles must be involved 
in the contrail formation, we believe that this results from the hydrophilic fraction of impurities. Af-
ter initial liquid stage in the cooled plume, ice nucleation should occur in a condensation-freezing 
mode. 

The same process would require much higher Sw for the activation of the hydrophobic main frac-
tion of engine-generated soot particles, which originally is assumed being not containing water 
soluble coverage. It may acquire near 0.2 wt% of H2SO4 at high FSC in the exhaust plume. 
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Howewer, such a small value of H2SO4 is not enough for CCN activation following the Koehler 
theory. It is unclear whether this is enough to allow the growth of water droplets in order to over-
come the Kelvin barrier. With the assumption that the main fraction of engine soot particles be-
comes wettable due to H2SO4 processing the Kelvin theory makes it possible to estimate the water 
supersaturations needed for the CCN formation on such particles. At 235K we find Sw≈8% and 3% 
for particles of 40 and 100 nm diameters, respectively. Hence, whether such particles participate in 
contrail formation depends on water supersaturations attained in the plume at given ambient condi-
tions. Therefore, the principal role in the contrail formation belongs to the fraction of impurities 
which may induce the CCN formation due to original presence of water soluble organic and inor-
ganic compounds on the soot surface.  
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Numerical simulation of aircraft plumes using a mesoscale 
code 
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ABSTRACT: This study describes high-resolution three-dimensional simulations of an aircraft ex-
haust plume and represents a first step towards the simulation of a complete contrail evolution in an 
aircraft wake. The baseline configuration used for the simulations is an aircraft vortex pair descend-
ing in a stratified atmosphere. The numerical tool is the Météo-France meteorological code 
MesoNH used in its LES version. Focus is laid on the three-dimensional vortex dynamics and the 
effects of stratification on the development of vortex instabilities as well as on the dispersion of 
(passive) exhaust species in the atmosphere. Comparisons with previous works on the subject are 
provided. A first study of the coupling process between vortex dynamics and ice microphysics is 
also presented for a simple two-dimensional contrail simulation. The extension to full three-
dimensional dynamics/ice microphysics coupling and its application to mesoscale simulations of 
contrails are finally discussed.  

1 INTRODUCTION 

Condensation trails (“contrails”) are the thin clouds which are commonly visible as white streaks 
behind aircrafts in otherwise clear sky. Due to the rapid growth of the commercial aircraft traffic, 
aircraft emissions became an important subject of academic research and practical interest because 
of their potential environmental impact as indicated in the Intergovernmental Panel on Climate 
Change (IPCC) Penner et al. (1999). It is known for example that for suitable atmospheric conditions, 
contrails trigger the formation of cirrus clouds, thus altering the radiative balance of the atmos-
phere. Furthermore, NOx emissions perturb the Earth chemical cycle, resulting in the production or 
destruction of ozone according to the local thermodynamic conditions, while emissions of CO2 and 
H2O contribute to greenhouse effect.  

This work is part of a research effort made in the Aviation & Environment Team at Cerfacs in 
the framework of the European project QUANTIFY (http://www.pa.op.dlr.de/quantify). The main 
objective is to develop a modelling and computational strategy that allows one to simulate the air-
craft plume evolution up to some hours after the release of exhausts, and to provide parameterisa-
tions to Global Circulation Models (GCM).  

Simulations of aircraft plumes have been mostly carried out in the literature using LES formula-
tions, see e.g. Gerz et al. (1999), and Lewellen et al. (2001), and focused on one specific stage (vortex 
regime) of the plume evolution. The originality of our research is to simulate a complete contrail 
evolution since the beginning of the vortex regime to the scales of GCM (i.e. a few hours from 
emission time). The dynamical, microphysical and chemical processes are then solved by coupling 
a LES model (MesoNH-LES) for the early plume stages, with an atmospheric mesoscale model 
(MesoNH) for late dispersion and diffusion regimes, see Lafore et al. (1998). 

A brief description of contrail physics is presented in section 2, an overview of the computa-
tional strategy is given in section 3. The MesoNH code is described in section 4. Section 5 reports 
the first results of the wake dynamics vortex simulations. Section 6 shows the first implementation 
of a dedicated microphysical scheme for aircraft plume. Conclusions are given in Section 7. 
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2 THE EVOLUTION OF AN AIRCRAFT PLUME  

The evolution of an aircraft plume in the atmosphere includes several physical phenomena such as 
jet, vortex dynamics, and atmospheric turbulence which have different characteristic scales. This 
makes its modelling and simulation a challenging task in atmospheric science. According to Gerz et 
al. (1998), Lewellen et al. (2001), and Sussmann et al. (1999), the evolution of a plume can be qualita-
tively described in four successive regimes.  

In the jet regime, the two counter rotating vortices are formed around the wing tips, while hot 
exhaust released form the engines are trapped around vortex cores. (Typically for a B747, the vor-
tices are initially separated by 50 m, and the cores are about 5 m wide). This regime ends after 20 
seconds when the peak absolute temperature Tmax gets to a minimum and the peak concentration 
cmax of an inert gas (e.g. CO2) attains some asymptotic steady value. During the next minute (vortex 
regime), the vortices move downward by mutual induction. The exhaust is then entrained by the 
vortices and propagates down from flight level to 150 to 250 m. As the primary wake falls down in 
a stratified environment, it leaves back a vertical curtain which forms a secondary wake at the flight 
level, Spalart(1996). A significant part of exhaust (around 30 per cent according to Gerz et al. 
(1998)) is then detrained from the primary wake, and experiences different microphysical and 
chemical processes. The vortex regime ends after the collapse of the two vortex, typically by a 
long-wave sinusoidal instability Crow(1970). The time scale of instability is mainly controlled by 
the atmospheric turbulence, and the vortex regime persists until 80 s. (120 s.) for calm (weak turbu-
lent) atmosphere conditions. During this regime temperature Tmax increases by adiabatic heating of 
the exhaust in the sinking vortex, and the concentration cmax remains almost constant. Actually a 
maximum of exhaust is still caught in the vortex cores. Note that during this phase, the formation of 
a visible secondary wake (ice particle formation) is controlled by the relative humidity with respect 
to ice RHi of the surrounding atmosphere, see Sussmann et al. (1999). If RHi < 100 %, no visible 
secondary wake appears, if RHi ≥ 100 %, a gap forms between the two wakes, and finally if RHi >> 
100 %, a plume of ice particles persists. In the following dispersion regime the vortices break up 
and generate turbulence, which is later dissipated to background level where the dynamics is con-
trolled by positive buoyancy acquired from hot exhaust and ambient stratification. The temperature 
Tmax and the concentration cmax decrease due to mixing with the atmosphere, whereas the entrain-
ment rate )ln( maxcdtd−=ω  increases (this parameter is a measure of the plume expansion rate 
which is valid for both the primary and the secondary wake). Then the plume expands and mixes in 
the atmosphere within one or two Brunt Väsäilä frequency, typically until a contrail age of 600 or 
1200 s. Then the diffusion regime starts where no aircraft induced motion exists anymore, and the 
plume is only controlled by interaction with the atmosphere. Shear and stratification act on the 
plume up to a complete mixing, basically within 2 to 12 hours. For suitable conditions, the plume 
can reach a cross stream extension of 1 x 4 km respectively in the vertical and horizontal direction, 
see Dürbeck et al. (1996).  

Hence, the evolution of a contrail is characterized by different lengths scale, from centimeter -to-
meters in the jet and vortex regimes, to tens of meters in the diffusion regime. The dispersion re-
gime is a transition phase between these two main regimes of the contrail lifetime, where dynamical 
scales change from wake-controlled scales to the atmospheric scales. 

3 DESCRIPTION OF THE NUMERICAL CODE  

The MesoNH Atmospheric Simulation System is a joint effort of Centre National de Recherches 
Météorologiques (Météo-France) and Laboratoire d'Aérologie (CNRS. The detailed scientific 
documentation of the code is available at http://www.aero.obs-mip.fr/mesonh/index2.html, see also 
Lafore et al. (1998). It is a non-hydrostatic mesoscale atmospheric model with a horizontal resolu-
tion ranging from 1 m to 1 km, allowing simultaneously up to 8 nested models to run. The basic 
prognostic variables are the velocity field (u,v,w) and the potential temperature θ. According to the 
required resolution, the code can run in real mesoscale mode where all scales of turbulence are pa-
rameterized; or in a LES mode typical of small-scale simulations meaning that the transported tur-
bulent kinetic energy (TKE) is used to model the sub-grid scale fluxes (to that end a homogeneous 
resolution of less than teen meters is needed), see Cuxart et al. (2000). 
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Scalar transport is obtained via a second order centred finite difference scheme for both advec-
tion and diffusion operators, and is coupled to a chemical kinetics module to treat species chemical 
reactions. 

A complex cloud microphysics module is also available for both warm and cold cloud, carrying 
up to seven water mixing ration, according to the different physical transformations: vapor, cloud 
liquid water, rain water, cloud ice, snow, graupel, and hail. For example, warm liquid clouds are 
mainly involved in marine stratocumulus (see Sandu et al. (2005)) and ship track simulations. To 
that end, the code has its own radiative scheme although it could in principle use other external 
scheme as well. Furthermore, a dry aerosol module, based on a lognormal representation of size dis-
tribution, has been recently implemented in the code, Tulet et al. (2005). 

The code MesoNH has been installed at CERFACS and validated on the Cray supercomputer for 
tri-dimensional test cases such as contrails and marine boundary layer simulations. 

4 OVERVIEW OF A COMPLETE SIMULATION 

As explained in Sec. 2, the vortex regime is of primary importance for the simulation of an aircraft 
plume because of the strong impact that it has on the evolution of the wake. The main dynamical 
processes of interest in this regime are the Crow instability and the induced secondary wake (see 
section 2). To the authors’ knowledge, no simulations of the late dispersion and the diffusion re-
gime have been investigated with realistic initial conditions from the vortex regime. The originality 
of our work is the simulation of the complete plume evolution where chemical and microphysical 
processes from both primary and secondary wake are solved up to the diffusion regime. To that end, 
an integrated simulation strategy has been developed (see the sketch in Fig. 1) to resolve all rele-
vant dynamical and chemical scales of the aircraft plume, from the near-field wake to the 
mesoscales representative of grid boxes of global models (i.e. a few hundred kilometers).  

Small-scale simulations using accurate high order LES code see Paoli et al. (2004), provide the 
initial wind field, the particles distributions and the aircraft-generated turbulence from the earlier jet 
regime. Then these fields are filtered and interpolated on a coarser mesh to start the simulations of 
the vortex regime. Then simulations start with MesoNH in its LES version with a resolution of 1 
meter over the cross sectional plan. The resolution is then reduced and the domain enlarged accord-
ingly. Interpolation and filtering are applied at each swap from one domain to the larger one.  

The switch from the LES version of MesoNH to its “standard” mesoscale version is imposed 
when the resolution is coarser than teens of meters, implying that the horizontal turbulent fluxes are 
assumed to be homogeneous. When starting the mesoscale simulation, a stretched mesh is used in 
the vertical direction from the ground to the tropopause, with maximum resolution at the aircraft al-
titude. Such a grid should then allow one to account for radiation in a dedicated following study. 
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Figure 1: Sketch of the computational strategy adopted to swap from small-scale to mesoscale simulations. 
Note that the numerical box is advected by the aircraft velocity so that cyclic boundary conditions are ap-
plied in the axial direction. 

5 THE FIRST RESULTS OF WAKE VORTEX SIMULATIONS 

This section details the first step of the integrated approach presented above, i.e. the simulation of 
the vortex regime which corresponds to a wake lifetime of 20 s. up to 100 s. Note that in the follow-
ing, the starting time of ours simulations (t=0) corresponds to a plume age of 20 seconds. The main 
physical processes occurring during the vortex regime are the break up of the vortices by the Crow 
instability and the formation of the so called secondary wake (see section 2). In order to well re-
solve the break up of the vortices, the simulation is integrated over 125 s.  

To validate the MesoNH code in simulation of vortex, we first used analytical initial conditions 
of the beginning of the vortex regime based on the work by Gerz et al. (1999). They consist of two 
counter rotating vortices corresponding to a B747 flying at cruise altitude (11,000 m.) in an ambient 
stratified atmosphere. The vortices are initially separated by b0 = 47 m., the cores are 5.8 m. wide, 
and an initial circulation of Γ0 = 600 m.2s.-1. The computational domain of the simulation is 400 x 
256 x 525 m., in flight (x), cross (y), and vertical (z) directions, respectively (with 1 x 1x 8 m. reso-
lution). For numerical stability of MesoNH, a time step of 25 msec. is required. A preliminary grid-
independence analysis in 2D simulations shows that after a time of 50 seconds the vortices reach 
the same altitude for 1 m. or 2 m. resolution, and that the formation of the secondary wake is almost 
of the same amplitude (see left panel of Fig. 2). Tough peak value of the vertical velocity exhibits a 
weak grid dependence (see right panel of Fig. 2), the 1 m. resolution in the cross-section has been 
chosen for compromise between accuracy and CPU time.  
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Figure 2: Left panel: Iso-contours of vorticity at time t = 50 s. for dy = dz = 0.5 (dot), and 1.0 m. (solid). 
Right panel: Profile of the vertical velocity at vortex location at t = 50 s (for simplicity, only the right vortex 
is shown, y > 150 m), for different cross-sectional resolutions: dy = dz = 0.5 (dot and dash), 1.0(solid), and 
2.0 m. (dash).  
 

Three dimensional simulations were performed using a temporal approach and taylor approxima-
tion, i.e. the computational box is supposed to be convected by the aircraft velocity (~ 250 m.s.-1); 
periodic boundary condition are used in the axial direction. The length of the flight direction is cho-
sen to contain one Crow length. Cyclic boundaries are used over the cross directions and the vor-
tices are supposed to be at sufficient distance from the boundaries to neglect the effect of their im-
ages. Furthermore they are located far enough from the bottom of the domain to break up before 
touching it. Top and bottom boundaries conditions are free slip and rigid lid, respectively. The ini-
tial vortices are solution of the Navier-Stokes equations (see Garten et al. (1998) for the analytical 
expression), and the initial atmospheric conditions are typical of the upper troposphere with ambi-
ent stratification of N=0.0108. We assume that the atmosphere is steady, and an initial perturbation 
on the potential temperature field is added to force the Crow instability (see Robins et al. (1998) ). 

Results of the simulations are shown in Figure 3 in terms of the λ2 criterion. The minimum of λ2 
shows the minima of the pressure field that gives an information on the structure of the flow (see 
Jeong et al. (1995) ). The induced secondary wake and the break up of the primary vortices struc-
ture can be easily observed during the 125 seconds of the simulation. For the sake of validation of 
MesoNH for vortex simulation, we also compare the descent rate of the primary vortices to that ob-
tained by Holzäpfel et al. (2001) for approximately the same stratification, N=0.01. Figure 4 shows 
the descent of the vortex for 2D and 3D simulations respectively. In the 3D simulation the descent 
is tracked in the cross plan where the spacing between the two counter-rotating vortex is maximum. 
As in Holzäpfelet al. (2001), a late acceleration is observed in the 2D simulation, although a decel-
eration occurs in the 3D simulation. 
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Figure 3: Perspective view of the iso-surface λ2 = - 0.003 identifying the vortex structure at t = 0, 30, 60, 90, 
and 125 s 

Figure 4: Plot of the vertical position of the vortices in 2D (left) and 3D (right) simulations. The points corre-
spond to the numerical simulations, while dashed lines indicate the uniform vortex descent in a non stratified 
environment, i.e. with constant velocity v = v0 = Γ0/2πb0. 
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6 A SIMPLE MICROPHYSICAL SCHEME 

So far we have described the dynamics of the vortex evolution. This section presents the first 2D 
simulation of the microphysical processes obtained by integrating the simplified ice growth model 
by Kärcher(1996) in MesoNH. Ice crystal is the only class of particles present, and microphysics re-
duces to condensation / evaporation. Neither coagulation nor sedimentation is presently accounted. 
The condensation growth law is given by Kärcher(1996),  

r
SrGDr

dt
d I)(α=  (1) 

where r is the mean radius, SI is the ice supersaturation, D stands for the molecular vapour diffusiv-
ity and Gα(r) is a model function. A bulk approach was first investigated as in Lewellen et al. (2001), 
where the number of particles, the ice mixing ratio and the vapor mixing ration are transported. This 
yields to the following set of equations,  
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where rI is the ice mixing ratio, rw the vapor mixing ratio, rwSi the vapor mixing ratio at ice satura-
tion, Nparticles the number density of particles, iceρ the density of ice, and airρ  the density of the dry 
air. The mean radius r is obtained by the definition of the ice mixing ratio,    
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The results of a 2D simulation using this microphysical scheme are shown in Figure 5 for the super-
saturation field. The initial background conditions for SI are deduced from the scenario 2 of Suss-
mann et al. (1999). This corresponds to a weak supersaturation at the flight level and a subsaturated 
air 200 meters below. Note that initially, the supersaturation is not balanced with the temperature 
perturbation induced by the vortices. For simplicity, tangent hyperbolic distribution of particles are 
inserted inside the core vortices with a maximum of number density max

particlesN  = 2.8 e+9 and a corre-
sponding mean radius rmax = 1.e-6 m. These values are extrapolated from exhaust values using a di-
lution factor to account for the expansion of the plume in the jet and vortex regime. Not that we as-
sume that all the ice particles are formed during the jet regime.  

From Figure 5, we observe at a t =12 s. the formation of subsaturated air at the bottom of the 
vortices, and their final wrapping around them at t =70 s. This is due to the adiabatic compression 
of the primary wake during its descent in the stratified fluid. Mean radius contour plots are shown 
in Figure 6. As initially the particles are trapped inside the vortices, and since the simulations are 
two-dimensional so that vortex instabilities cannot develop, there is no break up of the vortices and 
particles stay trapped inside the cores. Then the system gets to an equilibrium state where vapor 
reaches saturation conditions. 
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Figure 5: Plots of the supersaturation field at time t = 0, 10, 70 s. Note that at the first time step the vapor 
mixing ratio is not in equilibrium with temperature.   

Figure 6: Plots of supersaturation field (flood contour) and mean radius (iso-contour) at t = 100 s. The right 
panel is a zoom around the two vortex cores. 

7 CONCLUSION 

High-resolution three-dimensional simulations of an aircraft wake were carried out using the 
Météo-France meteorological code MesoNH for applications to the evolution of a contrail in the 
far-field wake. The code was run in its LES version with a resolution of 1 meter. The dynamics of 
the wake vortex and the dispersion of aircraft plume were in agreement with previous studies from 
the literature. A microphysics model for the growth of ice crystals has been integrated in the 
MesoNH and validated in 2D simulations. Ongoing actions include the extension of the dynamics-
microphysics coupling to three-dimensional wakes, and the simulations of the dispersion and diffu-
sion regimes on larger computational domains. 
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ABSTRACT: Turbofan engines dominate civil aviation. The need for high efficiency and low 
weight has led to a continuous increase in their overall pressure ratio and turbine inlet temperature. 
Combustion at high pressures and near stoichiometric conditions promotes the formation of nitro-
gen oxide. Several principles for NOx abatement have been developed and gone into service like 
RQL and DAC combustors or are under investigation such as LDI or LPP technology. The major 
challenge is to reduce NOx emissions without jeopardizing safe operability of the propulsion system 
or increasing other pollutants like CO, UHC or smoke. NOx emissions from IC engines have a ma-
jor impact on local airport air quality. Primary measures influencing the combustion process as well 
as exhaust gas treatment has led to a substantial reduction of pollutant emissions of Diesel and SI 
engines. Recent developments like direct injection engines and upcoming technologies such as 
HCCI engines aiming at improved fuel efficiency offer both challenges as well as opportunities to 
further tackle engine emissions. 

1 INTRODUCTION 

Whereas the majority of the presentations given at the TAC conference concentrated on the proper-
ties of pollutant emissions and their effects on the environment this paper intends to summarise the 
mechanisms that are related to pollutant formation in aircraft propulsion systems and, briefly, in in-
ternal combustion (IC) engines.  

2 TURBOFAN ENGINES 

Based on gas turbine technology (Saravanamuttoo, 2001) turbofan and, to a lesser degree, turbo-
prop engines have become the single propulsion systems for civil aviation. This is due to their high 
economy combined with exceptional reliability and comfort and the capability to transport people 
and cargo at high speeds close to the speed of sound across long distances. However, they also af-
fect the environment by emitting noise and pollutant emissions such as nitric oxides (mainly NO 
and NO2 referred to as NOx), carbon monoxide (CO), unburnt hydrocarbons (UHC) or soot. Huge 
efforts have been undertaken at industry and academia to reduce the environmental impact of jet 
engines. These efforts will have to be even intensified in the future in order to achieve the ambitious 
targets as set e.g. by ACARE in its vision 2020 (N.N., 2001). Particularly NOx has turned out to be 
extremely difficult to be addressed appropriately due to its interdependence with the measures to 
improve overall engine efficiency as will be discussed in the following. 
2.1 Combustor Requirements 
Turbofan engine combustors need to comply with many requirements besides the demand for low 
emissions and within emissions NOx is not the only species which needs to be considered. But in 
order to assess potential technologies to achieve the envisaged NOx reduction targets, all the other 
requirements need to be taken into account in an appropriate manner as well. Amongst others these 
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requirements comprise safe operability (Ground and altitude ignition and pull away capability, 
weak extinction capability - particularly during slam deceleration of the engine at inclement 
weather conditions - as well as the suppression of any significant thermo-acoustic pressure oscilla-
tion), compatibility (with the engine cycle in terms of pressure, temperature, overall air-fuel ratio 
and capacity, with the mechanical and aerothermal compressor and turbine interfaces, with the em-
ployed fuel and with the weight and size requirement of the engine), economy (development and 
unit costs, fuel consumption in terms of pressure loss and combustion efficiency, maintainability 
and reparability and life) and emissions (besides NOx: CO, UHC, Smoke and even H2O and CO2). 
From all requirements safe operability has the highest priority! 
2.2 Gas Turbine Combustion – Joule-Brayton Cycle 
Turbofan Engines work according to the thermodynamic Joule-Brayton cycle (Saravanamuttoo, 
2001), i.e. air is compressed in a compressor. Heat is added to the compressed air by means of con-
tinuously burning fuel at constant pressure. The hot gases are then expanded in a turbine, which 
drives the compressor. Due to the divergence of the isobars in the enthalpy entropy diagram more 
work can be gained in the expansion process of the hot gases than is needed for the compression of 
the air. Hence a stationary gas turbine expands the hot gases in the turbine to ambient pressure and 
uses the excess work to drive an electric generator.  

Figure 1: Gas Turbine and jet Engine Set-Up 
 

The Turbo Jet Engine, which was the first jet engine used for aircraft propulsion expands the hot 
gases in the turbine to drive the compressor only. The remnant enthalpy is then used to expand and 
accelerate the hot gases in a nozzle and generate a thrust force accordibg to the momentum princi-
ple. As will be shown later this is not the most efficient way to generate thrust. Therefore, modern 
Turbofan Engines as depicted in Figure 2 use the energy gained in the expansion process to drive a 
so-called fan and split the air afterwards into a bypass flow, which amounts to up 80 % of the over-
all air mass flow and beyond and a core mass flow (Rolls-Royce, 2005). The fan is driven by a low 
pressure turbine through a separate shaft, which also drives an optional low pressure compressor. 
Bypass air and the hot gases are expanded either in separate thrust nozzles as indicated in Figure 1 
or are mixed in a forced mixer as shown in Figure 2 and then jointly enter a common thrust nozzle. 
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Figure 2: Modern Turbofan Engine (Rolls-Royce BR715) 
 

In contrast to IC engines the processes of air intake, compression, combustion and expansion are 
continuous and non-intermittent. This is of particular importance for the combustion process, which 
is conducted at constant pressure, whereas IC engines, especially SI engines, feature to a certain 
degree constant volume combustion, which leads to an additional internal compression. Modern 
Turbofan Engines typically have annular combustors as depicted in Figure 3. Air from the last 
compressor stages is first decelerated in a diffuser in order to minimise aerodynamic losses. The air 
enters the annular combustor liner where the combustion process takes place through several ori-
fices. Liquid fuel is injected by means of a number of fuel injectors. In modern combustors a part of 
the combustion air is used to atomise the fuel into a spray with very fine droplets and simultane-
ously generate a combustible mixture of fuel and air. Additionally the air which is used for atomisa-
tion has a high swirl in order to generate a flow recirculation, which is needed to permanently stabi-
lise combustion. The igniter is only needed to start up the combustion process once. The purpose of 
the primary zone is to stabilise the combustion process over the entire range of operation from idle 
to take-off. Similar to a Diesel Engine the power of a Turbofan Engine is controlled by the amount 
of fuel injected into the combustor. Hence the leanest overall fuel air ratio determines the fraction 
of air which is allowed to enter the primary zone, through the air assisted fuel injector and the pri-
mary air injection ports at the outer and inner barrel of the combustor liner. The majority of the re-
maining air is then added through subsequent rows of holes in the liner into the secondary/mixing 
zone. This part of the combustor is needed in order to achieve a complete conversion of the com-
bustion products exiting the primary zone and to tailor a radial temperature profile suited for the 
first turbine stage. It is obvious that the temperature in the primary zone is much hotter than the re-
quired turbine inlet temperature. This is of particular importance for the formation of NOx as will 
be discussed later on. A considerable amount of the air is needed to cool the liner material. 

Figure 3: Annular Combustor (General Electric CF6-80)  
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In the ideal Joule-Brayton Cycle, compression and expansion are isentropic processes. In real en-
gines polytropic compression and expansion is encountered and additional losses, e.g. a loss in total 
pressure during combustion, have to be accounted for as well. For the ideal process the thermal ef-
ficiency, i.e. the net power output related to the added heat, is solely depending on the overall pres-
sure ratio (OPR) according to  
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where p1 and p2 are the pressures prior to and after compression, respectively, and κ is the isen-
tropic coefficient. In real engines thermal efficiency increases for a given pressure ratio with in-
creasing turbine inlet temperature T3 and there is an optimal pressure ratio for a given turbine entry 
temperature, as indicated in Figure 4. The strong impact of the pressure ratio on thermal efficiency 
has led to a continuous rise in overall pressure ratio over the last decades, see Figure 5. 

 
Figure 4: Specific Work and Thermal Efficiency of the Joule-Brayton Cycle 

Figure 5: Past, Current and Future OPRs 
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It is obvious that the thrust to weight ratio is another important property of a propulsion system. 
This ratio is directly linked with the specific work, i.e. net power output divided by the air mass 
flow through the core engine. As depicted in Figure 4 the specific work strongly increases with the 
turbine inlet temperature. Another driver for increasing turbine inlet temperature, at least for certain 
flight conditions, is the so called propulsive efficiency, which determines how much of the power 
generated by the gas turbine process is actually used to propel the aircraft. If we consider the thrust 
of an engine Ft, which can be derived from a momentum balance under the assumption that the fuel 
mass flow is much smaller than the air mass flow ma 

( )faat wwmF −⋅≈ &  (2) 

with wa and wf being the velocity of the hot gases leaving the thrust nozzle and the flight velocity, respec-
tively, it is evident that the thrust can either be generated by slightly accelerating a huge amount of air pass-
ing through the engine or by strongly accelerating a smaller air mass flow rate. However, the propulsive effi-
ciency plotted in Figure 6 suggests that the jet velocity should not exceed the flight velocity too much in 
order to avoid an efficiency penalty. The reduction of the jet velocity has been accomplished by introducing 
the Turbofan Engine, compare Figure 1 and Figure 2, featuring a core and a bypass air mass flow. 

Figure 6: Propulsive Efficiency of a Jet Engine 

2.3 Pollutant Formation 
Besides CO2, H2O and heat, which are the main products resulting from the combustion of fossil 
fuel pollutants are generated. Unburned hydrocarbons and CO are emitted during low power opera-
tion at low combustor inlet temperatures and pressures. They are directly linked with the combus-
tion efficiency. Lefebvre (Greenhough and Lefebvre, 1957) introduced a loading parameter that 
characterises combustion in-efficiency and therefore CO and UHC emissions, Figure 7. The loading 
parameter is proportional to a global Damkoehler number, which relates the residence time in the 
combustor to the time required for complete chemical reaction. High Loading parameters can be 
achieved by high pressures and inlet temperatures and/or high combustor volumes. 



BAUER and SPICHER: Gas Turbine (Turbo Fan Engine) and IC Engine Emissions 121  

 

Figure 7: Combustion Efficiency (CO, UHC) 
 
For modern Turbofan Engine combustors CO and UHC emissions are no concern as they have sig-
nificantly decreased as compared to former engine generations. This is partly due to the effect that 
the overall pressure ratio has continuously increased in order to achieve higher thermal efficiencies, 
compare Figure 5. This led to an increase of combustor pressure and inlet temperature also for low 
power conditions. However, a substantial contribution is owed to an improvement of the fuel prepa-
ration process by the replacement of pressure atomisers with air blast atomisers. This is an addi-
tional effect that cannot be correlated with the loading parameter, which considers only chemical 
kinetics. 

Soot and NOx are pollutants which are mainly emitted at high power conditions. Soot is formed 
at elevated temperatures and very rich stoichiometry (Kellerer et al., 1995) existing in the primary 
zone close to the fuel injector. The majority of the soot is oxidised in the secondary zone of the 
combustor at lean conditions and high temperatures. However, a part of the soot generated leaves 
the combustor having been not fully oxidised particularly in very lean areas where the oxidation re-
actions have been quenched due to low temperatures. The introduction of airblast atomisers also 
had a tremendous effect on the reduction of soot emissions. 

However, NOx is the species which has not been significantly reduced until the last one and a 
half decades, where significant efforts have started to tackle this issue. The challenges of NOx re-
ductions will mark the focus of this publication. 

Turbofan engine emissions are characterised according to the ICAO Landing and Take-Off Cy-
cle (LTO) which directly accounts mainly for the local effect in the airport environment. Four typi-
cal thrust settings are considered corresponding to approach (30%), taxi (7%), take-off (100%) and 
climb (85%). Engine emissions are measured for these load conditions on static test beds, weighted 
with the respective times and normalised with their take-off thrust F∞ in order to be able to compare 
engines of different size. The resulting engine emissions in terms of Dp/ F∞ have to comply with 
legislative limits as defined by the International Civil Aviation Organisation (ICAO) (N.N. 1993). 
In some engine NOx emission data are plotted versus their overall pressure ratio at take-off and 
compared with the respective ICAO CAEP (Civil Aviation Environmental Protection) limits. 
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Figure 8: Current and Future NOx Emissions Requirements 
 

NOx is the only regulated species for which the limits account for the dependence of its formation 
rates on the overall pressure ratio (OPR) of the engine cycle. In Jet Engine combustors NO is 
mainly formed by the thermal mechanism as found by Zeldovich (1946) and extended by Baulch et 
al. (1991): 

NNOON2 +⇔+  (3a) 

ONOON 2 +⇔+  (3b) 

HNOOHN +⇔+  (3c) 
and then partly further oxidized to NO2. The mechanism is called “thermal” because of the high ac-
tivation energy required to break the triple bond of the Nitrogen molecule. 

With first order accuracy the processes leading to NO formation in jet engine combustors as well 
as possible remedies can be investigated by means of a perfectly stirred reactor (PSR) calculation 
using a complex chemical mechanism for Iso-Octane (Behrendt, 1989) which also includes the NO 
formation reactions (3) as depicted in Figure 9. In this calculation the stoichiometry and pressure 
are varied at a fixed air inlet temperature and residence time.  
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Figure 9: PSR Calculation: NO Formation and Possible Remedies 
 

As expected the highest temperatures are encountered at conditions close to stoichiometric values, 
i.e. λ=1, with λ being the normalised air fuel ratio (AFR) or the inverse equivalence ratio φ. With 
an increase in pressure the maximum temperature increases as well due to the suppression of endo-
thermic dissociation reactions. For a pressure of 30 bars the primary combustion reactions deter-
mining the flame temperatures, being almost identical with the equilibrium values, are very fast. 
Due to the exponential dependence of the NO formation rate on temperature the pressure depend-
ence of the amount of NO formed in the PSR is even more pronounced. It needs to be considered, 
that in gas turbines the combustor inlet temperature is linked with the overall pressure ratio through 
the polytropic nature of the compression process. Hence an increase in combustor pressure will ad-
ditionally increase the combustor inlet temperature and lead to an even stronger increase in NO 
formation than obvious in this consideration. 

Projecting the development of the past into the future it is very likely that the pressure ratios will 
continue to rise, maybe with reduced rates than so far. Hence any future reduction in NOx emission 
by x % relative to the CAEP II limit will result in a lower reduction in absolute numbers due to the 
slope of the limit and the tendency towards higher OPRs. 

On the positive side it can be observed that NO formation is a significantly slower process than 
the mere combustion reactions. Even for an increased residence time of 10 ms the NO values are 
significantly lower than equilibrium at high pressures. Additionally NO formation is low at very 
rich and very lean conditions. Possible remedies are therefore to i) reduce the residence time in the 
combustor ii) stabilise combustion at very rich conditions and then switch to lean conditions by 
quickly adding a substantial amount of mixing air (RQL = Rich burn – Quick quench – Lean burn) 
or iii) burn the fuel at lean conditions. These possibilities will be briefly discussed in the following. 
2.4 Low NOx Concepts 
2.4.1 Rich Concepts 
Present aeroengine single annular combustors have achieved NOx reductions relative to earlier de-
signs operating at the same thermodynamic parameters (P, T, AFR) using the RQL principle. Be-
sides their characteristic to produce lower amounts of Nitrogen oxides than former combustor gen-
erations, their generally rich primary zone has the advantage that combustion is very stable, even at 
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low power conditions when the overall stoichiometry of the combustor is much leaner. Theoretical 
and experimental investigations have revealed that a primary zone equivalence ratio of 1.4 results in 
the lowest NO emissions (Meisl et al., 1995). The highest temperatures and NO formation rates, re-
spectively, appear in the quench zone during the transition from rich to lean mixtures. High 
temperatures can also be observed in the primary zone in the vicinity of the liner film cooling. 

Figure 10: RQL combustor 
 

What is mostly limiting the NO reduction potential of RQL combustors is the NOx-smoke trade-off, 
which has to be encountered. Although the airblast atomisers employed in modern combustors gen-
erate a much more homogeneous fuel air mixture than the former pressure swirl atomisers there are 
still comparatively rich zones in the vicinity of the injector. Rich equivalence ratios in conjunction 
with elevated pressures and fairly high temperatures support the formation of soot, (Kellerer et al., 
1995). This mechanism limits the primary zone stoichiometry to the rich side. On the other hand the 
rapid quenching of the NO formation by a quick transition from the rich to lean condition simulta-
neously tends to quench the soot oxidation reactions. Therefore, the optimisation of an RQL com-
bustor needs careful consideration of both NO and smoke and the thermodynamic cyle of the engine 
and the OAFR at T/O have to be taken into account as well. 

In summary the RQL concept has proven very successful for Turbofan Engine combustor appli-
cations so far. For the highest thrust range thoroughly optimised RQL combustors could even 
achieve lower NO emission levels in the ICAO LTO cycle than fuel staged combustor concepts, 
which will be discussed below. By optimisation of the primary zone and quench zone further NOx 
reduction should be feasible. No detrimental effect on the emissions of other species, weight and 
operability are expected nor for smoke, provided that enough homogenisation can be achieved. 
However, the potential of RQL combustors to further decrease NO emissions to the ACARE targets 
set for 2020 seems to be rather limited. 

Whereas RQL combustors are often called air staged combustors fuel staging aims at a different 
principle. This approach satisfies the demand for low emissions and appropriate operability by 
means of the introduction of two separate burning zones. The so called “Pilot stage” is designed for 
operability, i.e. light-up, altitude relight and pull-away, weak extinction stability, good combustion 
efficiency at low power settings and hence low emissions of carbon monoxide and unburned hydro-
carbons. The “Main Stage” is purely optimised for low NOx emissions. Low NO formation is 
achieved by reduced residence times and frequently by an overall lean stoichiometry of this zone. 

All major aeroengine manufacturers have been investigating staged combustor concepts or are 
still doing so with two engine families in service using staged combustor architecture. The concepts 
comprise radially staged architectures, dubbed double annular combustors (DAC) (Bahr and Glea-
son, 1975), axially staged concepts (Sturgess et al., 1993) or mixtures thereof. Staged combustion 
has clearly demonstrated a significant reduction in NO emissions whilst maintaining the level of 
CO and HC emissions of RQL combustors (Brehm et al., 1999). However, it needs to be mentioned 
that the distinct but limited NOx reduction achieved has to be traded with higher costs, higher 
weight and increased complexity of the combustor and of the fuel and control system. Additionally 
the liner wall surface area, which needs to be cooled is much larger than for a conventional single 
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annular combustor and requires more cooling effort and/or the use of more expensive materials. It is 
therefore unlikely that this concept will be further pursued. 

2.4.2 Lean Concepts 
Reducing the combustion temperature can also been achieved by burning the fuel at overall lean 
conditions. Lean Direct Injection (LDI) is working according to this principle. Depending on the 
engine cycle at least 60% of the air needs to be directed through the injection system, see Figure 11. 
In order to avoid autoignition and flashback no/minor fuel/air mixing or fuel prevaporisation exter-
nal to the combustor takes place. The challenge to achieve low combustion temperatures and hence 
low NO formation lies in the generation of a homogeneous lean mixture within the combustor but 
prior to combustion. Experimental investigations in model combustors working under engine like 
conditions have shown that low NOx values can be achieved, Figure 12 (Bauer, 2004). However, 
the leaner conditions for part load, idle and particularly transient engine operation require measures 
to establish stable combustion and limit the emissions of CO and UHC. Pilot diffusion flames and 
staging of the LDI injection systems are suited remedies.  

Figure 11: LDI Injectors Featuring Radial Air Swirlers 

Figure 12: NOx Emission Performance of LDI Systems 
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However, pilot flames partially compromise the NOx reduction capabilities of LDI modules (Hassa 
et al., 2005). Close to the staging points CO emissions still can reach very high levels. Thermal 
management is required to avoid coking of residual fuel in those injectors which are switched off 
during staging. The injection systems are bulkier due to their higher air flow areas, therefore their 
stems tend to be thicker and heavier compared to present designs. Additional fuel lines and valves 
for staging purposes further add to weight and complexity. 

Figure 13: Pilot Effect on NOx Emissions 
 

Experience from the stationary gas turbine engines imply that thermoacoustic combustion oscilla-
tions are likely to appear (Lieuwen and Yang, 2005). The related pressure oscillations impose a risk 
on combustor and engine integrity. If the inherent damping capability of the combustor (e.g. the 
liner cooling) is not sufficient to suppress the oscillations additional damping devices have to be 
employed (Macquisten et al. 2006), further adding to weight and complexity. 

Partial or complete premixing and prevaporisation of fuel and air in the lean combustion regime 
(LPP, Lean Premixed Prevaporised Combustion) can lead to very low NOx levels, which has been 
successfully demonstrated on a laboratory scale for operational conditions corresponding to present 
mid size / large turbofan engines (Von der Bank, 2005). However, similar to the LDI concept stag-
ing and piloting is required to achieve stability and low levels of CO / HC emissions considerably 
compromising the NOx reduction potential. The remarks concerning thermoacoustic oscillations, 
fuel coking, weight and complexity made for the LDI concept apply even more for LPP. Operability 
can be even more compromised by very short autoignition delay times for engines with an OPR > 
40 (Cano-Wolff et al., 2001). For these applications the level of premixing and prevaporisation in a 
separate mixing device will have to be reduced in order to provide sufficient margin against autoig-
nition. The potential remedy to externally prevaporise Kerosene (supercritical pressure) before in-
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jecting it into the mixing chamber needs to be investigated in order to better assess its applicability. 
Flashback into the premixing device either through the boundary layer (Schaefer et al., 2003) or by 
combustion induced vortex breakdown (Fritz et. al., 2004) is another concern. 

The NOx emission reduction potential of LPP systems is very high, while CO and HC emissions 
are likely to be higher than present values. PM emissions from the pilot injector are expected. The 
challenge will be to simultaneously achieve low NOx levels and ensure save operability.  

There are other concepts in discussion with either a very long term perspective like catalytic 
combustion (Griffin et al., 2004), FLOX® technology (Schuetz et al., 2005), alternative fuels e.g. 
hydrogen (Contreras et al., 1997) or liquified natural gas (LNG) or which address only local airport 
quality like water injection (Dagett, 2005). Another approach to reduce NOx by avoiding the OPR – 
NOx trade-off is the consideration of intercooled recuperative engine cycles (Broichhausen et al., 
2000). 

3 IC ENGINES 

While IC engines only play a minor role in commercial aviation they have a major impact on local 
airport air quality due to their dominance in ground transportation. According to their different 
combustion principle spark ignition (SI) Engines and Diesel Engines have different levels of pollut-
ants as indicated in Figure 14 for high load conditions. It is obvious that besides NOx SI engines 
emit considerable amounts of CO and moderate amounts of UHC whereas Diesel engines have high 
NOx and Soot emissions. It should also be mentioned that for part load conditions the raw NOx 
emissions of Diesel engines are considerably lower than for SI engines. As in jet engine combus-
tors, formation of NOx primarily occurs via the Zeldovich mechanism in both SI and Diesel en-
gines. The introduction of effective exhaust gas treatment as well as primary measures to control 
the combustion process has led to a significant reduction of all relevant species. New combustion 
technology is expected to further decrease the pollutant emissions from ground transportation in 
relative as well as in absolute numbers. 

Figure 14: Raw emissions of SI and Diesel Engines 

3.1 SI Engines 
For port injection engines working at stoichiometric conditions over the entire range of operation a 
three way catalyst can be used to effectively reduce NO to N2 and simultaneously oxidise CO and 
UHC to CO2 and H2O. In order to accomplish a high rate of NO conversion λ needs to be tightly 
controlled within a range of 0,99 < λ < 1,002 (Heywood, 1988), see Figure 15. This control is es-
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tablished by a probe measuring the oxygen content in the exhaust gases and a feedback loop to the 
engine management system controlling the amount of fuel injected. 

Figure 15: Pollutant Formation in SI Engines (Port Injection) according to Merker et al. (2005) 
 

The need to increase efficiency of SI engines has led to the development of gasoline direct injection 
engines (GDI) (Spicher et al., 2001). The homogeneous charge GDI engine still runs at λ = 1 like 
the port injection engines and uses a throttle valve to achieve the required power output. Fuel is in-
jected during the intake stroke which allows a homogeneous mixing of fuel and air prior to combus-
tion. The advantage of this system is thanks to the fuel evaporation within the cylinder, which re-
duces the temperature and subsequently the susceptibility to knocking combustion. Hence, a higher 
compression ratio is possible yielding better efficiency and performance. For this type of engines 
the same exhaust gas treatment as for port injection engines is possible. 

Figure 16: GDI Engines 
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The more advanced GDI engine controls the power output by a variation of the combustion 
stoichiometry. This concept avoids throttling losses at part load and yields a considerable efficiency 
benefit. At part load the fuel air ratio becomes too lean for stable combustion if fuel and air are ho-
mogeneously mixed. For these conditions fuel stratification is required to stabilise combustion as 
indicated in Figure 17. Amongst the different possibilities of stratification, wall guided stratification 
has found the widest distribution so far. Its major drawbacks are comparatively high emissions of 
unburned hydrocarbons and particles.  

Figure 17: Fuel Stratification 
 
Spray guided stratification, which concentrates the fuel close to the igniter plug is the most promis-
ing GDI concept and has recently gone into production in first passenger cars. Through improved 
fuel atomisation fuel savings in the order of 25% relative to port injection engines can be accom-
plished. Finer sprays generated by increased fuel injection pressures also significantly reduce the 
amount of soot emitted.  

 
Figure 18: Impact of Spray Quality on SFC and Soot Emissions 
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NO emissions can either be addressed by means of storage catalysts, which need to be regenerated 
from time to time. Another principle is exhaust gas recirculation (EGR). Introduction of stratified 
EGR promises a reduction of NOx raw emissions by up to 99%. 
3.2 Diesel Engines 
For Diesel Engines direct fuel injection has become state of the art. Power output is controlled by 
varying the combustion stoichiometry, with λ > 1.8. There are no throttling losses at part load, 
which partly accounts for their efficiency advantage over current SI engines. From an emissions 
point of view NOx and soot emissions at high power conditions are of major concern. 

Figure 19: Pollutant Formation in Diesel Engines 
 
There are many remedies to tackle these pollutants either by internal measures controlling the com-
bustion process like improved fuel atomisation and injection timing and exhaust gas recirculation or 
by external exhaust gas cleaning. However, it is extremely challenging to accomplish low NOx and 
soot emissions and low fuel consumption at the same time. 
Filters which retain soot particles are presently introduced for new passenger cars and trucks. The 
filters have to be regenerated in time in order to avoid excessive pressure losses in the exhaust sys-
tems. Regeneration is achieved, e.g. by periodically increasing the exhaust gas temperature to a 
level where soot can be completely converted into CO2. 

Selective catalytic reduction of NOx is presently developed in order to comply with future emis-
sions regulations. Trucks equipped with SCR systems are on the market since 2005. One approach 
is to inject urea into the hot exhaust gases which is thermally converted into ammonia in a first step. 
Subsequently the ammonia generated is used to reduce NO and NO2 into Nitrogen inside a catalyst  
(Mueller et al., 2003). 
3.3 HCCI 
The Homogeneous Charge Compression Ignition concept is presently investigated. It is intended to 
combine the advantages of Diesel and SI engines. It offers both high thermal efficiency and low 
emissions of NOx and soot particles (Assanis et al., 2003). 

A HCCI engine uses a homogeneous lean mixture of fuel and air which is compressed until 
autoignition appears. Combustion is initiated at moderate temperatures of 800 to 1100 K. Due to the 
low temperature of the combustion process and the lean stoichiometry NO and particle formation is 
extremely low.  

However, there are severe challenges to be faced such as control of the combustion process over 
a wide load range as well as the level of CO and HC emissions. 
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4 CONCLUSIONS 

Whereas CO and UHC emissions of Turbofan Engines have been substantially reduced in the past 
advances in reductions of NOx emissions have been partially compensated by the interdependence 
of NO formation and the engine pressure ratio. The latter has been increased in order to improve 
fuel efficiency. Amongst the different approaches the RQL concept has found the widest applica-
tion and still holds some potential to further limit NO formation. However, the soot NOx trade-off 
has to be considered thoroughly. In order to achieve the ambitious ACARE NOx reduction targets 
set for the year 2020 a step change in combustion technology needs to be made. Lean concepts such 
as lean direct injection and lean premixed prevaporised combustion are the most promising con-
cepts albeit their introduction has been prevented so far due to operability concerns. While LDI fea-
tures the lower risk even for this concept fuel staging and piloting will be required to ensure safe 
operability. Rich pilot flames are expected to emit soot particles. 

NOx emissions from IC engines have a major impact on local airport air quality. For Diesel en-
gines also soot emissions are of concern. In contrast to jet engines not only internal measures but 
also exhaust gas treatment can be applied in order to reduce the environmental impact of IC en-
gines. The superior fuel economy of gasoline direct injection engines needs yet to be fully explored. 
Improvement of fuel preparation additionally offers reductions in raw emissions for this concept. 
The HCCI technology simultaneously promises low NOx and soot emissions and outstanding effi-
ciency provided that operability issues and CO and HC emissions will be adequately addressed. 
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ABSTRACT: Motor vehicle emissions are the most significant source of particulate matter (PM) in 
urban environments (Morawska et al., 1999). This study was undertaken to observe the evolution of 
aerosols from a busy road, concentrating specifically of the aerosol total number maximum and 
number size distribution. A Grimm Aerosol Technik (5.400) CPC and DMA 5.5-900 classifier was 
used to measure ultra-fine particles from 9.8 nm to 1.1 μm at varying distances up to 100 m from 
the kerbside. Particles number concentration was observed to rise with increasing horizontal dis-
tance from the road up to about 100 m. As this occurred the number of fine particle was seen to in-
crease as numbers of larger particles declined. Under stable atmospheric conditions the highest par-
ticles number density was found to occur at 40 m from the road (see Figure 1). These findings are 
discussed and suggested mechanisms considered. 

1 INTRODUCTION 

Air pollution is responsible for hundreds of thousands of premature deaths around the world each 
year. The control of atmospheric particulate matter (PM) through the National Air Quality Strategy 
(NAQS) only legislates for a small fraction of particulate matter, which leaves the majority of parti-
cles within the atmosphere unregulated. Epidemiological data from air pollution studies has shown 
that particulate matter represents a significant risk to human health with prolonged exposure to at-
mospheric PM particularly the unregulated fine and ultra fine particles (within the ranges of <1 and 
<0.1 μm, respectively) having a detrimental effects on human health (Dockery et al., 1993; Laden et 
al., 2000). 

In urban environments, motor vehicle emissions are the most significant source of PM. Schwartz 
et al. (1996) suggested fine and ultra fine particles emitted from combustion sources may pose a 
major health risk for humans as they are more readily transported deeper into the respiratory sys-
tem. 

This study was undertaken to observe the evolution of PM from a busy road, concentrating spe-
cifically on the total number maximums and number size distributions. 

2 OBSERVATIONS 

Using a busy main road in north-west England with a prevailing wind direction originating from the 
nearby Irish Sea measurements were collected downwind at varying distance from the road side 
during crosswinds. Temperature, wind speed and traffic flow were also monitored during sampling. 
The sampling stations were not screened by vegetation or hedges from the section of road used. 
Such vegetation barriers are commonly used alongside roads in the UK to screen the road from 
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nearby dwellings and help cut down noise. This also has the effect of filtering gases and aerosols 
emitted from the vehicles. The road ran perpendicular to the prevailing wind which originated from 
a clean maritime sector. This site offers an ideal opportunity to study the emissions of road vehicles 
and their transformations with distance from the road source. 

Sampling was conducted under westerly winds to avoid possible contamination from other 
sources. Sampling was undertaken from mid morning until mid afternoon (approximately 10am to 
4pm local time) to maintain a constant traffic flow and avoid possible increases in flow due to rush 
hour. In general about 1200 vehicles an hour past the site with around 20% being diesel powered 
vehicles. 

At each sampling site five sample spectra were collected using the aerosol equipment and these 
were averaged. Sampling took approximately 30 minutes per site. Downwind sites were located at 
3, 6, 10, 15, 25, 40, 60 and 100 m from the road side. Measurements were also taken at a back-
ground site 20 m upwind of the road. Results from this site were lower than those from the down-
wind sites. 

3 RESULTS 

At each site total particle numbers were summed across the size range of the instrument. Figure 1 
shows the total particle maximum occurred at a distance of approximately 40 m from the road side. 

Particles numbers were summed over selected size bands. This and the aerosol size distribution 
data showed an increase in the number of ultra fine particle (<100nm) some distance from the road 
side as shown in Figure 2. 

These findings are not easily explained by conventional aerosol dynamic and dispersion models 
and could not be reproduced using the ADMS road dispersion model. Such models tend to consider 
aerosols to behave in a simplified standard manner at ambient temperatures with a reduction in par-
ticle number with distance travelled from the source due to dilution and deposition (Carruthers et 
al., 2003). Particle growth is assumed to occur due to condensation and coagulation processes.  

Figure 1. Change in total particle number density with distance from the road showing the maximum in par-
ticle numbers occurring at 40m. 
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Figure 2. Particles number summed over selected sizes showing an increase in ultra fine (<100nm) particles 
at 20 to 40m from the road side. 

4 MECHANISM 

The observations from this study are in agreement with those presented by Gramotnev and Ris-
tovski (2004). In Gramotnev and Gramotnev (2005) a mechanism of thermal fragmentation is pro-
pose to explain the observed particle number increase with distance from the road. 

The releases from vehicle exhausts are composed primarily of small carbon/graphite particles 
(Wentzel et al., 2003). This non-spherical shaped soot particles released at elevated temperatures 
will be surrounded with a layer of volatile vapour on leaving the fuel rich atmosphere of the vehicle 
exhaust pipe. The exhaust plume will be cooled as it is transported away from the vapour rich envi-
ronment vehicles exhaust pipe. As the plume disperses the ambient concentration of hydrocarbons 
will declines and the volatile vapours surrounding the particle begin to evaporate so causing a de-
crease in the particle size. Gramotnev and Gramotnev (2005) suggested that this evaporation weak-
ens the bonds within the particle so leading to thermal fragmentation of the particle and an increase 
in particle number. 

It is know however that aspherical soot agglomerates do undergo collapse due to a capillarity ef-
fect as they increase in size and this may be an alternative mechanism to explain the particle frag-
mentation and an increase in particle number. 

5 DISCUSSION 

Particle size spectra have been measured at increasing distances from a busy road in North-West 
England. Unexpectedly the maximum of total particle was found some distance (40 m) from the 
road side rather than close to the source of particles. An increase in nano-particles (<50 nm) was 
also observed to occur around this distance from the road so causing the observed maximum in total 
particle numbers. Such observations cannot be accounted for by the current generation of aerosol 
dispersion models and the exact mechanism causing this phenomenon is under investigation. 

Further study of this is necessary in order to evaluate the extent and significance of these in-
creases in particle numbers and their potential effect on human health. Only then can the scale and 
significance of these particle increases be assessed and a decision on their inclusion into regulative 
aerosol dispersion models be made. 



136 DAVISON et al.: Aerosol Evolution from a busy road in North-West England 
 

 

REFERENCES 

Carruthers, D., J. Blair, and K. Johnson, 2003 Comparison of ADMS-Urban, NETCEN and ERG Air Quality 
Predictions for London, DEFRA, Editor. Cambridge Environmental Research Consultants Ltd. 

Dockery, D.W., A. Pope, X. Xu, J.D. Spengler, J.H. Ware, M.E. Fay, B.G. Ferris, F.E. Speizer, 1993: An as-
sociation between air pollution and mortality in six US Cities. New England Journal of Medicine 329, 
1753–1759. 

Gramotnev, D.K. and G. Gramotnev, 2005: A new mechanism of aerosol evolution near a busy road: frag-
mentation of nanoparticles. Journal of Aerosol Science, 2005. 36(3), 323-340. 

Gramotnev, G. and Z. Ristovski, 2004: Experimental investigation of ultra-fine particle size distribution near 
a busy road. Atmospheric Environment. 38(12), 1767-1776. 

Laden F, L.M. Neas, D.W. Dockery, J. Schwartz, 2000: Association of fine particulate matter from different 
sources with daily mortality in six US cities. Environmental Health Perspectives 108, 941-947 

Morawska, L., S. Thomas, D. Gilbert, C. Greenaway, E. Rijnders, 1999: A study of the horizontal and verti-
cal profile of submicrometer particles in relation to a busy road. Atmospheric Environment 33, 1261–
1274. 

Schwartz, J., D.W. Dockery, L.M. Neas, 1996: Is daily mortality associated specifically with fine particles? 
Journal of the Air and Waste Management Association 46, 927–939. 

Wentzel, M., H. Gorzawski, K-H. Naumann, H. Saathoff, and S. Weinbruch, 2003: Transmission electron 
microscopical and aerosol dynamical characterization of soot aerosols. Journal of Aerosol Science, 34, 
1347–1370. 



Proceedings of the TAC-Conference, June 26 to 29, 2006, Oxford, UK 137 
 

 

Investigation of road traffic and wood burning emissions in 
Switzerland using a mobile laboratory 

S. Weimer*, C. Mohr, A.S.H. Prévôt 
Laboratory of Atmospheric Chemistry, PSI, Switzerland 

M. Mohr 
Laboratory for internal combustion engines, EMPA Switzerland 

Keywords: traffic emissions, wood burning, mobile laboratory 

ABSTRACT: On occasion of the project Aerowood (Aerosols from wood burning versus other 
sources) the spatial and temporal variation of selected aerosol parameters were assessed for two val-
leys in Southern Switzerland using a mobile laboratory. Results showed that the number concentra-
tion for smaller particle diameter (< 30 nm) increased with the proximity to the highway whereas 
larger particles played the dominant role in villages.  

1 INTRODUCTION 

For the assessment and understanding of the atmospheric processes that involve aerosols, it is nec-
essary to study more aerosol properties than just the particulate mass. 

 On the one hand number concentration measurements for example from traffic emissions are in 
addition to mass measurements very important since the small particles (< 30 nm) have an potential 
high health effect as well as larger particles but do not contribute a lot to mass emissions. Since the 
last years engine technology is being improved to remove larger particles (> 30 nm) more effi-
ciently (Kittelson 1998). However, smaller particles are still being detected depending on various 
parameters such as dilution, weather conditions etc.  

On the other hand sources as wood burning seem to play a role concerning mass emissions since 
wood burning is still commonly used for domestic heating during winter time in some alpine val-
leys in Southern Switzerland. The goal of this study was to investigate the contribution of road traf-
fic to wood burning emissions in two alpine valleys. 

2 METHOD 

2.1 The mobile laboratory 
An IVECO Turbo Daily Transporter was selected as a rolling platform for the measuring equip-
ment. More information concerning the vehicle can be found in Bukowiecki et al. (2002).The in-
struments inside the mobile laboratory included a Condensation Particle Counter (CPC), a Scanning 
Mobility Particle Sizer (SMPS), a Diffusion Charger (DC), a Fast Mobility Particle Sizer (FMPS) 
as well as a CO2 gas analyzer (Table 1).  
2.2 Measurement site 
In winter 2005/06 mobile measurements were performed in Roveredo in the Mesolcina Valley 
alongside the San Bernadino route and in the Riviera Valley alongside the San Gotthardo route. 
Both highways are the main transit route of the Swiss Alps. From November 30th 2005 until De-
cember 14th 2005 specific routes were selected including highways, rural roads and residential areas 
in villages. Every trip was done at least three times. At defined points the engine of the mobile plat-
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form was turned of and stationary measurements were performed. Using the geographical informa-
tion (GPS, Garmin IIplus) the data could be assigned to the specific area. Since the measurements 
were performed in winter time the average ambient temperature was around -5 °C. 

Table 1: Instrumentation of the PSI mobile measurement laboratory 

Parameter Instrument  Time resolution Detection limit 

number conc. > 10  nm CPC 3010 TSI 1 s 0.0001 cm3 

size distribution 
7 – 310 nm 

SMPS; DMA,  
CPC  3010 TSI 

2 min Not defined 

active surface area 
 

DC / Matter  
engineering LQ1-DC 

1 s 10 μm2 cm-3 

size distribution 
5.6 – 560 nm 

FMPS / TSI 1 s Not defined 

CO2 CO2-Monitor  
(IR absorption),  
LI-COR 

1 s 0.1 ppm 

3 ROAD TRAFFIC VERSUS WOOD BURNING EMISSIONS IN AN ALPINE VALLEY 

Compared to road traffic emissions which contribute to particulate matter on highways, roads and 
play an important role in villages as well, wood burning emissions contribute mainly in villages. 
For Roveredo, for example around 70 – 80 % of the households use wood for their heating system. 
In addition to these emissions atmospheric temperature inversions contribute to enhanced levels of 
particle concentrations throughout winter time in the Mesolcina valley. Almost no dilution takes 
place.  

Average values for number and volume concentrations were calculated by assigning parts of the 
driven routes to “rural”, “highway” and “village”. Figure 1 shows two bar plots for the Mesolcina 
Valley. On the left hand side number concentration versus “Rural”, “Highw.” and “village” is pre-
sented. The total concentration from FMPS measurements is indicated in black, total concentration 
for particle diameter larger than 10 nm is shown in white. Highest number concentrations are de-
tected for highways whereas the lowest concentrations are measured for the village. Comparing to-
tal concentration of FMPS and FMPS (> 10nm) demonstrates that the number concentration is 
dominated by small particle diameters mainly on the highway. On the right hand side one can ob-
serve that the concentration for the volume is higher for the village compared to rural road and 
highway. It seems that mass emissions are higher in villages. 

 
Figure 1. Bar plot for number concentration and volume concentration for rural road, highway and village in 
the Mesolcina Valley 
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Size distributions for number and volume concentrations in the Riviera Valley are shown in Figure 
2 and 3, respectively. A distinctive mode is found at a particle diameter around 10 nm for the high-
way. An additional mode is found at around 80 nm particle diameter and is seen for both the vil-
lages and the highways. However, the volume size distribution in Figure 3 indicates a mode at 
around 150 nm particle diameter. The “village” volume size distribution exceeds the volume distri-
bution for the highway.  

 
Figure 2. Number size distribution for the Riviera Valley. 

Figure 3. Volume size distribution for the Riviera Valley. 
 

As stated above the aerosol number concentration is very high on the highway. This is due to heavy 
traffic emissions which favour nucleation if there is little surface area to absorb on for cold tem-
peratures (Bukowiecki et al. 2003, Kreyling et al. 2003). With distance from the highway this nu-
cleation mode disappears in the number size distribution and an accumulation mode dominates the 
volume size distribution while approaching villages.  
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4 CONCLUSION 

Mobile measurements were performed during the Aerowood campaign in Southern Switzerland in 
winter 2005/06. The investigations demonstrated that wood burning in villages are more important 
for the aerosol mass emissions in these valleys than the road traffic emissions. 
But the road traffic emissions play the dominant role for the number concentration, especially for 
smaller particles around 10 nm. 
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ABSTRACT: The EC funded SCENIC project (Scenario of aircraft emissions and impact studies on 
chemistry and climate) was aimed at quantifying the environmental impact of emissions produced 
by a supersonic fleet. This paper presents the chemical impact of supersonic aircraft on the strato-
spheric ozone background concentration and the possible mitigation of this impact due to changes 
in aircraft / fleet design. The results of supersonic aircraft emissions is a reduction of ozone in the 
middle stratosphere (-50 ppbv in 2050). Within the UTLS area different behaviours emerge in the 
model results. The paper focuses on the crossover-point in the ozone net-production between the 
“stratospheric” chemistry and the “tropospheric” chemistry and the implication upon the aircraft 
impact calculations. The mitigation study shows that a reduction of speed and reduction of cruise 
altitude, those two factors are correlated in a supersonic fleet configuration, gives the weakest im-
pact on the ozone in all the model calculations. 

1 INTRODUCTION 

Aircraft engines emit a range of trace species in the atmosphere: NOx, water vapor, sulfur, soot or 
CO2. The species are directly emitted in the UTLS where they can be chemically active particularly 
on the ozone, an important constituent of the stratosphere. Since the beginning of the 70’s, when 
aircraft became a mass transport with traffic increase about 10% a year and the possible develop-
ment of supersonic fleet, the impact of aircraft on the atmosphere have been studied (Crutzen, 1970; 
Johnston, 1971). 

The European commission has taken the decision to found the SCENIC project under the EU 
Framework 5 RTD Program. The project started in 2002 for 3 years. It regroups several European 
atmospheric research centres and relevant European aeronautical industry representatives. The aim 
of the SCENIC project was to study the atmospheric impact of possible future fleets of supersonic 
aircraft using atmospheric models and realistic supersonic fleet scenarios proposed by the industry 
partners. The major points evaluated by the SCENIC modelling team are: change in ozone, influ-
ence of aerosol and contrail, change in water vapour concentration and finally change in radiative 
forcing of the atmosphere taking into account of all the previous impacts. 

This paper concentrates only on the impact of NOx and water vapour emissions of supersonic 
fleets on the ozone concentration. 
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2 MODEL AND SUPERSONIC FLEET PRESENTATION 

Three models are involved in this paper: the Oslo-CTM3 model (Bernsten et al., 1997), the 
SLIMCAT model (Chipperfield et al., 1999) and the ULAQ model (Pitari et al., 1993). The first 
two models are chemistry transport models, the ULAQ model has been use in its CTM form for this 
study. 

The Airbus consortium has developed fleet scenarios for 2025 and 2050 as part of the SCENIC 
project. For each period two data sets are produced: a subsonic scenario with only subsonic aircraft 
and a mixed scenario with both subsonic and supersonic aircraft. The impact of the supersonic fleet 
is calculated as the difference between simulations with the mixed fleet and simulations with the 
subsonic fleet only. The standard supersonic aircraft considered operates at Mach 2, with 250 pas-
sengers, a maximum range of 5500 NM and a cruise altitude from 17 to 20 km. 

The background scenario developed to represent the mixed fleet emission distributions for the 
year 2050 (scenario S5) has been used as a reference to determine the best option for an environ-
mentally friendly supersonic aircraft. The development of perturbation scenarios (P2-P6) has been 
made by the modification of parameters characterising the supersonic aircraft or the supersonic fleet 
(Fig. 1). Scenario P2: the EI(NOx) calculated throughout the supersonic mission duration has been 
increased by a factor of 2. Scenario P3: the total number of supersonic aircraft is doubled. Scenario 
P4: the cruise speed is fixed to Mach 1.6. Scenario P5: the reference ESCT configuration has been 
modified to increase its range. Scenario P6: the design of the aircraft scenario P4 has been slightly 
modified to optimise the performance at a lower cruise altitude. 

Figure 1. Profile of the fuel consumption for the 2050 supersonic fleet in the S5 and P2 to P6 scenarios. 

3 REFERENCE FLEET IMPACT 

Figure 2 shows in term of annual-zonal mean, the impact of the supersonic fleet emissions, for the 
2050 S5 scenario, on NOy, H2O and ozone concentrations. The emissions occur mainly over the 
North Hemisphere mid-latitude at 18-20 km altitude, it is the place of the maximum impact for H2O 
and NOy. The water vapor impact reaches 293 to 513 ppbv depending on the model. The NOy in-
crease is ranging from 0.42 to 0.75 ppbv. From the area of release, the species are transported in the 
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models by the general circulation. The extension of the area impacted by the emissions depends of 
the efficiency of the transport. Two transport schemes are important according the supersonic trac-
ers: the inter-hemispheric exchange along the isentropic level in the UTLS and the vertical transport 
reaching the middle stratosphere from the UTLS.  

The ULAQ model shows confinement of the NOy within the Northern Hemisphere UTLS, with 
some transport in the tropical pipe to the tropical middle stratosphere. The water vapour has a verti-
cal barrier between the two hemispheres also. The ULAQ model has the lowest resolution within 
the three models and it has been shown by Rogers et al. (2002) that a higher vertical resolution pro-
duce an enhancement of the spread of a stratospheric aircraft emission tracer, this explains, with the 
weaker maximum reached in the emissions area, why the ULAQ model presents the weakest 
spreading of the emissions. The SLIMCAT model present a strong transport from the emission area 
to the stratosphere by the tropical upward, but also a exchange of material between the two hemi-
sphere. In consequence a big part of the middle stratosphere and the Southern Hemisphere UTLS 
are reached by NOy as well as H2O. Finally the Oslo model shows an exchange mechanism between 
the two hemispheres weaker than the UCAM one. 

Figure 2. Zonal annual mean of the impact of the 2050 supersonic reference fleet on NOy H2O and ozone 
field calculated by the tree models.. 
 
In term of ozone impact we have to differentiate the middle stratosphere and the UTLS impacts. For 
the stratosphere a reduction in the ozone concentration has been found. The SLIMCAT and ULAQ 
models transport the emissions within the middle stratosphere (not represented in the Oslo model 
with at top level at 30 km). Then the ozone NOx catalytic destruction in this area is increased; the 
maximum destruction reaches -50 ppb at 35 km. In the UTLS different behaviours emerge from the 
figure. The Oslo and SLIMCAT models give a destruction of ozone that follows the area of the su-
personic emissions, the destruction reach -29. ppb over the high latitude of the Northern Hemi-
sphere and are mainly due to the direct effect of the NOx emissions on ozone. For the ULAQ model 
a net production in ozone occurs below 25 km. These different behaviours could be explained by 
the difference in the background between the models. Figure 3 gives the 45N profile between 15 
and 30 km of the ratio NOx / HOx ; it is five time weaker in ULAQ background UTLS than in 
SLIMCAT or Oslo. This low UTLS ratio between NOx and HOx allows the supersonic NOx emis-
sions to react according to a mechanism producing ozone (as seen in the troposphere) in the ULAQ 
model.  
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Figure 3. Zonal annually means profile at 45°N of the NOx / HOx ratio in the UTLS calculated by ULAQ, 
Oslo and SLIMCAT model. 

4 CROSS-OVER POINT STUDY 

In order to investigate the cross-over point between the production and the destruction of ozone due 
to supersonic emissions found in the ULAQ simulations and its relation with the NOx / HOx ratio of 
the background UTLS, further studies have been conducted to compare the UCAM and the ULAQ 
results. The UTLS background of the UCAM model has the ability to be modified according differ-
ent forcing files. This region is bordered by the bottom level of the model (8 km altitude). This level 
is constantly overwritten during the simulation to reproduce the mechanism of production or sink of 
species within the troposphere. The values used are those from the initialisation file of the model. 
The ULAQ background atmosphere has been interpolated to initialise the UCAM model and the 
bottom level of the model the simulation is forced by the ULAQ values. Only the NOy and HOx 
families from the ULAQ simulation are prescribed, the other species come from the usual initialisa-
tion file of SLIMCAT. After the 6 years spin up the results are comparable in term of mixing ratio 
of NOx and HOx between the ULAQ and the SLIMCAT modified model (Fig. 3). Moreover the im-
pact of the supersonic fleet emissions is radically changed in the SLIMCAT’s UTLS as seen on the 
zonal mean annual mean ozone impact due to the supersonic 2050 fleet plotted in Figure 4. UCAM 
model, under the ULAQ chemical background conditions for its lower level, is producing a cross-
over point at 20/25 km altitude as it has been found in the ULAQ model. The NOx / HOx ratio is 
now similar between the two models and the ozone production at 45N reach the same amount be-
tween the two calculations indicating the importance of this ratio when it comes to study supersonic 
aircraft impact on the UTLS area. 
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Figure 4. zonal-annual mean of the impact of 2050 supersonic fleet (mixed – subsonic) ozone field calculated 
by the SLIMCAT model: initialised with ULAQ fields (left) and forced by the ULAQ aircraft-perturbed 
fields of NOx and HOx (right). 

5 MITIGATION TO REDUCE THE SUPERSONIC IMPACT 

Figure 5 presents the ratio of stratospheric ozone change induced by the supersonic fleet in the per-
turbation scenarios (P2 to P6) relative to the reference scenario. The P4 and P6 scenarios (lower 
Mach number and cruise altitude) minimize the impact on stratospheric ozone by a factor 2. The re-
duction of altitude and speed may increase the EI(NOx) number, but the lower fuel consumption re-
duces the NOx and H2O emissions and therefore their overall impact on stratospheric ozone. In-
crease in the NOx emission (P2), in the number of aircraft (P3), or in the aircraft maximum range 
(P5) increase the ozone destruction in the stratosphere. In term of ozone destruction, the results of 
P2 scenario (only the NOx emissions are increased) and P3 scenario (all the emissions are increased 
due to the increased number of aircraft) highlight the importance of NOx emissions on stratospheric 
ozone over the water vapour emissions as seen in Dutta et al. (2004).  

Figure 5. Ratio of the stratospheric ozone impact induced by a supersonic fleet in the perturbed scenario (P2 
to P6) relative to the impact of the reference supersonic fleet in 2050 (scenario S5). 
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6 CONCLUSION 

The impact of supersonic aircraft on the ozone has been quantified for several design of supersonic 
aircraft or fleet. Some differences can be found between the model reactions to the emissions. The 
main divergence in the ozone behaviour occurs in the UTLS below 25 km altitude. Above this 
level, in the middle stratosphere, the response to the emissions from the supersonic aircraft fleet is a 
reduction of ozone due to the preponderance of the NOx cycle in the ozone destruction cycles at 
these altitudes. The emissions occur lower in the atmosphere, the strength of this stratospheric 
ozone reduction is directly related to the strength of the emitted species transported there. The re-
duction of ozone in the tropical middle stratosphere can reach 1 to 1.5 % compare to the back-
ground for the 2050 fleet. For the direct effect of a supersonic fleet on ozone in the UTLS and mid-
dle stratosphere, lowering the cruising altitude of the aircraft (and consequently reducing the Mach 
number and the fuel consumption) is the best option as seen in the perturbation scenarios. 

In the UTLS region it has been proved that the background ratio between the NOx and the HOx 
species are determining the sign of the impact. The more stratospheric character the background 
atmosphere has, such as found in the OSLO or SLIMCAT model, the more ozone depletion occurs 
from supersonic emission; but under low NOx, high HOx conditions the ozone chemistry turns to 
the tropospheric scheme, producing an increase of ozone driven by the local increase of NOx due to 
the emissions, that happens in the ULAQ simulation. This fact can be reproduced with the UCAM 
model under the UALQ background conditions for NOx and HOx families. 

That last point highlights the importance of the UTLS knowledge to quantify the impact of a su-
personic fleet on the atmospheric composition. The position of this cross over point between the 
production and the destruction of ozone is crucial in order to investigate the impact on the global 
atmosphere of a supersonic fleet. 
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ABSTRACT: Within the scope of the LEEA (Low Emissions Effect Aircraft) project the effects of 
small changes in aircraft NOX emissions on CH4-NOX-O3 chemistry were systematically investi-
gated with the ultimate objective to develop a parametric relationship between the amount / alti-
tude / location of emissions and their effect on the climate system. A large number of sensitivity 
experiments were carried out with the global 3D CTM p-TOMCAT. Aircraft emission data was 
used from the European AERO2k Global Aviation Emissions Inventory for 2002. In the experi-
ments the standard emission profile was altered such that, within discrete cruise altitude bands in 
the altitude range 5–15 km, emissions were globally increased by 5–20%. Investigation of ozone 
precursor concentrations, ozone production efficiency and methane lifetime has shown both highly 
linear and additive behaviour in the atmospheric response to the emission perturbations that were 
applied. This suggests that in future a linear parameterisation can be used to predict the effects of 
small emission changes on the chemistry in the UTLS region. The LEEA project was funded by 
Airbus UK and the Department for Trade and Industry.  

1 INTRODUCTION 

We have used 3D chemistry transport models to study the impact of aircraft nitrogen oxide (NOX) 
emissions on ozone (O3) and methane (CH4). Both O3 and CH4 are important greenhouse gases 
(IPCC, 2001) and changes in their abundance due to aircraft emissions can contribute to climate 
change (IPCC, 1999). The principal objective of this study was to investigate the atmospheric re-
sponse to small perturbations in the emissions as a function of the size of perturbation, cruise alti-
tude, and location. The perturbations were applied in form of local scaling of the background emis-
sion distribution at different cruise altitude bands. Small increases in emissions could represent the 
introduction of a new aircraft to the existing commercial fleet or small changes in air traffic de-
mand. Of particular interest was the question whether it would be possible to find a parametric rela-
tionship between the changes in emissions and the atmospheric composition of ozone and methane. 
Were such a relationship found, this could then be used to predict the atmospheric impact of future 
changes within the range of these experiments without the need to conduct costly model experi-
ments.  

2 MODEL DESCRIPTION 

The experiments were carried out using the p-TOMCAT chemistry transport model (O’Connor et 
al., 2005). This model is an improved and parallelised version of the earlier TOMCAT model (Sav-
age et al., 2004) and its gas-phase chemistry scheme focuses on processes relevant to the tropo-
sphere and lower stratosphere. For the experiments in this study the vertical resolution was en-
hanced to 35 hybrid-pressure levels between 10 hPa and the surface. For each experiment the 
p-TOMCAT model was integrated for a time period of 2 years and forced by ECMWF operational 
analyses for the years 2001 and 2002. Aircraft NO2 emission data for 2002 was used from the 
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European FP5 Project AERO2k (Eyers et al., 2004). A subset of the experiments described below 
was also carried out by the SLIMCAT chemistry transport model (Chipperfield, 1999) to investi-
gate the impact of emission perturbations specifically in the stratosphere. SLIMCAT is forced by 
UKMO analyses and integrates a stratospheric chemistry scheme on 18 isentropic levels between 
335 K and 2700 K (10–55 km). SLIMCAT treats water vapour as a prognostic variable which al-
lows for the additional consideration of aircraft H2O emissions and their effects on the stratosphere. 
A spin-up integration of 6 perpetual years of 2001 meteorology prior to one year of 2002 meteorol-
ogy ensured the appropriate representation of transport timescales within the stratosphere.  

3 EXPERIMENT DESIGN 

The original monthly aircraft emission data, which is provided at 500 ft vertical resolution, was 
merged to a 1000 ft vertical grid (Eyers et al., 2004) before being included into the models. The al-
titude range between 5 and 15 km was subsequently divided into 16 equally spaced cruise altitude 
bands of 2000 ft (610 m) thickness, from here on referred to as perturbation levels (PL). In a first 
set of experiments (A) we increased the aircraft emissions locally by 5% for each experiment on 
one PL at a time. Further experiments (B) with an increase of emissions by 10% and 20% were car-
ried out, however only on four selected PLs at approximately 6 km, 7.8 km, 9.5 km, and 11.5 km al-
titude. The restriction to these four levels was necessary due to the computational costs associated 
with each experiment. In a third set of experiments (C) emissions were increased simultaneously by 
5% on one of these four PLs from (B) and its neighbouring level underneath, resulting in an emis-
sion increase over an altitude band of 4000 ft. Figure 1 shows on the left the zonally and annually 
integrated AERO2k aircraft emissions in colour. The altitude range covered by the 16 PLs for ex-
periment (A) is shaded in light grey, the four principal PLs for experiment (B) and (C) are high-
lighted by darker shading. The emission perturbations are applied as a local percentage of emissions 
in each grid box and therefore the regional distribution of the perturbations reflects the geographical 
flight routing pattern at the respective cruise altitude band for each PL. Figure 1 shows on the right 
the horizontal model domain coverage of the perturbations in percent for each PL. Emission pertur-
bations below the dashed line (PL 1–11) are located mainly within the troposphere, those above the 
dashed line (PL 12–16) are located mainly within the stratosphere. The regional coverage of pertur-
bations is approximately 60% or more of the horizontal model domain within the troposphere. 
Within the stratosphere the coverage becomes rapidly smaller with increasing altitude.  

Figure 1. Left: AERO2k aircraft emissions for 2002 in kg NO2 per year at 1º × 1º × 500 ft. Grey shading in-
dicates the vertical domain of the perturbation levels, the four perturbation levels of experiment B are high-
lighted. Right: Horizontal coverage of the emission perturbation for each perturbation level expressed as a 
percentage of the model domain. The altitude of the tropopause is shown as a dashed line.  

4 IMPACT OF THE GLOBAL AIRCRAFT FLEET ON OZONE AND METHANE 

During initial experiments the p-TOMCAT and SLIMCAT models were used to determine the total 
impact of global air traffic on ozone levels and the lifetime of methane. Both models calculate an 
increase of ozone in the troposphere and lower stratosphere with a maximum in the northern hemi-
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sphere of 6–9 ppbv and a slight ozone decrease in the middle stratosphere. This is in good agree-
ment with earlier assessment studies (see e.g. IPCC, 1999; Isaksen et al., 2003; Köhler et al., 2004).  
A more detailed study of the chemical processes in the p-TOMCAT model shows that net ozone 
production occurs only above 5 km altitude and exhibits a maximum at approximately 10 km alti-
tude where the highest amounts of NOX are emitted. The stratospheric ozone decrease, caused by 
catalytic destruction following the upward transport of aircraft NOX into the middle stratosphere, is 
less pronounced in the p-TOMCAT model due to the proximity of its upper boundary at 10 hPa 
where O3 values are overwritten. Additionally, the timescales of transport of aircraft emissions into 
the middle stratosphere are represented more appropriately by the SLIMCAT model due to the 
longer spin-up integration.  

An increase in aircraft NOX emissions will lead to an increase in the abundance of hydroxyl 
radicals (OH), principally through increased O3 formation and by shifting the HOX ratio in favour 
of OH (Poppe et al., 1993). This increase in OH will lead to CH4 perturbations which in turn influ-
ence the abundance of OH in the form of a “feedback” effect as discussed by Fuglestvedt et al. 
(1999), Karlsdóttir and Isaksen (2000), IPCC (2001) etc. The response time of methane to a change 
in its abundance is significantly longer than its lifetime (Prather, 1994; 1996) and in order to reach 
steady state model integrations would have to be carried out over a time scale of decades. Fuglest-
vedt et al. (1999) have described a method to calculate the steady state perturbation in CH4 for short 
model integrations with altered NOX emissions and we adopt their method for this study. In all ex-
periments global CH4 levels were kept constant at all times by applying a globally fixed 3-
dimensional CH4 reference distribution obtained from a long-term integration (Warwick et al., 
2002). The model calculates explicitly the methane loss due to tropospheric OH. Losses due to soil 
uptake and stratospheric sinks were assumed to have lifetimes of 160 years and 120 years, respec-
tively (IPCC, 2001). The feedback factor of 1.30 for the p-TOMCAT model was calculated from 
the OH perturbation between two reference experiments with normal and with 5% increased meth-
ane levels. After steady state in CH4 is reached global aircraft NOX emissions from the AERO2k 
project have reduced the methane lifetime in the p-TOMCAT model by 2.25% with respect to tro-
pospheric OH loss and by 1.88% with respect to all losses. This compares well with values from 
IPCC (1999) which calculate a reduction of 1.2–1.5% for 1992 and estimate a reduction for 2015 in 
the range of 1.6–2.9%. This translates into surface mixing ratios being reduced by 44–47 ppbv in 
the northern hemisphere and by 40–43 ppbv in the southern hemisphere. Moreover, this reduction 
in methane leads also to a slight decrease in ozone levels (Stevenson et al., 2004), which we assume 
to be uniformly distributed given the long time scale for steady state to be reached. The ozone bur-
den will be reduced by approximately 0.07% (typically 0.1–0.3 ppbv reduction in ozone in the tro-
posphere).  

Figure 2. Global values of changes in O3 burden (left) and CH4 lifetime (right) due to a 5% emission increase 
for each perturbation level in experiment A. Values are normalised by the size of the emission perturbation.  

5 CRUISE ALTITUDE SENSITIVITY OF EMISSION CHANGES 

In experiment (A) emissions were locally increased by 5% on 16 PLs between 5 and 15 km altitude. 
This is the range where aircraft NOX emissions where found to cause net ozone production and on 
all perturbation levels the emission increase resulted correspondingly in an increase of the global 
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ozone burden. Figure 2 (left) shows the global ozone burden change, normalised by the total 
amount of the emission increase. Between PL 1 and 11 the ozone burden increase becomes larger 
with increasing altitude of the emission perturbation, with an increasingly larger proportion of the 
stratospheric ozone burden being perturbed. More detailed investigations showed an increase in 
ozone production efficiency (Lin et al., 1988) with altitude due to the increasing lifetime of NOX at 
higher altitudes in the troposphere. Above PL 11 in experiments A.12–A.16 the normalised ozone 
burden change shows significant variation which is predominantly caused by the change in the re-
gional distribution of the background emissions at altitudes above 12 km. At PL 1–11 the distribu-
tion of the perturbations covers a comparable geographical region, approximately 60% of the hori-
zontal global model domain (Fig. 1). This geographical coverage becomes significantly smaller 
with increasing altitude for experiments above PL 11 with merely 28% coverage remaining in PL 
16. Further test experiments, in which the geographical distribution of the emission perturbations is 
kept constant above PL 11, have shown that the normalised ozone burden continues to increase with 
altitude.  

The impact of emission perturbations on methane lifetime has a clear dependency on the altitude 
where the additional NOX is released (Figure 2, right). For perturbations applied within the upper 
troposphere (PL 8–11) the reduction in CH4 lifetime is largest. Calculations of ozone production ef-
ficiency show a local maximum at this altitude range, reflecting the increase of NOX lifetime with 
altitude within the troposphere. Ozone produced here is transported to lower altitudes where ambi-
ent H2O levels are higher, such that the impact on the OH abundance and, hence, the lifetime of 
CH4 is largest. For emission increases on PL 12–15 the majority of the perturbation is located 
within the stratosphere. Ozone produced within the lower stratosphere is inhibited from downward 
transport by the stability above the tropopause, moreover H2O levels in the lower stratosphere are 
much smaller than in the lower troposphere. Therefore the impact on the CH4 lifetime decreases 
rapidly when the emission perturbations are located within the stratosphere. On PL 16 the impact on 
CH4 lifetime becomes larger. This however is an artefact of the geographical location of the emis-
sion perturbations. The local emissions increase occurs predominantly at low latitudes and a larger 
proportion is again released just below the tropical tropopause. Convective activity leads to more 
effective downward transport of ozone which explains the increased effect on CH4 lifetime.  

Figure 3. Changes in the vertical ozone profile near 60º N in p-TOMCAT due to a local emission increase. 
Emissions were scaled on PL 11 by 5%, 10%, and 20% to investigate linearity (left) and on PLs 10 and 11 to 
investigate additivity (right).  
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6 LINEAR AND ADDITIVE RESPONSE TO EMISSION CHANGES 

In experiments (B) emissions were increased by 10% and 20% and the changes in ozone were com-
pared with those from experiments (A) (5%). Figure 3 (left) shows the change in the vertical ozone 
profile (zonal average) at 60º N with respect to the reference experiment. The graph shows an en-
tirely linear response of ozone levels in the troposphere and lower stratosphere from the surface to 
approximately 15 km. Above this threshold the lines begin to diverge which is caused by a combi-
nation of the length of the model integration and the proximity to the model’s upper boundary. Note 
that model integrations over two years are likely to be insufficient to represent stratospheric trans-
port timescales. Moreover the downward transport of ozone, which is kept at a constant mixing ra-
tio at the upper model boundary, prevents the emission perturbation signal from propagating undis-
turbed into the middle stratosphere. In the SLIMCAT model, where the integration time was 
sufficiently long, linearity in the ozone response is diagnosed throughout the stratosphere. This 
linearity in the ozone response for emission increases between 5–20% was investigated in vertical 
ozone profile changes at various latitudes and globally on all model levels. At lower latitudes the 
point of divergence from linearity was found to be at higher altitudes compared with higher lati-
tudes, which is attributed to more effective vertical transport of the emissions in the tropics and also 
to the tropopause being located at higher altitude in this region. It was found that linearity in the 
ozone response can be assumed with confidence between 60º N and 60º S. At higher latitudes occa-
sional outliers of ±10% were found, an issue which is still under investigation. In addition to linear 
scaling of emissions we also investigated whether the atmospheric response is vertically additive 
with respect to emissions released at different cruise altitude bands (experiment C). Figure 3 (right) 
shows that the sum of vertical profile changes due to neighbouring perturbation levels is consistent 
with the profile changes caused with simultaneous emissions perturbations on both levels. Again, 
this consistency can be seen from the surface to 15 km. At higher altitudes the atmospheric re-
sponse is no longer additive for the same reasons described above in the linearity experiments B. 
The response of the global ozone burden and methane lifetime to local emission scaling on all four 
altitude bands is shown in Figure 4. It can be clearly seen that the response in both instances is lin-
ear with the local scaling of emissions at these altitude bands in the range of 5–20%. Further ex-
periments with a local emission increase of 200% at PL 11 have shown that to a first order ap-
proximation the ozone burden still responds linearly. This indicates that the CH4-NOX-O3 system 
may respond linearly to emission increases well beyond 20%. Currently investigations are still in 
progress as to the extent of the linearity.  

Figure 4. Global changes in ozone burden (left) and methane lifetime (right) due to a local increase in aircraft 
emissions by 5%, 10%, and 20% on perturbation levels 2, 5, 8, and 11.  

7 CONCLUSIONS 

A large number of sensitivity experiments were carried out with the 3D chemistry transport models 
p-TOMCAT and SLIMCAT to investigate the effects on atmospheric composition of small pertur-
bations to aircraft emissions. The AERO2k Global Emissions Inventory has provided one of the 
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most realistic emission data sets available to date. The resulting impact of global NOX and H2O 
emissions on atmospheric ozone and methane was found to be within the range of results from ear-
lier studies, specifically an increase of 6–9 ppbv in O3 in the UTLS region and the reduction of the 
CH4 lifetime by approximately 2%. With increasing altitude the ozone burden becomes more sensi-
tive to changes in aircraft NOX emissions. The largest increase in ozone from subsonic aircraft is 
found in the northern hemisphere near the tropopause. At the same time NOX emission increases in 
the upper troposphere were found to result in a particularly strong decrease in the lifetime of meth-
ane. The radiative impacts of O3 and CH4 are opposite in sign and work on quite different regional 
and temporal scales due to their different atmospheric lifetimes. A companion paper by Rädel et al. 
(this issue) investigates further the radiative aspects of this work.  

In further experiments our study has shown that the ozone and methane concentrations respond 
in both a linear and an additive way to local changes in emissions for the examined perturbation 
range of 5–20%. This linearity might apply for even larger emission perturbations, an issue which is 
currently still under investigation. Small inconsistencies seen in the p-TOMCAT results above the 
tropopause are caused by the proximity of the upper boundary and the insufficient length of the 
model integration to accurately represent stratospheric processes. SLIMCAT results however 
showed good linear behaviour also in the stratosphere. The linear relationship established by this 
study can be used in future work to develop a simplified parameterisation to predict changes in at-
mospheric composition caused by small emission changes without the need for costly model ex-
periments. As an industrial application this parameterisation could also provide a tool to facilitate 
the environmental impact assessment of new aircraft during the design phase and help with the 
characterisation of the environmental performance of existing aircraft.  
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ABSTRACT: The global impact of shipping on atmospheric chemistry and radiative forcing, as 
well as the associated uncertainties, have been quantified using an ensemble of ten state-of-the-art 
atmospheric chemistry models and a pre-defined set of emission data. The analysis is performed for 
present-day conditions (year 2000) and for two future ship emission scenarios. In one scenario 
emissions stabilize at 2000 levels; in the other emissions increase with a constant annual growth 
rate of 2.2% up to 2030 (termed the ‘Constant Growth Scenario’). The first key question addressed 
by this study is how NOx and SO2 emissions from international shipping might influence atmos-
pheric chemistry in the next three decades if these emissions increase unabated. The models show 
future increases in NO2 and ozone burden which scale almost linearly with increases in NOx emis-
sion totals. For the same ship emission totals but higher emissions from other sources a slightly 
smaller response is found. The most pronounced changes in annual mean tropospheric NO2 and sul-
phate columns are simulated over the Baltic and North Seas; other significant changes occur over 
the North Atlantic, the Gulf of Mexico and along the main shipping lane from Europe to Asia, 
across the Red and Arabian Seas. The second key issue was to examine the range of results given 
by the individual models compared to the ensemble mean. Uncertainties in the different model ap-
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proaches in the simulated ozone contributions from ships are found to be significantly smaller than 
estimated uncertainties stemming from the ship emission inventory, mainly the ship emission totals, 
the neglect of ship plume dispersion, and the distribution of the emissions over the globe. 

1 INTRODUCTION 

Emissions from international shipping contribute significantly to the total budget of anthropogenic 
emissions from the transportation sector (Eyring et al., 2005) and have been recognized as a grow-
ing problem by both policymakers and scientists (Corbett, 2003). Here we use an ensemble of ten 
state-of-the-art global atmospheric chemistry models to assess the impact of NOx emissions from 
international shipping on ozone for present-day conditions (year 2000). A subset of four models has 
been applied to investigate the changes in sulphate distributions due to SO2 emissions from interna-
tional shipping. This multi-model approach accounts for intermodel differences and therefore 
makes the results more robust compared to previous studies based on single models (e.g., Lawrence 
and Crutzen, 1999; Endresen et al., 2003). In addition, this study for the first time quantifies the po-
tential impact of ship emissions in the future (year 2030) for two different future ship emission sce-
narios. The participating models have also been evaluated and used in accompanying studies (e.g. 
Stevenson et al., 2006; Dentener et al., 2006; Shindell et al., 2006, van Noije et al., 2006) as part of 
the European Union project ACCENT (‘Atmospheric Composition Change: the European NeTwork 
of excellence’; http://www.accent-network.org). Full details of this study are given in Eyring et al. 
(2006) and only a brief summary is presented here. 

2 MODELS AND MODEL SIMULATIONS 

Ten global atmospheric chemistry models have participated in this study. Seven of these models are 
Chemistry-Transport Models (CTMs) driven by meteorological assimilation fields and three models 
are atmospheric General Circulation Models (GCMs). Two of the GCMs are driven with the dy-
namical fields calculated by the GCM in climatological mode, but the fully coupled mode (interac-
tion between changes in radiatively active gases and radiation) has been switched off in the simula-
tions of this study. The other GCM runs in nudged mode, where winds and temperature fields are 
assimilated towards meteorological analyses. Therefore, changes in the chemical fields do not in-
fluence the radiation and hence the meteorology in any of the model simulations used here; so for a 
given model, each scenario is driven by identical meteorology. The main characteristics of the ten 
models can be found in Table 1 of Eyring et al. (2006) and the models are described in detail in the 
cited literature.  

Two of the five simulations that have been defined as part of the wider PHOTOCOMP-
ACCENT-IPCC study have been used in this work: a year 2000 base case (S1) and a year 2030 
emissions case (S4) following the IPCC (Intergovernmental Panel on Climate Change) SRES (Spe-
cial Report on Emission Scenarios) A2 scenario (Nakicenovic et al., 2000). Full details on the emis-
sions used in the S1 and S4 simulations are summarised in Stevenson et al. (2006). To retain consis-
tency with all other emissions, ship emissions in the year 2000 (S1) are based on the EDGAR3.2 
dataset (Olivier et al., 2001) at a spatial resolution of 1° latitude x 1° longitude. The global distribu-
tion of ship emissions in EDGAR3.2 is based on the world’s main shipping routes and traffic inten-
sities. EDGAR3.2 includes data for 1995, which have been scaled to 2000 values assuming a 
growth rate of 1.5%/yr, resulting in annual NOx and SO2 emissions of 3.10 Tg(N) and 3.88 Tg(S), 
respectively, similar to the emission totals published by Corbett et al. (1999). As noted in Stevenson 
et al. (2006) in the S4 simulation emissions from ships were included at year 2000 levels by mis-
take. All other anthropogenic sources (except biomass burning emissions, which remain fixed at 
year 2000 levels) vary according to A2 broadly representing a ‘pessimistic’ future situation. The 
simulation S4 is used in this study to assess the impact of ship emissions under different back-
ground levels. An additional model simulation for 2030 (S4s) has been designed to assess the im-
pact of shipping if emission growth remains unabated. Ship emissions in S4s are based on a ‘Con-
stant Growth Scenario’ in which emission factors are unchanged and emissions increase with an 
annual growth rate of 2.2% between 2000 and 2030. Vessel traffic distributions are assumed to stay 
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the same for all model simulations presented here. Full details on the model simulations and model 
analyses are given in Eyring et al. (2006). 

3 RESULTS 

For present-day conditions the most pronounced changes in annual mean tropospheric NO2 and SO4 
columns are found over the Baltic and the North Sea, and also though smaller over the Atlantic, 
Gulf of Mexico, and along the main shipping lane from Europe to Asia. Maximum near-surface 
ozone changes due to NOx ship emissions are simulated over the North Atlantic in July (~12 ppbv) 
in agreement with previously reported results (Lawrence and Crutzen, 1999; Endresen et al., 2003). 
However, in contrast to Endresen et al. (2003), a decrease in ozone in winter is found over large ar-
eas in Europe (~3 ppbv) due to titration (see Figure 1). Overall NOx emissions most effectively pro-
duce ozone over the remote ocean, where background NOx levels are small.  

 
Figure 1: Modelled ensemble mean ozone change between (a-c) case S1 (year 2000) and S1w (year 2000 
without ship emissions), (d-f) case S4 (year 2030) and S4w (year 2030 without ship emissions), and (g-i) 
case S4s (year 2030) and S4w. Figure 1a, 1d, and 1g are zonal mean changes (ppbv), Figures 1b, 1e, and 1h 
are near-surface ozone changes (ppbv) and Figure 1c, 1f, and 1i are tropospheric ozone column changes 
(DU). From Eyring et al. (2006). 
 
The two 2030 scenarios both specify emissions following the IPCC SRES A2 scenario (Nakiceno-
vic et al., 2000). The first future scenario assumes that ship emissions remain constant at 2000 lev-
els and under this scenario a slightly smaller response in ozone and sulphate changes due to ship-
ping is found compared to the present-day contribution from shipping. This indicates that higher 
background levels tend to slightly reduce the perturbation from ships. The second emission scenario 
addresses the question of how NOx and SO2 emissions from international shipping might influence 
atmospheric chemistry in the next three decades if these emissions grow unabated and one assumes 
a constant annual growth rate of 2.2% between 2000 and 2030 (‘Constant Growth Scenario’). The 
models show future increases in NOx and ozone burden which scale almost linearly with increases 
in NOx emission totals under the same background conditions (see Figure 2).  
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Figure 2. Global total change in annual mean tropospheric NOx burden (left) and ozone burden (right) due to 
ship emissions (S4-S4w and S4s-S4w) in each individual model (coloured lines) and the ensemble mean 
(black line). Inter-model standard deviations are shown as bars. From Eyring et al. (2006). 

 
Therefore, there is evidence that the ship NOx effect is only weakly subject to saturation in its cur-
rent magnitude range, and that saturation cannot be expected to help mitigate the effects of near-
future increases. In other words a doubling of NOx emissions from ships in the future might lead to 
a doubling in atmospheric ozone burdens due to ship emissions. In addition, increasing emissions 
from shipping would significantly counteract the benefits derived from reducing SO2 emissions 
from all other anthropogenic sources under the A2 scenario over the continents for example in 
Europe. Under the ‘Constant Growth Scenario’ shipping globally contributes with 3% to increases 
in ozone burden until 2030 and with 4.5% to increases in sulphate. The results discussed above are 
calculated under the assumption that all other emissions follow the A2 scenario broadly represent-
ing a ‘pessimistic’ future situation. However, if future ground based emissions follow a more strin-
gent scenario, the relative importance of ship emissions becomes larger. 

Tropospheric ozone forcings due to ships of 9.8 mW/m2 in 2000 and 13.6 mW/m2 in 2030 are 
simulated by the ensemble mean, with standard deviations of 10-15%. Compared to aviation (~ 20 
mW/m2; Sausen et al., 2005) tropospheric ozone forcings from shipping are of the same order in 
2000, despite the much higher NOx emissions from ships (Eyring et al., 2005). This can be under-
stood because peak changes in ozone due to shipping occur close to the surface, whereas changes in 
ozone due to aviation peak in the upper troposphere. A rough estimate of RF from shipping CO2 
suggests 26 mW/m2 in 2000 compared to 23 mW/m2 from aviation CO2. The direct aerosol effect 
resulting from SO2 ship emissions is approximately -14 mW/m2 in 2000 and decreases to a more 
negative value of -26 mW/m2 in 2030 under the ‘Constant Growth Scenario’. 

We have also investigated the range of results given by the individual models compared to other 
uncertainties. Uncertainties in the simulated ozone contributions from ships for the different model 
approaches revealed by the intermodel standard deviations are found to be significantly smaller 
than estimated uncertainties stemming from the ship emission inventory, mainly the ship emission 
totals, the neglect of ship plume dispersion, and the distribution of the emissions over the globe. 
This reflects that the simulated net change from ship emissions under otherwise relatively clean 
conditions in global models is rather similar and shows that the atmospheric models used here are 
suitable tools to study these effects. 
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4 SUMMARY 

Maximum contributions from shipping to annual mean near-surface ozone quantified from an en-
semble of ten state-of-the-art atmospheric chemistry models and a pre-defined set of emission data 
are found over the Atlantic (5-6 ppbv in 2000 reaching up to 8 ppbv in the 2030 Constant Growth 
Scenario). Large increases in tropospheric ozone column are found over the Atlantic and even 
stronger over the Indian Ocean (1 DU in 2000 and up to 1.8 DU in 2030). Tropospheric ozone forc-
ings due to shipping are 9.8 ± 2.0 mW/m2 in 2000 and 13.6 ± 2.3 mW/m2 in 2030. Whilst increasing 
ozone, ship NOx simultaneously enhances OH, reducing the CH4 lifetime by 0.13 yr in 2000, and by 
up to 0.17 yr in 2030, introducing a negative radiative forcing. Over Europe, the increase in ship 
emissions under the ‘Constant Growth Scenario’ will enhance the positive trend in NO2 over land 
up to 2030. In addition, efforts to lower European sulphate levels through reductions in SO2 emis-
sions from anthropogenic sources on land will be partly counteracted by the rise in ship emissions. 
Globally, shipping contributes with 3% to increases in ozone burden until 2030 and with 4.5% to 
increases in sulphate. The results discussed above are calculated under the assumption that all other 
emissions follow the IPCC SRES A2 scenario. However, if future ground based emissions follow a 
more stringent scenario, the relative importance of ship emissions becomes larger. The range of re-
sults given by the individual models compared to other uncertainties has also been investigated. 
Uncertainties in the simulated ozone contributions from ships for the different model approaches 
revealed by the intermodel standard deviations are found to be significantly smaller than estimated 
uncertainties stemming from the ship emission inventory, mainly the ship emission totals, the ne-
glect of ship plume dispersion, and the distribution of the emissions over the globe. This reflects 
that the simulated net change from ship emissions under otherwise relatively clean conditions in 
global models is rather similar and shows that the atmospheric models used here are suitable tools 
to study these effects. Full details of this study can be found in Eyring et al. (2006). 
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ABSTRACT: The seasonal variability and the interannual variance explained by ENSO and NAO 
to cirrus cloud cover (CCC) are examined during the twenty–year period 1984–2004. Although the 
annual cycle is dominant in all latitudes and longitudes, peaking over the tropics and subtropics, its 
amplitude can be exceeded during strong El Nino/La Nina events. Over the eastern tropical Pacific 
Ocean the interannual variance of CCC which can be explained by ENSO is about 6.8% and it is 
~2.3 times larger than the amplitude of the annual cycle. Natural long–term trends in the tropics are 
generally small (about –0.3% cloud cover per decade) and possible manmade trends in those re-
gions are also small. The contributions of NAO and QBO to the variance of CCC in the tropics are 
also small. In the northern mid–latitudes, on the other hand, the effect of NAO is more significant 
and can be very important regionally. Over northern Europe and the eastern part of the North Atlan-
tic Flight Corridor (NAFC) there is a small positive correlation between CCC and NAO index dur-
ing the wintertime of about 0.3. In this region, the interannual variance of CCC explained by NAO 
is 2.6% and the amplitude of the annual cycle is 3.1%. Long–term trends over this region are about 
+1.6% cloud cover per decade and compare well with the observed manmade trends over congested 
air traffic regions in Europe and the North Atlantic as have been evidenced from earlier findings. 

1 INTRODUCTION 

Large–scale natural fluctuations such as the El Nino/Southern Oscillation (ENSO) and North Atlan-
tic Oscillation (NAO) are known to alter the distribution and natural variability of various atmos-
pheric parameters (i.e. temperature, precipitation) including cloudiness. Their impact, however, on 
the natural variability of cirrus clouds is less well quantified and much less it is known about the 
relative roles of long–term manmade (aviation) trends and natural variability. 

Previous studies examining the effects of El Nino on upper tropospheric cirrus have based their 
results on observations by satellites from space (Sandor et al., 2000; Massie et al., 2000; Cess et al. 
2001). Massie et al. (2000) analysed geographical distributions of aerosol extinction data in the tro-
posphere and stratosphere for 1993–1998 from the Halogen Occultation Experiment (HALOE) and 
showed that during El Nino conditions of 1997 upper tropospheric cirrus increased over the mid–
Pacific and decreased over Indonesia. More recently, Wang et al. (2003) examined the characteris-
tics of cloud distributions with emphasis on cloud longwave radiative forcing during the peak of the 
1997/1998 El Nino in relation to climatological conditions, based on SAGE II measurements. Their 
results indicated above–normal high–altitude opaque cloud occurrence over the eastern tropical Pa-
cific and an opposite situation over the Pacific warm pool, generally consistent with the pattern of 
the tropical sea surface temperature and precipitation anomalies. 

In the present study we calculate the percent of the interannual variance of CCC, caused by 
ENSO, NAO and long–term trends. The results are also compared with observed long–term trends 
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in CCC over congested air traffic regions in Europe and the North Atlantic (Zerefos et al., 2003; 
Stordal et al., 2005; Stubenrauch and Schumann, 2005) to evaluate the significance of the anthro-
pogenic (aviation) effect with respect to the natural variability. 

2 DATA SOURCES AND METHODOLOGY 

The cloud dataset analyzed in this study was produced by the International Satellite Cloud Clima-
tology Project (ISCCP) (Rossow and Schiffer, 1999) and covers the period 1984–2004. Cirrus 
clouds are defined as those with optical thickness less than 3.6 and cloud top pressure less than 440 
mb. In order to avoid artificial satellite cloud retrievals after the Mt. Pinatubo eruption in 1991 (Luo 
et al., 2002) cirrus cloud data taken in 1991 and 1992 were not used in our analysis. 

The effect of ENSO on cirrus clouds has been examined by linear regression analysis between 
monthly mean CCC and Southern Oscillation Index (SOI) in the examined 21–years period. The 
occurrence of decadal–scale changes in cloud frequency in the tropics (Wang et al., 2002) could af-
fect our correlation analysis if they were not taken into account. In order to avoid possible effects 
from decadal changes in cloud occurrence in the tropics, we first removed from cirrus coverage 
variability related to the seasonal cycle and long–term trends for the period 1984–2004 based on the 
following regression model: 

( , ) ( , ) ( , )CCC i j S i j T i j residuals= + +  (1) 

Where i denotes the month and j is the year of CCC and its components, i.e., the seasonal (S) and 
the long–term trend (T). CCC data were deseasonalized by subtracting the long–term monthly mean 
(1984–2004) pertaining to the same calendar month. The residuals from Equation (1) were used as 
input for the correlation analysis between the anomalies of CCC and SOI. The correlation between 
CCC and NAO index has been computed for the winter–months (December, January and February) 
over Europe and the North Atlantic. 

3 RESULTS AND DISCUSSION 

After removing from the time series of cirrus coverage the variability related to the seasonal cycle 
and long–term trends, ENSO signals become dominant over the eastern and western tropical Pacific 
Ocean, determining a significant part of the cirrus cloud interannual natural variability. Figure 1 
shows the correlation coefficients between the deseasonalized and detrended time series of CCC 
and SOI from 60oN to 60oS. Negative correlation suggests large amounts of thin cirrus clouds dur-
ing warm (El Nino) episodes and positive correlation their absence. More analytically, Figure 2 
shows the time series of the anomalies of CCC from 1984 to 2004 versus SOI over (a) the eastern 
tropical Pacific region (10oS–10oN, 80oW–180oW) and (b) the western tropical Pacific region 
(10oS–10oN, 80oE–150oE). From Figure 2 it appears that CCC is strongly anti–correlated with SOI 
over eastern Pacific (R= –0.7) and positively correlated (R= +0.6) over its western part, which prac-
tically confirms the correlation map of Figure 1. The two correlation coefficients are statistically 
significant at the 99% confidence level and suggest that southern oscillation and its associated 
events (warm and cold) play key roles in the distribution and appearance of thin cirrus clouds over 
these locations, explaining about one third to half of their large–scale natural variability. 
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Figure 1. Correlation coefficients between CCC anomalies and SOI from January 1984 to December 2004 in 
the region (60oN–60oS). Only correlation coefficients above/below ±0.3 are shown. 
 
The percent of the interannual variance of CCC explained by ENSO over the two locations was in-
vestigated by reconstructing the time series of CCC from SOI, based on the following linear regres-
sion model: 

( , ) ( , )a SOI i j b reconstructed CCC i j× + =  (2) 

Where a is the slope and b is the intercept of the correlation analysis between the deseasonalized 
and detrended time series of CCC and SOI. The reconstructed time series of CCC at the two loca-
tions is shown in Figure 2 by the lines with grey colour. Although the annual cycle is dominant in 
all latitudes and longitudes, peaking over the tropics and subtropics, its amplitude can be exceeded 
under circumstances of strong El Nino/La Nina events. More specifically, over the eastern tropical 
Pacific Ocean the annual mean CCC is 12.5% and the amplitude of the annual cycle is 3%. This 
means that CCC can range between 15.5% and 9.5%. However, this amplitude can be exceeded 
during strong ENSO episodes. As can be seen from Figure 2, during El Nino 1986/87, La Nina 
1988/89 and El Nino 1997/98 the interannual variance of CCC explained by ENSO is 6.8% and it is 
about 2.3 times larger than the amplitude of the annual cycle. Accordingly, over the western part of 
the tropical Pacific the interannual variance of CCC explained by ENSO is 5.9%, which is about 2.4 
times larger than the amplitude of the annual cycle. 
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Figure 2. (a) Time series of CCC anomalies from 1984 to 2004 and of SOI over the eastern tropical Pacific 
(10oS–10oN, 80oW–180oW). (b) Same as (a) but for the western tropical Pacific (10oS–10oN, 80oE–150oE). 
The lines with grey colour indicate the interannual variance of CCC explained by ENSO (in %). 

 
The other natural oscillation that has been examined as to its effect on CCC is the North Atlantic 
Oscillation (NAO). As it is known, NAO has two phases; a positive and a negative phase. To study 
its effect, Figure 3 shows the correlation coefficients between the deseasonalized and detrended 
time series of CCC and NAO index during the wintertime (December, January and February) in the 
region bounded by latitudes 15oN–65oN and by longitudes 120oW–80oE. The positive correlations 
between CCC and NAO index are shown by light grey colours whereas the negative correlations by 
dark grey colours. The dotted line in Figure 3 bounds the regions where the correlation coefficients 
are statistically significant at the 95% confidence level (Student’s t–test). 

As can be seen from Figure 3, the correlation coefficients of CCC with NAO index consist of 
negative correlations over regions extending from the eastern part of the North Atlantic to the 
Mediterranean (up to –0.5 at some locations) and positive correlations over northern Europe and the 
eastern part of NAFC, explaining part of the cirrus cloud long–term natural variability. Over these 
regions, the correlation coefficients are statistically significant at the 95% confidence level and 
compare well with those observed between VV300 and NAO (not shown here). The negative corre-
lations over the eastern part of North Atlantic and the Mediterranean (25oN–40oN, 30oW–20oE) 
could suggest that when the NAO index is positive, CCC is lower than normal in the area, possibly 
due to enhanced sinking of air masses in the area caused by a stronger than usual high pressure sys-
tem at Azores while less frequent west-east advection of moisture and more cold and dry air pene-
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trations from north to southeast Europe is taking place. As we move to the north, the correlation co-
efficients over northern Europe and the eastern part of NAFC (50oN–65oN, 20oW–10oE) are less 
statistically significant and cover a smaller area when compared to those between VV300 and NAO 
(not shown here). Possibly, this could be explained by the fact that during the wintertime there are 
limited satellite cloud observations by ISCCP over 57o, and in that case our correlation results over 
57o are likely to be underestimated. However, it should be considered that other factors i.e. 
existence of complicated weather conditions and high natural cloud variability during the winter-
time in the area may also mask this issue. 

Figure 3. Correlation coefficients between CCC anomalies from 1984 to 2004 and NAO index during the 
wintertime (December, January and February) in the region (15oN–65oN, 120oW–80oE). 

 
Figure 4 shows the time series of the anomalies of CCC from 1984 to 2004 versus NAO index 

during the wintertime over (a) the eastern part of the North Atlantic and the Mediterranean (25oN–
40oN, 30oW–20oE) and (b) northern Europe and the eastern part of NAFC (50oN–65oN, 20oW–
10oE). From Figure 4 it appears that CCC is anti–correlated with NAO index over the eastern part 
of the North Atlantic and the Mediterranean (R= –0.5, significant at the 95% confidence level) and 
positively correlated over northern Europe and the eastern part of NAFC (R= +0.3, significant at the 
90% confidence level), confirming the correlation results of Figure 3. 

As in the case of ENSO, we also calculated the percent of the interannual variance of CCC ex-
plained by NAO over the two regions by reconstructing the time series of CCC from NAO index 
based on Equation (2). The reconstructed time series of CCC at the two locations is shown in Figure 
4 by the lines with grey colour. More specifically, over the eastern part of the North Atlantic and 
the Mediterranean (25oN–40oN, 30oW–20oE) the amplitude of the annual cycle of CCC is 3.6% and 
the interannual variance of CCC explained by NAO is up to 2.4%. Accordingly, over northern 
Europe and the eastern part of NAFC (50oN–65oN, 20oW–10oE) the interannual variance of CCC 
explained by NAO is up to 2.6% and it is also smaller than the amplitude of the annual cycle (3.1% 
cloud cover). Therefore, in northern mid–latitudes the percent of the interannual variance of CCC 
explained by NAO does not exceed the amplitude of the annual cycle. 

Furthermore, to evaluate the significance of the anthropogenic (aviation) effect with respect to 
the natural variability we have compared our results with manmade long–term trends over Europe 
and the NAFC as evidenced from earlier studies (Zerefos et al., 2003; Stordal et al., 2005; Stuben-
rauch and Schumann, 2005). According to Sausen et al. (1998), at altitude levels around 300 hPa 
regions that are susceptible to the formation of contrails are located more in the extra–tropics than 
over the tropics. Over Europe and the NAFC, flight frequencies and flight consumption are high 
(shown, for example, in Fig. 1 of Zerefos et al., 2003) and situations favourable for contrail forma-
tion have been estimated to occur about 7% over Europe and 5% over the NAFC (Stubenrauch and 
Schumann, 2005). Therefore, over Europe and the NAFC it is possible that cirrus amounts may also 
include persistent contrails and therefore the cirrus trends can be explained not only by natural 
long–term variability, but also by variability in manmade cirrus contrails. According to our find-
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ings, long–term CCC trends in the region (50oN–65oN, 20oW–10oE) are about +1.6% per decade. 
These positive trends are statistically significant at the 95% confidence level and compare well with 
the observed positive manmade trends in cirrus clouds over congested air traffic regions in Europe 
and the North Atlantic (Zerefos et al 2003; Stordal et al., 2005; Stubenrauch and Schumann, 2005). 

 
Figure 4. (a) Time series of CCC anomalies and NAO index from 1984 to 2004 during the wintertime (De-
cember, January and February) over the eastern part of the North Atlantic and the Mediterranean (25oN–
40oN, 30oW–20oE). (b) Same as (a) but for northern Europe and the eastern part of NAFC (50oN–65oN, 
20oW–10oE).The lines with grey colour indicate the interannual variance of CCC explained by NAO (in %). 

4 CONCLUSIONS 

This study analysed globally cirrus cloud data from ISCCP D2 1984–2004 dataset and calculated 
the percent of the interannual variance of CCC explained by ENSO, NAO and QBO. The major 
findings and conclusions can be summarized as follows: 

The variability of cirrus clouds is different over different geographical regions and originates 
from different causes. Although the annual cycle is dominant in all latitudes and longitudes, peak-
ing over the tropics and subtropics, its amplitude is exceeded during strong El Nino/La Nina events. 
Over the eastern tropical Pacific Ocean (10oN–10oS, 80oW–180oW) the annual mean CCC is 12.5% 
and the amplitude of the annual cycle is 3%. However during ENSO, the interannual variance of 
CCC explained by ENSO is 6.8% and it is about 2.3 times larger than the amplitude of the annual 
cycle at these regions. The effects of NAO and QBO on natural cirrus cloudiness in the tropics were 
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found to be small. Natural long–term trends in CCC in the tropics and subtropics are generally 
small (between –0.3% and –0.7% per decade) excluding the south extra tropics where no trends 
have been observed. Possible manmade trends in the tropics are small. 

In the northern mid–latitudes, on the other hand, the effect of NAO is more significant and can 
be very important regionally. More specifically, over the region bounded by latitudes 25oN–40oN 
and by longitudes 30oW–20oE (eastern part of the North Atlantic and the Mediterranean) cirrus 
clouds are negatively correlated with NAO index during the wintertime by about –0.5. Over the re-
gion between 50oN–65oN and 20oW–10oE (northern Europe and the eastern part of NAFC) the cor-
relation is positive (+0.3). Over northern Europe and the eastern part of NAFC the percent of the in-
terannual variance of CCC which is explained by NAO is ~2.6% and it is smaller than the 
amplitude of the annual cycle (3.1% cloud cover). QBO and ENSO were not found to be signifi-
cantly correlated with variations in cirrus clouds in the northern mid–latitudes. The general trends 
in large–scale CCC over the northern mid–latitudes are according to ISCCP negative (–0.4% per 
decade). 

In the region (50oN–65oN, 20oW–10oE) (northern Europe and the eastern part of NAFC) cirrus 
clouds may also include persistent contrails and therefore cirrus trends in those regions can be ex-
plained not only by natural long–term variability, but also by variability in manmade cirrus con-
trails. Over these regions, long–term trends in CCC are about +1.6% per decade and are statistically 
significant at the 95% confidence level. These trends compare well with the observed positive 
manmade trends in CCC over congested air traffic regions in Europe and the North Atlantic (Zere-
fos et al 2003; Stordal et al., 2005; Stubenrauch and Schumann, 2005). 
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ABSTRACT: A preliminary sensitivity analysis on contrail evolution out to 1000 seconds has been 
performed using 3-D high-resolution large-eddy simulations to solve the wake and plume develop-
ment, coupled with a binned ice microphysics model. The aircraft wake dynamics in the first few 
minutes can have profound effects on the properties of the resulting persistent contrails. This occurs 
both through its governing of the initial plume dispersion and through the loss of a significant frac-
tion of the ice crystals due to adiabatic heating in the falling wake plume, even at large ambient su-
persaturation levels. Effects of both atmospheric and aircraft parameters are investigated including 
relative humidity with respect to ice, ambient stratification, wind shear, and the effective ice crystal 
emission index. It is shown that the use of binned microphysics can have a significant impact on the 
prediction for the contrail evolution. The use of the binned microphysics also allowed the simula-
tions to capture a late-time crystal loss due to buoyant oscillations of the plume.  

1 INTRODUCTION 

Aircraft contrails have gained renewed interest in recent years due to the possible climate impact. It 
has become increasingly clear that for some conditions aircraft contrails can persist and grow into 
significant cloud cover that might otherwise be confused with natural cirrus (Minnis, 1998}. It is 
not uncommon for portions of the upper troposphere to be highly supersaturated with respect to ice 
and yet be cirrus free until the passage of an aircraft seeds its formation. The projected large in-
creases in air traffic in the coming decades and potential impact of increased cloud cover on global 
climate change has led to a growing realization of the importance of understanding the formation, 
properties, and effects of persistent contrails (Penner et al., 1999).  

Contrail formation and evolution is not simply a matter of fuel consumption and atmospheric 
conditions. It is a complex process involving many properties of the ambient atmosphere, the air-
craft, and dynamics ranging on length scales from nanometers for the ice microphysics to kilome-
ters for late time atmospheric dispersion. The specific goal of the current research is to investigate 
the impact of various atmospheric and aircraft parameters on key metrics of contrail evolution from 
ages of a few seconds out to 1000 s. Large-eddy simulations (LES) with a binned microphysics are 
employed, extending an earlier LES study with bulk microphysics (Lewellen and Lewellen, 2001). 

2 MODEL AND SIMULATION OVERVIEW 

Accurately capturing the wake fluid dynamics and its effects on passive species dispersion are im-
portant components in correctly modeling contrail evolution. If there were no ice crystal loss, then 
the local ice crystal number density evolution would be determined (for given distribution at some 
early time) solely by fluid dynamic advection, until sedimentation became important. For most of 
this evolution the local ice mass never strays far from equilibrium conditions so it is governed by 
fluid dynamic mixing as well. Generally there will be some ice crystal loss due to adiabatic heating 
when parcels descend significantly (Lewellen and Lewellen, 2001; Sussmann and Gierens, 1999) - 
again a direct consequence of the fluid motions. 
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To reasonably model the dispersion of the engine exhausts and the basic features of the wake 
vortex evolution (i.e., how long the vortices persist, how far they drop, and how rapidly the wake 
volume increases) 3-D high resolution large eddy simulations are used. The model and run proce-
dures are ones employed extensively in previous wake and contrail studies (Lewellen and Lewellen, 
2001, 1996). The LES is a finite difference implementation of the incompressible Navier-Stokes 
equations with the Boussinesq approximation on stretched and staggered grids and second-order ac-
curate in time and space. A piecewise parabolic model (PPM) algorithm is used for the advection of 
scalars. For the simulations presented in this paper the grids used were on the order of 2.5 million 
grid points with the finest resolution of 0.4 m and domain sizes up to 1.6 km. Grid independence 
studies with both finer and coarser resolution showed similar results. 

The contrail code has both a bulk and binned option for handling the ice microphysics required 
for contrail development. The bulk ice microphysics parameterization is a relatively simple model 
(Lewellen and Lewellen, 2001) and therefore less costly (computationally) than the binned micro-
physics. In the binned version, the ice microphysics were improved by incorporating components of 
the NASA Ames Community Aerosol and Radiation Model for Atmospheres, or CARMA (e.g. Jen-
sen et al., 1998). Diffusional growth/sublimation, sedimentation, buoyancy due to latent heat re-
lease, and perturbation pressure effects are included in both models. 

The contrail simulation is initialized from a 2-D Boeing wake roll-up calculation generated with 
a Spalart-Allmaras (Spalart and Allmaras, 1992) turbulence model and taken at one second down-
stream of the B-767 aircraft. The fluid velocities and a passive exhaust tracer are then interpolated 
onto the contrail grid. The passive tracer is used to distribute the perturbation temperature, as well 
as the ice crystal and engine water distributions, based on the fuel flow rate, the assumed propulsion 
efficiency (30%), and appropriate emission indices. Separate LES simulations are used to generate 
ambient turbulence fields that are added to the contrail field. 

Parameter variations are explored starting from the following base case: a wake from a B-767, 
flying at Mach = 0.8, initialized at one second; assuming fuel flow rate and effective ice crystal 
number emission index of F = 5.6 kg/km and 1510=iEI  (number/kg of fuel); for ambient condi-
tions at flight altitude of no mean wind shear, stable stratification given by a potential temperature 
gradient of 2.5 K/km, pressure P  = 250 hPa and temperature T  = 220 K, and relative humidity 
with respect to ice iRH  = 110%; simulated with the binned microphysics with a mass ratio between 
successive ice bins of 3.0, a smallest crystal radius of 50nm, and initial crystal radius of 0.2 μm. 

3 RESULTS 

In the following we consider in turn how different variables affect contrail metrics such as total ice 
crystal number and total ice mass per length of flight path. When comparing results from parameter 
variations, it should be noted that different turbulent realizations produce variations on the order of 
~10% (e.g. in ice crystal number density, N(t)), which should be used in judging the significance of 
the differences.  
3.1 Bulk vs. Binned Microphysics and RHi 
Figure 1 shows the total ice crystal number (N(t) per meter of flight path) at two different ambient 
supersaturation levels with either the bulk or binned microphysics and illustrates why the added 
computational cost of the latter is required for many purposes. These results show a dramatic differ-
ence in the fraction of crystals lost during the descent of the vortices for the bulk and binned mod-
els. Since these crystals are never recovered, this leads to significant differences in contrail proper-
ties (e.g., optical depth or mean crystal size) that will persist in time. For the total ice mass and its 
vertical distribution, the results show only modest differences between the bulk and binned micro-
physics; these measures are largely governed by the evolution of the plume volume. There is a good 
physical reason for the greater crystal loss with the (physically more accurate) binned microphysics. 
As the vortex system falls there is a competition between the temperature rise due to adiabatic com-
pression evaporating the ice crystals, and the mixing with the moist ambient air favoring growth. In 
the binned microphysics the smaller crystals within a parcel will sublimate away before the mean 
size crystal for that parcel would; indeed the mixing rates into that parcel for that period might be 
sufficient that the mean size crystal survives.  
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Figure 1. Changes in total ice crystal number as a function of time for B-767 at baseline conditions. Thin 
lines indicate bulk microphysics, thick lines binned microphysics. RHi = 110% (solid lines) and RHi = 130% 
(short dash). 
 

The effects of iRH  were previously shown in Lewellen and Lewellen (2001) for the bulk model. 
With the binned microphysics, there is crystal loss due to adiabatic heating even for the higher iRH  
value of 130%; the bulk model shows no crystal loss at this relative humidity level. As expected, 
the higher iRH  value produces less overall crystal loss and more total ice mass than the 110% case, 
but note that the crystal loss for the 130% binned case is greater than the 110% bulk case. 
Figure 2 shows the cross-stream integrated drift plots of ice crystal number density for iRH  of 
110% and 130%. The drift plot format was described by Lewellen, et al. (1998) and is inspired by 
scanning lidar measurements of wakes. The wake is sampled as if it were being advected at a steady 
rate by a mean wind aligned with the contrail. The horizontal axis in each case then varies over time 
as well as downstream distance, providing both temporal evolution and spatial structure. The 110% 
case loses a large portion of the bottom of the plume as compared to the130% case where a larger 
portion survives the descent of the vortices. 

Figure 2. Drift plot of downstream space/time versus height of cross-stream integrated ice crystal number for 
B-767 contrail (binned microphysics) with iRH = 110% (top) and 130% (bottom). 
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Figure 1 also has another point of interest with respect to the binned results. For both iRH  cases 
there is some late-time crystal loss which occurs well after the vortex system has died out. There is 
a buoyant “sloshing” of the wake plume that dominates the dispersion from the time of vortex de-
mise (~200 s in the present case) out to ~2 Brunt-Väisälä periods. The bottom of the plume, which 
by 200 s has acquired significant positive buoyancy, buoyantly rises, overshoots its equilibrium 
level and then falls again. This second downward cycle (from ~500-800 s) is apparently the origin 
of the secondary crystal loss seen, again due to adiabatic heating of the descending parts of the 
plume. The Brunt-Väisälä oscillations can clearly be seen in Figure 3, showing results out to 1000 
s. This second round of crystal loss requires a competition between different size crystals and there-
fore was not found in the earlier bulk microphysics study.  

Figure 3. As in figure 2, but for B-767 at iRH = 110% showing cross-stream integrated ice mass (top) and 
ice crystal number (bottom) out to 1000 s. 

3.2 Ice Binning and Initialization Choices 
Extensive studies were performed to ensure both proper initialization of the ice and proper selection 
of the binning parameters. Simulations showed that the contrail development was insensitive to the 
initial bin placement (within reasonable limits). The sensitivity to the uncertainty in the spatial dis-
tribution was tested and the results showed only modest changes to the contrail properties given 
sizable changes in distributions. Tests indicate that in cases similar to the present results, a bin mass 
ratio of 3.0 is likely the upper limit for adequate bin resolution. Simulations were also performed 
with a mass ratio of 2.5 which showed good agreement. The selection of the number of bins was 
based on the requirement that ice crystals do not pile up in the largest bin when atmospheric condi-
tions dictate that continued growth is possible. The required number of ice bins ranged from 20 to 
22, for iRH  of 110% and 130%, respectively, given a mass ratio of 3.0 and minimum radius of 50 
nm; this corresponds to maximum crystal radii of 53 and 109 μm. At t = 1000 s, the use of these 
settings showed the largest two bins would either have no ice crystals or only be populated at a neg-
ligible level. 
3.3 Ambient Stratification 
For the baseline cases, the ambient potential temperature stratification was set to 2.5 K/km. Contrail 
simulations were also run with the stratification set to 1.0 and 10.0 K/km. In past work (Lewellen 
and Lewellen, 2001) it was found that increasing the stratification leads to an increase in detrain-
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ment, a decrease in the vertical plume size (stratification fights against the drop of the vortices), and 
a dampening of the late-time buoyant sloshing. Figure 4 shows N(t) at the three different lapse rates 
with iRH  equal to 110%. The largest level of stratification has the greatest number of remaining 
ice crystals due to the decrease in total descent (~150 m compared to ~340 m), and hence less 
evaporation due to adiabatic heating. The figure also shows that the late-time crystal loss occurs 
earlier for the highest stratification level due to the reduced Brunt-Väisälä time scale. 

Figure 4. Effects of ambient stratification on contrail evolution for B-767 at iRH  = 110% with potential 
temperature gradients of 1.0 (short dash), 2.5 (solid line), and 10.0 K/km (long dash). 

3.4 Cross-Stream Wind Shear 
The cross-stream shear simulations apply a linear vertical wind shear (du/dz) that is perpendicular 
to the wake axis. Weak shear levels have little effect on the vortex dynamics. The primary differ-
ence comes in the appearance of the contrail since the cross-stream shear will horizontally smear 
the ice plume. Higher levels of cross-stream shear can significantly alter the baseline vortex dynam-
ics. For the counter rotating vortex pair, one of the vortex cores will decay quicker since its vortic-
ity has the opposite sign to that of the cross-stream shear vorticity, while the other vortex core will 
have its decay delayed. Even at high levels of cross-stream shear, the Crow instability can be the 
dominant decay mode for the vortex system, as long as the shear time scales are larger than the vor-
tex dynamics time scales, which is the case for the shear levels considered here. Only modest dif-
ferences are found in N(t) between the shear and no shear cases. The temporal evolution of the total 
ice mass shows a more dramatic difference (figure 5). The cross-stream shear case has a ~30% 
higher ice mass at 200 s (approximate end of vortex lifetime) than the non-shear case. These differ-
ences continue to grow at later times as the cross-stream shear leads to increased mixing with ambi-
ent supersaturated air. 

Figure 5. Effects of wind shear on total ice mass as a function of time for B-767 at iRH = 110% with no 
shear (solid line) and cross-stream wind shear of 0.01/s (short dash). 
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3.5 Aircraft Parameters 
A key aircraft parameter was also varied to investigate the effects on contrail evolution: assumed 
ice crystal emission index (EIi). Simulations were conducted with EIi an order of magnitude larger 
or smaller than the baseline value. Decreasing EIi increases the average crystal size, causing a 
higher fraction of the crystals to survive. Thus an order of magnitude decrease in EIi leads to a 
much less than order of magnitude decrease in N(t) at late times. An increase in EIi has the opposite 
effect; a larger fraction of ice crystals are lost to evaporation. Both trends are due to a competition 
for available moisture. Decreasing the number of initial crystals decreases the competition for mois-
ture and hence a larger percentage of the crystals can grow large enough to survive the adiabatic 
heating phase. Increasing the number of initial crystals causes a greater competition for the mois-
ture, which results in the ice crystals being more susceptible to evaporation. More work is needed to 
evaluate the sensitivity of these results to varying ambient conditions. 

4 CONCLUSIONS 

High-resolution LES has been coupled with binned ice microphysics to explore the sensitivity of 
contrail evolution to atmospheric and aircraft properties. There were significant differences seen 
with the binned microphysics as compared to the bulk model, primarily an overall difference in 
crystal loss, which will have a lasting impact on the late-time contrail properties such as radiative 
forcing. The simulations also demonstrated a previously undocumented late-time crystal loss that is 
only captured with a binned microphysics. The temperature stratification and wind shear results fol-
low the trends shown in some past studies, but have now been obtained with LES using binned mi-
crophysics. Variation of the ice crystal emission index demonstrated the competing effects among 
crystal number, crystal size and the potential loss to evaporation. A more extensive sensitivity study 
varying aircraft type, EIi, ambient pressure, temperature, humidity and wind shear and following the 
contrail development out to later times is ongoing and will be presented in future work. 
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ABSTRACT: The perturbation of a cloud layer by ship-generated aerosol changes the cloud reflec-
tivity and is identified by elongated structures in satellite images, known as ship tracks. As ship 
tracks indicate a pollution of the clean marine environment and also affect the radiation budget be-
low and above the cloud, it is important to investigate their radiative and climate impact. In this 
study we use satellite data to examine the effects of ship tracks on a particular scene as well as on 
the global scale. The cloud optical and microphysical properties are derived using a semi-analytical 
retrieval technique combined with a look-up-table approach. Within the ship tracks a significant 
change in the droplet number concentration, the effective radius and the optical thickness are found 
compared to the unaffected cloud. The resulting cloud properties are used to calculate the radiation 
budget below and above the cloud. Local impacts are shown for a selected scene from MODIS on 
Terra. The mean reflectance at top of atmosphere (TOA) is increased by 40.8 Wm-2. For a particular 
scene chosen close to the West Coast of North America on 10th February 2003, ship emissions in-
crease the backscattered solar radiation at TOA by 2.0Wm-2, corresponding to a negative radiative 
forcing (RF). A global distribution of ship tracks derived from one year of AATSR data shows high 
spatial and temporal variability with highest occurrence of ship tracks westward of North America 
and the southwest coast of Africa, but small RF on the global scale. 

1 INTRODUCTION 

Emissions from ships significantly contribute to the total budget of anthropogenic emissions. The 
principal exhaust gas emissions from ships include CO2, NOx, SOx, CO, hydrocarbons, and particu-
late matter (Eyring et al., 2005). Compared to other transport modes, the sulphur content of the fuel 
burned in marine diesel engines and the total amount of SOx emissions is high. The average sulphur 
fuel content of today’s world-merchant shipping fleet is 2.4% resulting into a large amount of SO2 
and particulate matter emission totals (EPA, 2000). 

The SO2 and particle emissions from ships change the physical properties of low clouds. This is 
the so-called indirect aerosol-effect, which has been observed in satellite data in many studies (e.g., 
Conover, 1966; Twomey et al., 1968; Radke et al., 1989). The natural number of cloud condensa-
tion nuclei is limited and reflected in larger droplets and a smaller droplet number concentration in 
low-level stratiform clouds over the ocean compared to continental clouds. In case of injection of 
additional aerosols, the changes of the aerosol concentration and amount result in a change in the 
droplet number concentration within the cloud (Facchini et al., 1999), depending on the solubility 
and size of the injected aerosol particles. Particles and their precursors from ship emissions are able 
to act as cloud condensation nuclei (CCN) in the water vapour saturated environment of the mari-
time cloud or can change the surface tension due to the solubility. Especially the high sulphur con-
tent of the fuel may be an important factor for the modification of clouds, because the resulting SOx 
is able to act as CCN. Amount and size of these particles depends on the fuel and also the kind of 
combustion, but can possibly result in a higher droplet concentration (Twomey et al., 1968; 
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Twomey, 1974) and consequently in a change of reflectivity of the maritime cloud. The increased 
reflectivity is even higher in the near infrared, because here, the ratio of absorption to scattering is 
strongly depending on the droplet size (Coakley et al., 1987; Kokhanovsky et al., 2004). In this 
study the modification of clouds and the influence of the ship exhaust on the radiation budget of a 
given scene are examined. Full details can be found in Schreier et al. (2006) and only a brief sum-
mary is presented here. Satellite data are also used to retrieve cloud properties and their modifica-
tions due to ship emissions on the global scale. 

2 METHODS 

2.1 Cloud properties retrieval 
A new algorithm has been developed that combines the semi-analytical cloud retrieval algorithm 
SACURA (Kokhanovsky et al., 2003) and look-up-tables (LUTs) for thin clouds calculated with the 
libRadtran radiative transfer package (Mayer and Kylling, 2005). An advantage of the new algo-
rithm is that it can be applied to different satellite instruments with channels in the near infrared 
(e.g. Terra-MODIS, AATSR). 

The optical and microphysical parameters of the cloud were derived from the 0.9 μm and 1.6 μm 
channels for MODIS and AATSR. 1.6 μm was selected because the smaller absorption of liquid 
water enables more accurate results for the SACURA-retrieval. The two cloud retrieval algorithms - 
SACURA and LUTs - are different, but both derive the cloud optical thickness and also the effec-
tive radius reff, defined by the ratio of the third to second moment of the particle size distribution 
and therefore indicating a change of the ratio of volume to surface in the particle size distribution. 

The columnar droplet number concentration for both retrievals is calculated via effective radius 
and cloud optical thickness by assuming a gamma droplet size distribution with a coefficient of 
variance of 0.37. Calculations of droplets per volume (N) were performed using a hypothetical ver-
tical homogeneous cloud of a thickness 500 m, which is a reasonable value for low marine strati-
form clouds. 
2.2 Estimating impact on the radiation field 
The derived optical parameters were used to estimate changes in solar radiation for the areas below 
and above the cloud as well as the thermal outgoing radiation by radiative transfer calculations. Op-
tical thickness and the effective radius have been applied to create look-up-tables for the solar flux 
via the radiative transfer code libRadtran (Mayer and Kylling, 2005), by using the built in k-
distribution by Kato et al. (1999) to calculate integrated solar irradiance with the solver disort2 
(Stamnes et al., 1988) for the wavelength range of 0.24 μm to 4.6 μm. The down-welling irradiance 
at the surface and the up-welling flux at TOA were calculated for the mid-latitude winter atmos-
phere. The different distributions of cloud optical properties were considered by using these look-
up-tables to calculate the solar flux for every pixel and taking into account the local solar zenith an-
gle. The cloud top height was chosen to be 1000 m and the cloud-bottom height was 500 m. The op-
tical properties of the clouds were calculated according to Mie theory. The mean values for all low-
cloud-pixels, ship-track-pixels and no-track-pixels were determined, to estimate the impact of ship 
tracks on both, the solar radiation at the surface and the backscattered radiation at TOA. 

3 ANALYSIS OF SHIP A TRACK SCENE 

A particular and adequate satellite scene from Terra-MODIS (King et al., 1995) was selected to 
show local impacts. The scene from 10th February 2003, close to the West Coast of North America 
(153°W to 120°W and 40° N to 60° N), exhibits a number of anomalous cloud lines in the strati-
form clouds over the ocean. 
3.1 Cloud properties 

The cloud retrieval algorithm (section 2) was used to calculate optical and microphysical parame-
ters of low clouds (Fig. 1). A significant decrease of the average effective radius from 12 μm to 6 
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μm is visible across the ship-track-pixels (Fig. 1a). The optical thickness of unpolluted clouds is 
about 20 to 30 and is increasing in the track up to 45 and higher (Fig. 1b). Also the change in the 
droplet number concentration from around 100 cm−3 up to 800 cm−3 is substantial (Fig. 1c). Table 1 
summarizes the mean values of the various parameters for all low-cloud-pixels, ship-track-pixels 
and no-ship-track-pixels. The decrease in the effective radius from 13.2 to 10.1 μm for the area is 
evident and also an increase in cloud optical thickness from 20.7 up to 34.6 is observed. There is 
also an obvious increase of droplet number concentration from 79 to 210 cm-3. 

Table 1. Mean values of cloud parameters for all low-cloud-pixels, ship-track-pixels and no-ship-track-pixels.. 

 Low-cloud-pixels No-ship-track-pixels Ship-track-pixels 
Effective radius (µm) 13.0 13.2 10.1 
Optical thickness 21.4 20.7 34.6 
Droplet number (cm-3) 85 79 210 

Figure 1: Effective radius (a), cloud optical thickness (b) and concentration of particles (c) (cm−3) derived 
from the MODIS channels 2 and 6 for the analysed scene. From Schreier et al. (2006). 
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3.2 Radiative Effects 
To separate the impact of changes in cloud parameters from ship tracks on the radiation field with-
out the uncertainties represented by the solar zenith angle variations, radiative transfer calculations 
were performed assuming a mean solar zenith angle of 63° for all pixels. The calculated values now 
only depend on the cloud optical properties, as the influence of a varying solar zenith angle has 
been eliminated. 

Assuming a constant solar zenith angle, at TOA, ship-track-pixels reflect 40.8Wm−2 more than 
the no-ship-track-pixels. The amount of ship-track-pixels in the scene is 6.7%. The net radiative ef-
fect of the change in cloud properties due to ships for the particular scene is estimated by calculat-
ing the difference of the absolute radiation values between all low-cloud-pixels (Elow−cloud) and the 
no-ship-track-pixels (Eno−ship−track). According to these values, the solar radiation at the surface is re-
duced on average by 2.1Wm−2 by the ship emissions and additional 2.0Wm−2 are reflected back at 
TOA.  

4 GLOBAL DISTRIBUTION OF SHIP TRACKS 

The global distribution of ship tracks is derived from data of the AATSR (Advanced Along Track 
Scanning Radiometer) instrument aboard the European ENVISAT satellite for the year 2004. 

To select scenes dominated by low clouds over ocean, we applied the following criteria: (1) ex-
cluding clouds over land via the terrain height, (2) distinguish between ocean and clouds by the re-
flectance of a channel in the short wavelength and (3) estimation of cloud top height with the help 
of the 11µm channel. The remaining scenes include ‘very low clouds’, which were further exam-
ined and the scenes that included ship tracks were used to estimate the global coverage of ship 
tracks with a resolution similar to the International Cloud and Climate Project was calculated. 

The results show highest occurrence of ship-tracks over the Northern Pacific and the Northern 
Atlantic (up to 0.2%). A comparable high amount of ship-tracks is also found at the Western Coast 
of Africa and in the Northern Atlantic. In addition to large regional variations, large seasonal varia-
tions have been found, with most ship-tracks occurring in springtime and in summer, and only few 
in wintertime and autumn. 

Calculation of the increased backscattering compared to the surrounding for fixed solar zenith 
angle show most values are around 40Wm-2. This indicates an increased cooling of the atmosphere 
on regional scale. On global scale, the estimations for radiative forcings show values smaller than -
1 mWm-2, which is small compared to other radiative forcings. 

5 CONCLUSIONS 

On the basis of a particular satellite scene it has been shown that ship emissions modify existing 
clouds on a regional scale by decreasing the effective radius, while they increase droplet concentra-
tion and optical thickness (Schreier et al., 2006). The results agree with the theory and experiment 
(Öström et al., 2000; Hobbs et al., 2000): Low clouds of the maritime boundary layer have less 
cloud condensation nuclei than clouds over land; in consequence, this results in larger droplet radii 
for similar water content and dispersion of droplet size distributions. Injection of aerosols and their 
pre-cursors by ships results in more CCNs causing the mean droplet radius to decrease and the 
droplet number concentration to increase. The derived parameters were used to calculate changes in 
the radiative energy budget below and above the cloud. The mean values show an increase of 
40.8Wm-2 at TOA. If the whole low-cloud area with 6.7% ship-track-pixels is taken into account, an 
increase of 2.0Wm-2 in backscattered solar radiation was found, when assuming a constant solar ze-
nith angle of 63° for the scene. Full details of this study can be found in Schreier et al. (2006). 

The global distribution of ship tracks shows high occurrence over the Northern Pacific and the 
West Coast of Africa. A first estimate of the global impact of ship tracks result in only small radia-
tive forcings compared to other ship-induced RFs. However, due to large seasonal and spatial varia-
tions ship tracks can impact the climate locally.  
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ABSTRACT: Estimates of radiative forcing contributions from aircraft have raised concerns about 
the impacts of contrails and aviation-induced cirrus on climate. Increasing demand for aviation will 
further increase the incidence of contrails. This paper describes the assessment of a method for es-
timating the formation of contrails. The method couples radar-based flight trajectory information 
with hourly meteorological data. Estimates of persistent contrails were compared to results obtained 
from NASA satellite images. For the one week time period we considered, the contrail model cou-
pled with measured aircraft flights tracks did not accurately estimate the occurrence of persistent 
contrails. This was due both to a limited ability to identify contrails in the satellite images (as a ba-
sis for validating the methods) and to uncertainties in the meteorological data and the contrail mod-
eling methods. 

1 INTRODUCTION 

Estimates of radiative forcing contributions from aircraft have raised concerns about the impacts of 
contrails and aviation-induced cirrus on climate (IPCC 1999). Within four to six hours after initial 
formation, contrails, if they persist, may evolve into aviation-induced cirrus. In a study of one re-
gion in Europe, contrails were estimated to produce a local annual mean radiative forcing of 0.23 
W/m2 (Stuber et al., 2006). The global and annual average forcing was recently estimated to be 0.01 
W/m2 (Sausen et al., 2005). 

There are currently only limited capabilities for evaluating the extent and effects of global con-
trail coverage. Examples of other work in this area include Williams et al. (2005) who analyzed fuel 
burn and carbon dioxide penalties as a function of contrail reduction, and Minnis et al. (2004), who 
described a method to calculate whether a contrail will form and persist along certain routes. Both 
of these studies used the Appleman criteria (1953) to determine whether or not a contrail will form 
and persist, and the method presented by Schumann (2000) to relate the thermodynamic conditions 
in the aircraft plume to the overall propulsive efficiency. Duda et al. (2005) improved upon Min-
nis’s method by using flight data to compute air traffic density. A recent paper by Mannstein, 
Spichtinger, & Gierens (2005) studied high resolution vertical radiosonde meteorological data, and 
calculated the potential reduction of contrails by a small change in flight altitude (0 to 1000ft).  

This paper presents the assessment of a method for estimating contrail formation and persistence. 
The method couples radar-based flight trajectories with assimilated meteorological data. The 
method is assessed through a direct comparison of contrail estimates to satellite imagery.  

2 NUMERICAL MODEL 

2.1 Aviation System Model 
To estimate contrail formation, an aircraft model is needed to estimate aircraft overall propulsive 
efficiency and the emissions index of water. Note that contrail formation does not change greatly as 
a function of fuel burn (being more significantly influenced by local atmospheric conditions). How-
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ever, an accurate aviation system model is needed to examine the extent of contrail coverage. This 
study used the fuel burn and emissions module of the FAA’s System for assessing Aviation’s 
Global Emissions (Kim et al. 2006a, Kim et al. 2006b).  

SAGE accepts flight tracks from Enhanced Traffic Management System (ETMS) radar data and 
therefore contains detailed temporal and spatial information for most of the flights over the conti-
nental United States. These flights are processed through the SAGE model, which consists of indi-
vidual modules (e.g. aerodynamics, engine thrust, etc.) that interact to create a fuel burn estimate. 
SAGE can therefore calculate the overall propulsive efficiency of each aircraft along the flight tra-
jectory. For the purposes of this research, we examined 54,000 United States continental flights. 
Sensitivity to aircraft performance modelling was addressed and is discussed in Klima, (2005).  
2.2 Meteorological Data 
The Rapid Update Cycle (RUC) is an atmospheric prediction system comprised primarily of a nu-
merical forecast model and an analysis system to initialize that model ([http://ruc.noaa.gov]). The 
RUC has been developed to serve users needing short-range weather forecasts. RUC runs opera-
tionally at the National Centers for Environmental Prediction (NCEP). Archived RUC data were 
obtained from a United States program called the Atmospheric Radiation Measurement Program 
(ARM, [http://www.arm.gov/]) for dates November 12-18, 2001 (to match available satellite im-
agery/contrail mask data) and October 2000 (to match available fuel burn data). This study used 
40km resolution data so that its output could be compared to that of NASA Langley (Duda 2003, 
Minnis 2004). See Klima (2005) for implementation details. 

Satellite data were provided by NASA Langley for the hours of 17-24 Universal Time Conver-
sion (UTC) for the week of November 12-18, 2001. One set of data were satellite infrared radiances 
(IR) from the Sun-synchronous NOAA-16 Advanced Very High Resolution Radiometer (AVHRR) 
1-km imager, 10.8 & 12 μm bands (Figure 1, right). Another set of data were contrail masks (Figure 
1, left). The satellite data sets for deriving the contrail coverage consist of the NOAA-16 data and 
multispectral 1-km data from the MODerate Resolution Imaging Spectroradiometer (MODIS) on 
the Terra satellite (Duda, 2003). NASA Langley researchers applied Mannstein’s algorithm (1999) 
to identify contrails in the satellite imagery. Filtering methods were provided by NASA Langley, 
and consist of removing points a) outside the satellite image range, and b) near the edges of the im-
age where curvature is high (scan angle magnitude is more than 50°). 

Figure 1 - NOAA-16 satellite image (left) and matching contrail mask (right, white pixel indicates contrail 
formation), November 18, 2001 1888 UTC. Note that the satellite image is reversed from east to west. This 
occurs due to the direction the satellite passes overhead. 
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2.3 Contrail Model 
The aircraft type-specific emissions index of water and the type-specific engine efficiency are re-
ported by SAGE along each chord of the radar trajectory. Then, the temporally and spatially match-
ing relative humidity for ice (RHi) is obtained from the meteorological data sets. The method used 
to estimate the formation of contrails is based on the methods of Appleman (1953) and Schumann 
(2000).  

We implemented this model using an empirical saturation curve (Sonntag, 1994) and the derived 
mass-averaged moist air specific heat (Klima, 2005). Given gridded meteorological conditions, air-
craft fuel burn, aircraft engine overall efficiency, and fuel characteristics, this model can be used to 
calculate whether a contrail will form or persist at each location in along the flight path. It reports 
contrail formation as percentage of distance traveled, and differentiates between contrails forming 
in clouds and in clear skies (if RHi >75%, the area is assumed to be a cloud). A first-order advec-
tion model is applied to the contrails to account for their change in location over time. 

Due to the complexity of contrails (see for example, Atlas et al., 2006), several characteristics 
were not addressed. First, we did not estimate the time evolution of the shapes/sizes of contrails. 
Second, we did not address sub-grid scale variability in meteorological data. Third, optical depth 
and radiative forcing were not addressed in this study. Fourth, overlapping contrails were ignored 
due to the small average width of contrails (satellite images indicate less than 10km) and the small 
regions of ice-supersaturation. Fifth, we assumed winds are invariant from time of contrail forma-
tion. Sixth, the evolution of contrails into aviation-induced cirrus cloudiness was beyond the scope 
of this study. Finally, the environmental effect of contrails was not addressed.  

3 RESULTS 

Since contrail identification is integral to comparison of actual and model-predicted contrails, a 
brief description of the contrail identification method is necessary. Young contrails have a smaller 
crystal size than natural clouds, and hence have a higher IR transmissivity (brightness) in the 
10.8μm image as compared to the 12μm image. Hence a brightness-differencing scheme can be 
used to identify all image pixels which may be contrails: the 10.8μm minus 12μm brightness tem-
perature difference. However, using only a temperature differencing technique could identify singu-
lar pixels, edges of clouds, or ground features. A second property of contrails is their linear struc-
ture, especially at a young age. Hence a linear filter is used. Extended information on processing 
techniques is described by Mannstein et al. (1999). 

There is only limited confidence in the ability of these techniques to identify contrails. Wind 
shear, turbulence and ice particle sizes will affect how the contrail grows and disperses. Young con-
trails (less than about 50 minutes) and weak contrails are too small to be sensed by the satellites, 
and therefore are typically not identified. Older contrails (greater than 2.5 hours) have begun to lose 
their linear features, and so would also not be identified with confidence (Duda, 2003).  

NASA Langley estimate the false alarm rate for identification of contrails using these methods is 
40% (Minnis, 2004). For example, for the satellite images we examined, many of the features iden-
tified as contrails were oriented north-south. Over the continental United States, most of the air traf-
fic is east-west. Since an aircraft is necessary for contrail formation, these were probably false 
alarms. In particular, striated cirrus cloud formations were often misidentified as contrails.  
3.1 Comparison of Contrail Mask to RHi fields  
Theoretically, clouds and/or contrails should sublime at RHi < 100%. Visual comparison of the 
contrail masks to satellite data showed that the linear features with high brightness differences were 
usually either contrails or clouds; they were rarely associated with ground features. Consequently, 
an accurate RHi data set would be expected to have RHi > 100% in most areas identified as con-
trails (whether these areas corresponded to contrails or striated cirrus cloud formations). Contrail 
mask data from the satellite images and modeled contrail estimates were transferred into specific 
latitude and longitude points. Next these figures were overlayed on RHi images. Figure 2a shows 
the contrail mask data on November 12, 2001 at 1996 hours, universal time. Note that this figure is 
filtered to contain only the region of data present in the satellite image (filter denoted by crosses). 
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Visual examination of Figure 2a shows that contrail pixels appear in areas of RHi < 100%. Similar 
results were obtained for the other days examined. We then calculated the fraction of contrail mask 
pixels that would appear in the CONUS region (at 10973m, 36000ft altitude) given a variable RHi 
threshold. Based on this calculation, we determined that roughly 60-90% of the contrail pixels were 
misidentified. This result reflects the inability of the meteorological model to predict supersatura-
tion. This exercise demonstrates that the RHi fields, although perhaps representative of the large 
scale features, did not accurately capture the atmospheric conditions on the days we examined.  

Figure 2 – 11/12/2001 hr 1996, RHi hour 19 field  A) Filtered contrail mask. Contrails (47N 100W) caused 
by incorrect RHi field (temporally changing). Contrails (32N 110W) caused by threading B) Flights exam-
ined C) Filtered contrail estimation.  

3.2 Comparison of contrail model and satellite image mask results 
Comparisons were made for 53,844 U.S. continental flights performed during the week of Novem-
ber 11/12-18, 2001. Figure 2b shows the set of continental flights that temporally match the contrail 
mask image. Areas of contrail formation are generally consistent between the satellite images and 
the model estimates (see Figure 2a and Figure 2c). Where the images are not consistent, the esti-
mated contrails match well with areas of high RHi in the meteorological data. The discrepancies 
can be attributed to the following reasons: 
- Inability to represent RHi gradients with altitude – In the figure we overlay the contrail estimates 

(from throughout the atmosphere) on meteorological data from one altitude level. 
- Incorrect RHi fields – The RHi fields in the meterological data are imperfect reconstructions of 

the true RHi fields.  
- Misidentification of striated clouds and ground features as contrails. There are also regions 

where the clouds are so thick that contrails are not identified.  
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- Incorrect contrail advection – A shearing of contrails will appear due to a combination of aircraft 
traveling the same route and wind advection; a better contrail advection model may more cor-
rectly locate these contrails. Wind shear, turbulence, contrail precipitation, and stratification will 
all be important in determining how a contrail evolves.  

- Insufficient flight data – Recall that this study examined commercial, continental U.S. flights 
only. Neglecting international flights leads to an underestimate of persistent contrails near the 
edges of the United States. This discrepancy does not apply to our example figures, but was 
noted in other results shown in Klima (2005). 

3.3 Contrail Persistence Threshold 
One important parameter in the contrail model is the percent of RHi at which contrails persist. For 
homogeneous nucleation of cirrus clouds, this threshold percent is thought to be 140-160% (Minnis 
2004). However, contrails are formed primarily through heterogeneous nucleation. In the literature, 
the threshold is variously placed at somewhere between 95-105% (Duda 2003). The nominal value 
used in our study was 100%.  

The effect of changing the contrail persistence threshold over the globe was examined. Assum-
ing the RHi data were flawed and the contrail persistence threshold varied from 90-110% RHi (in-
stead of the assumed 100% RHi), one can calculate the change in ground coverage over which con-
trails could form. Based on this analysis, if the contrail persistence threshold was allowed to vary 
from 90-110%, contrail coverage area could vary between 13%166% of the currently estimated 
coverage area. If the persistence threshold was allowed to vary as literature suggests from 95-105% 
RHi (instead of 100% RHi), continental coverage area could vary between 51%-135% of the cur-
rently estimated coverage area.  
3.4 Contrail Length 
The typical length of the estimated contrails was larger than 100km, (several degrees in length), 
while the typical length of the observed contrails was about 50km. This length is much larger than 
the meteorological grid scale resolution, so it is not a reflection of subscale RHi gradients.  

This occurs because the SAGE model uses preprocessed ETMS data; in order to shorten the 
dataset for storage purposes, “chords” are constructed on which the aircraft travels the same direc-
tion and magnitude for a long period of time. The discrepancy between the long predicted contrails 
and the short contrails observed in the satellite images implies that the chord lengths used within 
SAGE need to be shortened - at least to the extent to where they are consistent with length-scales 
observed in the RHi data.  

4 DISCUSSION 

In this paper, we compared estimates of persistent contrails developed using radar-based flight tra-
jectories and assimilated meteorological data to contrails identified from satellite data. This com-
parison highlighted the following issues.  

First, it was not possible to match particular contrails observed in the satellite images to specific 
flight trajectories. This occurred largely because the contrail mask algorithm identified both con-
trails and striated cirrus cloud formations, suggesting limitations in the satellite sensing and extrac-
tion methods (Mannstein 1999). We estimate that perhaps 40-50% of the contrail pixels were mis-
identified.  

Second, RUC RHi fields did not accurately portray the true RHi fields for the days examined in 
2001. We found that 60-90% of the pixels identified as linear features (demonstrated to be contrails 
or clouds) were located in areas where the RHi estimated by the RUC meteorological model was 
theoretically too low to support clouds or contrails. The RUC models do not have the resolution or 
the microphysics to represent the small scale vertical motions thought to be important for predicting 
cirrus and thus RHi correctly. Hence at this point in time, it is unknown to what degree a contrail 
model coupled with measured aircraft flight tracks can be used to accurately estimate contrail for-
mation as given by satellite images/contrail masks. Both the identification of contrails from satellite 
images and the estimation of upper atmospheric humidity are lacking. 
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Third, the typical length of the estimated contrails was larger than 100km, (several degrees in 
length), while the typical length of the observed contrails was about 50km. This length is much lar-
ger than the meteorological grid scale resolution, so is not a reflection of subscale RHi gradients. 
Rather, this occurs because the SAGE aviation model shortens the ETMS dataset for storage pur-
poses. The discrepancy between the long predicted contrails and the short actual contrails implies 
that the chord lengths used within SAGE need to be shortened until they are consistent with length-
scales observed in the RHi data. 

These results are not necessarily general. We assessed only one week’s worth of flights over the 
continental United States.  
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ABSTRACT: Meteorological variables derived from high-resolution numerical weather analysis 
models (Rapid Update Cycle (RUC) and Advanced Regional Prediction System (ARPS)) are com-
pared with cirrus and contrail cloud occurrence deduced from multi-spectral radiances measured by 
the Advanced Very High Resolution Radiometer (AVHRR) onboard the NOAA-16 polar-orbiting 
satellite between April 2004 and June 2005. The occurrence or non-occurrence of contrail and cir-
rus formation within the sample area is related to several upper tropospheric variables through lo-
gistic regression techniques. Probabilistic models are developed to predict the occurrence of persis-
tent linear contrails forming both with and without surrounding cirrus clouds. The forecast models 
provide insight into which atmospheric conditions are most susceptible to the formation of possible 
climate-altering contrails. 

1 INTRODUCTION 

Contrails and cirrus tend to form in similar (but not identical) atmospheric conditions, and thus it is 
difficult to determine how much persistent contrail coverage affects cirrus coverage. It is clear, 
however, that contrails that form imbedded in thick cirrus clouds will have little or no radiative im-
pact on the atmosphere, while persistent contrails that form in otherwise clear skies will have a 
greater direct effect on climate. Although the atmospheric conditions necessary for cirrus and con-
trail formation are well known, the diagnosis or prediction of such clouds is still complicated by 
uncertainties in measuring the atmospheric state in the upper troposphere. Several high-resolution 
numerical weather analyses (NWA), including the Rapid Update Cycle (RUC; Benjamin et al., 
2005a, 2005b) and the Advanced Regional Prediction System (ARPS; Xue et al., 2003), operate 
over the domain of the continental United States of America (USA). The main purpose of these 
models, however, is to predict the formation of storms and precipitation, and the meteorological ac-
curacy necessary to predict persistent contrail formation directly from these models is not currently 
available. Duda et al. (2004) demonstrated that the RUC has a dry bias in the upper tropospheric 
humidity, and a strict diagnosis of persistent contrail formation from the Schmidt-Appleman criteria 
(Schumann, 1996) is problematic. In addition, numerical weather models are periodically modified 
and upgraded, leading to abrupt changes in the modelled relative humidity fields. Nevertheless, 
there appears to be a relationship between the vertical structure of the relative humidity fields repre-
sented in the numerical models and the lifetime, spreading rate, and optical depths of observed con-
trails. The results from Duda et al. (2004) show that the thickest, widest-spreading and longest-
lasting contrails tend to occur in the model regions with the most upper tropospheric moisture. 
Hence, NWAs appear to have some useful meteorological information that could be used to forecast 
contrails and cirrus. 

To deal with the limitations of the numerical weather analyses, probabilistic models that use sta-
tistics from the NWA to diagnose and forecast the occurrence of contrails and cirrus can be devel-
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oped for each version of a numerical weather model. Weather forecasters have used statistically 
post-processed numerical model output to make probabilistic forecasts for many years. One of the 
earliest models reported in the literature was developed by Lund (1955), and model output statistics 
(MOS; see Glahn and Lowry, 1972) were one of the first widely used probabilistic forecasts devel-
oped from numerical weather forecasts. Some probabilistic forecasts of contrail formation have also 
been published. Travis et al. (1997) used a combination of rawinsonde temperature and GOES 
(Geostationary Operational Environmental Satellite) 6.7 μm water vapour absorption data to de-
velop a prognostic logistical model of the occurrence of widespread persistent contrail coverage. 
Jackson et al. (2001) created a statistical contrail prediction model using surface observations and 
rawinsonde measurements of temperature, humidity and winds over the New England states. 

Because probabilistic forecasts use numerical model statistics to develop forecasts, they do not 
require the same level of meteorological accuracy necessary for classical cirrus and contrail forma-
tion theories, and new probabilistic forecast models can be developed as new versions of numerical 
models are implemented. Also, reliable probabilistic forecasts inherently have extra value to users 
compared to categorical (simple yes or no occurrence) forecasts because users can take advantage 
of cost/loss analyses better with probabilistic forecasts (Keith, 2003). 

This paper presents a group of probabilistic models that predict the occurrence (or non-
occurrence) of persistent linear contrails forming both with and without surrounding cirrus cover-
age, in an attempt to distinguish the atmospheric conditions that produce both contrails and cirrus 
from those that only produce contrails. The next section briefly describes the numerical weather 
models and the contrail observations used to develop the probabilistic models. 

2 DATA 

2.1 Meteorological data 
Atmospheric profiles of temperature, humidity, horizontal wind speed and direction, and vertical 
velocity were derived from the 20-km resolution, hourly RUC analyses and 1-day, 2-day and 3-day 
forecasts from the ARPS in 25-hPa intervals from 400 hPa to 150 hPa. The ARPS data were ob-
tained from the 27-km resolution, 1-hourly contiguous US domain analyses. Several other variables 
including the vertical shear of the horizontal wind and the temperature lapse rate were also calcu-
lated from the model data. These additional variables are expected to influence the spreading rate of 
persistent contrails (Jensen et al., 1998). Atmospheric humidity is expressed in the form of relative 
humidity with respect to ice (RHI). Due to computer storage limitations, the RUC and ARPS data 
were available at 1×1 degree resolution. 

To match the meteorological data with observations of contrails, data from the RUC and ARPS 
analyses closest in time with the contrail observations are linearly interpolated to the location of 
each contrail observation. An observation was not used if the time difference between the contrail 
observation and the analyses was greater than 2 hours (nearly all pairs matched to within 1 hour). 
2.2 Surface data 
Observations of contrail and cirrus occurrence and coverage across the contiguous USA were col-
lected from primary and secondary schools across the country by the Global Learning and Observa-
tions to Benefit the Environment (GLOBE) program (see www.globe.gov for more information 
about the GLOBE program.). In May 2003, GLOBE initiated the contrail observation protocol to 
gather and classify contrail observations. A primary goal of the GLOBE program is to use detailed 
written protocols to enable students to provide scientifically valuable measurements of environ-
mental parameters (Brooks and Mims, 2001). Over 14,600 observations were reported over the re-
gion between May 2004 and June 2005. They include contrail coverage, contrail number, cloud 
coverage, cloud type and a classification of contrails into three categories; short-lived, non-
spreading persistent contrails, and spreading persistent contrails. A subset of 10 stations (see Figure 
1) with at least 50 contrail observations under mostly clear skies (cloud coverage less than 25 per-
cent) was chosen for building some of the probabilistic models.  
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2.3 Satellite data 
To supplement the meteorological data from the NWAs, radiance data from the 6.7-μm water va-
pour absorption channel on GOES-12 were also used as atmospheric predictors of contrail forma-
tion. The 6.7-μm channel is sensitive to the top three millimetres of water vapour profile in the at-
mospheric column, and most of the detected emission is from the layer between 500 to 200 hPa 
(Travis et al., 1997; COMET, 2002), with peak sensitivity near 400 hPa. Both the raw water vapour 
image counts and the calibrated 6.7-μm brightness temperature were collected. 

In addition to the GOES data, multi-spectral measurements taken by the NOAA-16 Advanced 
Very High Resolution Radiometer (AVHRR) provided observations of contrail occurrence. Five 
hundred twenty-five afternoon overpasses were collected for a 4 by 6 degree area centred over the 
states of Ohio, western Pennsylvania and West Virginia (from 38°N to 42°N, and 84°W to 78°W). 
For each 1 by 1 degree grid box within the sample area, persistent contrails and cirrus were detected 
from the satellite radiances. The contrails were detected using the automated procedure of Mann-
stein et al. (1999), while the cirrus were identified from a visual inspection of the 10.8 μm bright-
ness temperature data, and the 10.8 μm minus 12.0 μm brightness temperature difference measure-
ments. To reduce the number of contrail false detections due to cloud street formations, the satellite 
viewing angle for each overpass was required to be less than 50 degrees. Although each 1 by 1 de-
gree grid box provides one observation of contrails and cirrus, due to gaps in the availability of the 
datasets and the viewing angle restrictions, only about 6000 observations were possible from the 
satellite overpasses. 

3 MODEL DEVELOPMENT 

3.1 Data pre-processing 
Nearly 15 months (April 2004 – 27 June 2005) of meteorological data from the RUC and ARPS 
were collected each day to a local computer. (After 12 UTC on 28 June 2005, the 13-km resolution 
version of the RUC model began operation, with significant differences in upper tropospheric hu-
midity.) The data are subject to interruptions including computer and power failures, full disks, op-
erator errors and other problems. Thus, approximately 77% of the hourly ARPS data was collected 
and 99.7% of the RUC data was collected during the time period. Two large gaps (between 20 Au-
gust – 28 September 2004, and between 21 January – 21 February 2005) accounted for nearly 85% 
of the ARPS data loss. 

The collected data were separated into a dependent (from which the statistical model was cre-
ated) and an independent (on which the model was tested) dataset. Two-thirds of the observations 
were randomly selected to build the dependent dataset, while the independent dataset comprises the 
remaining one-third of the observations. 

Before deriving the statistical forecast equations, the NWA data are checked for missing data. 
None of the missing data were replaced by surrogate values (such as persistence, interpolation or 
nearest-neighbour techniques) because this study focuses on the general meteorological conditions 
necessary for persistent contrail formation across the United States, rather than forecasting contrail 
formation for any particular time or location. 
3.2 Statistical technique 
Logistic regression (Hosmer and Lemeshow, 1989) was used to create a probabilistic estimate of 
persistent contrail formation. Logistic regression techniques are commonly used where the predic-
tand, such as in this case, is a dichotomous (yes/no) variable. Two advantages of logistic regression 
compared with multiple linear regression are that the forecast values cannot fall outside of the 0 – 1 
probability range, and that each predictor can be fit in a nonlinearly way to the predictand. The lo-
gistic model assumes the following fit in Equation 1: 

  
P ≈

1
1+ exp[−(β0 + β1x1 +L+ β p xp )]

. (1) 
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P is the predictand (probability of persistent contrail formation) and βi (for i = 1,…, p) are the set of 
coefficients used to fit the predictors (xi) to the model. 

The predictors x1, x2, x3,…,xn are atmospheric variables derived from NWA and satellite meas-
urements. A set of up to 80 possible predictors were tested. All predictors used in this study were 
based on meteorological quantities in the upper troposphere that are suspected to be related to the 
formation of spreading, persistent contrails including humidity, temperature, vertical velocity, wind 
shear, wind direction and atmospheric stability. GOES water vapour channel data were also used as 
predictors for some regressions. 

The maximum likelihood method was used to estimate the unknown coefficients βi and fit the 
logistic regression model to the data. The chi-square statistic (χ2) was used to assess the goodness 
of fit of each logistic model to the NWA data. A total from 55 to 80 potential predictors from the 
RUC and ARPS models respectively were used to develop the statistical contrail model. To reduce 
the number of predictors to an optimal number, a forward stepwise regression technique was used. 
In each step of the technique, a new predictor is added to the logistic model and the chi-square sta-
tistic is compared with the previous model. The new predictor that produces the largest improve-
ment in model fit (that is, the largest increase in χ2) is added to the model. To avoid over-fitting of 
the dependent dataset, the stepwise regression technique is allowed to add predictors to the model 
until the test for statistical significance reaches a significance level (i.e. p-value) of 0.05. The step-
wise technique usually resulted in 6 to 11 predictors for each model. Separate regressions were 
computed for 4 dependent variable scenarios. The scenarios include: 
- Both contrails and cirrus form 
- Only cirrus clouds form 
- Only linear contrails form 
- No cirrus or contrails form 
As mentioned above, several meteorological variables were considered as predictors in the devel-
opment of the statistical forecast model. In addition, several combinations of meteorological vari-
ables (such as temperature × humidity) were also considered to account for interactions between 
variables. 
3.3 Skill scores 
As a simple method to assess the skill of the contrail/cirrus forecasts, the probabilistic forecasts 
were converted into categorical (i.e. yes/no, occurrence/non-occurrence) forecasts by simply fore-
casting the occurrence of the dependent variable when the probability was greater than or equal to 
0.5, and forecasting non-occurrence when the probability was less than 0.5. A variety of statistical 
measures have been developed to evaluate the accuracy of categorical forecasts. Several of these 
have been used to measure the success of previous contrail formation forecasts (Jackson et al., 
2001; Walters et al., 2000). The contrail formation forecasts are separated into four categories based 
on the forecast and its outcome: a is the number of cases where persistent contrail formation is 
forecasted and persistent contrails are observed (hits); b is the number of cases where contrails are 
predicted, but no contrails are observed (false alarms); c is the number of cases where contrails are 
not forecasted, but contrail are observed (misses); and d is the number of cases where contrails are 
not forecasted and no contrails are observed (correct rejections). Two of the measures are: 
- Hit rate. The hit rate is calculated as (a + d)/(a + b + c + d) and represents the percentage of 

forecasts in which the method correctly predicted the observed event. 
- Heidke Skill Score (HSS). The HSS is calculated as HSS = 2(ad – bc) / [(a + c)(c + d) - (a + b)(b 

+ d)] (Wilks, 1995). This measure of forecasting skill compares the hit rate of the forecast 
method with the hit rate achieved with a random forecast. Perfect forecasts have an HSS of one, 
forecasts equal in skill to the random forecast have an HSS of zero, while a negative HSS indi-
cates that the forecasts are less skillful than random forecasts. 

4 RESULTS AND CONCLUSIONS 

The most important predictors chosen in the logistic models (both those developed from the surface 
observations (not shown) and those developed from the satellite observations) tended to be related 
to temperature and humidity. Other variables including vertical velocity, wind direction and speed, 
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wind shear, and the altitude of maximum RHI were also common predictors. Table 1 shows the hit 
rates and Heidke skill scores from the models developed using the NOAA-16 cirrus and contrail 
observations. In all four scenarios for both the RUC and ARPS the hit rates are about 0.75 or 
greater. The best skill scores occur when both cirrus and contrails appear together, or no high 
cloudiness is observed. 

The lack of skill indicated for the contrail-only models is mainly the result of having relatively 
few examples of grid boxes with only contrails visible (less than 15 percent of the total), and the na-
ture of the atmospheric conditions in regions where contrails form in the absence of cirrus. The con-
trail-only grid boxes tend to occur at the edges of areas of high humidity and cooler tropospheric 
temperatures, and the exact locations of these regions are not always represented well in the nu-
merical models. Also, the contrail detection results have not been checked for the possibility of 
false positive results due to cloud streets and other linear cloud features unrelated to contrails. In-
creasing the number of contrail-only cases and refining the contrail and cirrus detection results 
would allow for more accurate models and improved skill scores for the contrail-only scenario. 

Table 1. Hit rates and skill scores from satellite observations over Ohio, Pennsylvania and West Virginia. 

Scenario Hit Rate Skill Score 
RUC (both CT/Ci) 0.74 0.32 
ARPS (both CT/Ci) 0.76 0.37 
RUC (cirrus only) 0.83 0.20 
ARPS (cirrus only) 0.82 0.15 
RUC (contrails only) 0.86 0.00 
ARPS (contrails only) 0.86 0.02 
RUC (no CT/Ci) 0.75 0.46 
ARPS (no CT/Ci) 0.76 0.50 

 
The most common predictors in the scenarios with the best overall skill scores (both CT/Ci and no 
CT/Ci) are variables related to temperature and humidity. For the “both CT/Ci” scenario, the most 
common predictors are temperature, RHI, temperature × RHI, and vertical velocity, while for the 
“no CT/Ci” scenario the most common predictors are temperature2, RHI2, temperature × RHI, the 
altitude of maximum RHI, and wind direction. The differences in common predictors chosen for 
each scenario suggest that some meteorological quantities are especially useful in determining re-
gions of upper tropospheric cloudiness. Cirrus and contrails are likely to form in regions of positive 
vertical velocities, while the absence of high clouds is often indicated by the overall synoptic condi-
tions that control wind direction and humidity within the upper troposphere. These results show that 
current numerical weather analyses describe the atmospheric state in the upper troposphere with 
sufficient accuracy to locate potential regions of contrail and cirrus formation within a region as 
small as 1 degree by 1 degree. 

An example of multi-variable logistic regression was presented to address some of the limita-
tions of using operational numerical weather prediction models in the diagnosis and prediction of 
contrail and cirrus cloud formation. More work is necessary to refine the accuracy of the contrail 
and cirrus observations. More specifically, more quality control work is needed with the contrail 
detection algorithm to eliminate false positives, and the use of the objective GOES-based gridded 
cloud products can improve estimates of cirrus occurrence. Techniques like logistic regression may 
be helpful in discovering robust relationships between the atmospheric variables represented in nu-
merical models and the formation of cirrus and contrails in the atmosphere. 
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Figure 1: Location of contrail-reporting schools in the United States of America used in the development of 
logistic regression models. 
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ABSTRACT: Comparing individual components of a total climate impact is traditionally done in 
terms of radiative forcing. However, the climate impact of transport systems includes contributions 
that are likely to imply climate sensitivity parameters distinctly different from the “reference value” 
for a homogeneous CO2 perturbation. We propose to introduce efficacy factors for each component 
into the assessment. The way of proceeding is illustrated using aviation as an example, and pros-
pects for evaluating the other transport system in the EU project QUANTIFY are given. 

1 INTRODUCTION 

The traditional way to compare the global climate impact of individual emission sectors, as well as 
specific contributions forming the total effect of some emission sector, is the radiative forcing (RF, 
Shine et al., 1990). RF is easily calculated by means of radiative transfer models and provides 
meaningful results even for very small perturbations that are unable to force statistically significant 
response signals in three-dimensional climate models. RF is also less model-dependent than other 
metrics of climate change (like the response of surface temperature, precipitation, storminess etc.), 
because the complex (in part poorly understood) feedbacks within the climate system (cp., Bony et 
al., 2006) do not enter the radiative transfer calculations. Such practical advantages make RF (and 
its derivatives like, e.g., the global warming potential, GWP) a seemingly ideal metric for assess-
ment purposes. Consequently, RF and GWP have formed the basis of established emission trading 
systems. 

As research on the climate impact of distinctly non-homogeneous forcing agents (like aerosols, 
ozone, or clouds induced by aircraft or ships) has received mounting interest, doubts have increased 
concerning the adequacy of RF for intercomparing relative impacts (e.g., Hansen et al., 1997, 2005; 
Cook and Highwood, 2003; Joshi et al., 2003; Stuber et al., 2005; Ponater et al., 2005). Here, we 
will discuss the concept of the EU project QUANTIFY to assess the climate impact contributions 
from transport systems in the light of current caveats in using RF as a respective metric. 

2 CLIMATE SENSITIVITY 

The idea to use RF as a metric for the climate change to be expected from some forcing origins 
from a recurrent empirical finding in climate modelling. Such experience has suggested a linear re-
lation, 

RFTsurf ⋅=Δ λ , (1) 
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between the global mean surface temperature response, ΔTsurf, and global mean radiative forcing, 
RF. The relating climate sensitivity parameter, λ, can be, with reasonable reliability, assumed to be 
independent of the nature of the forcing agent, i.e., its magnitude, longwave to shortwave spectral 
distribution, spatial structure, or seasonal variation. While λ is known to vary between different 
climate models, mainly due to a considerable model dependency of cloud feedbacks (Cess et al., 
1989, 1996), many simulations implying changes of CO2 concentration, other well-mixed green-
house gases, or of the solar constant have confirmed the basic assumption within one and the same 
model configuration. Consequently, once the value of λ has been determined for the CO2 case, it is 
then considered as a model constant applicable to all other agents. However, evidence is growing 
(see papers mentioned in the introduction) that this approach may fail on several occasions. 

Table 1: Equilibrium climate sensitivity parameters (λ) as determined from ECHAM4 simulations. Global changes of 
CH4, solar constant, CO2, and ozone in the middle troposphere (MT), upper troposphere (UT), and lower stratosphere 
(LS) have been used as horizontally homogeneous forcing perturbations. The latter four agents have also been applied 
as a forcing restricted to the northern hemisphere extratropics (last two columns). See Stuber et al. (2005), for more de-
tails. 

Agent RF (Wm-2) λ (K/Wm-2) RF (Wm-2)  λ (K/Wm-2) 
 Global perturbation NH extratropics perturbation 
CO2 1.0 0.81 1.0 1.12 
Solar  1.0 0.82   
CH4 1.0 0.88   
O3(MT) 1.0 0.92 1.0 1.10 
O3(UT) 1.0 0.58 1.0 0.87 
O3(LS) 1.0 1.46 1.0 1.83 

 
Table 1 gives an overview over equilibrium climate change simulations that have been con-

ducted with the ECHAM4/T30.L19 climate model coupled to a mixed layer ocean module. The 
climate sensitivity parameter has been determined for a number of radiative perturbations, all nor-
malised to a global mean of RF=1 W/m2. While the conventional perturbations behave more or less 
in line with the assumption of constant climate sensitivity, there is a clear tendency to higher sensi-
tivity for perturbation impacting on the northern hemisphere extratropics (Joshi et al., 2003). Com-
pared to the reference value for CO2, ozone has a distinctly higher sensitivity if the change occurs in 
the lower stratosphere, whereas the sensitivity is smaller for changes in the upper troposphere (Stu-
ber et al., 2005). It is evident that non-homogeneous forcings may trigger specific feedbacks that 
are either less distinguished or less variable in the case of homogeneous forcings. 

If the experience from non-homogeneous ozone perturbations already poses a challenge for the 
concept of constant climate sensitivity, simulations for non-homogeneous aerosol perturbations 
produce most embarrassing results: Table 2 recalls climate sensitivity experiments conducted by 
Cook and Highwood (2003) with the UREAD climate model of intermediate complexity. Forcing 
agents were scattering and absorbing aerosols in the lower troposphere (LT), the varied parameter 
was the aerosol single scattering albedo, ω. 

Table 2: Climate sensitivity results from the UREAD climate model. Global horizontally homogeneous aerosol distri-
bution, with fixed optical depth and asymmetry factor but varying single scattering albedo (ω) have been used as the 
forcing agent (see Cook and Highwood, 2003, for details). 

Agent ΔTsurf (K) RF (Wm-2) λ (K/Wm-2) 
CO2 1.9 3.81 0.50 
Aero (LT), ω=1 -1.70 -4.72 0.36 
Aero (LT), ω=0.95 -0.60 -3.02 0.20 
Aero (LT), ω=0.9 0.60 -1.40 -0.43 
Aero (LT), ω=0.85 1.80 0.14 12.86 
Aero (LT), ω=0.8 2.90 1.61 1.80 

 
Scattering aerosols (ω=1) cause negative RF and a surface cooling, yielding a climate sensitivity 
parameter smaller but still in the vicinity of the reference value for CO2. As the absorbing character 
of the aerosol increases the λ values get more anomalous, culminating at negative λ for a critical 
single scattering albedo around ω=0.9, for which negative RF even causes a rise of global surface 
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temperature. As pointed out by Cook and Highwood (2003) the reason for the irregular sensitivity 
in this case is the feedback on lower troposphere cloud cover (the “semi-direct aerosol effect”), 
which markedly decreases as a result of absorption heating. Due to some observational evidence in-
dicating distinguished impacts of lower tropospheric aerosols on the hydrological cycle (e.g., Ra-
manathan et al., 2005), the semi-direct effect is not likely to be a mere model feature. 

Summarising, climate model simulations with idealised non-homogeneous forcing agents sug-
gest deviations from the reference climate sensitivity that are too strong to be ignored if, for exam-
ple, ozone, aerosol, and CO2 contributions to a total effect are to be compared. A way to account 
this for is the inclusion of efficacy factors (Hansen et al., 2005) in equation (1), writing instead 

)(
2

)( i
COisurf

i RFrT ⋅⋅=Δ λ  (2) 

where ri=λi/λCO2 would introduce the knowledge on an anomalous climate sensitivity λi for the 
component contributing the forcing RF(i). Quantifying individual components in terms of ΔT(i)

surf 
rather than RF(i) may be expected to provide a fairer, more reliable, assessment. Introducing effi-
cacy factors in this way is encouraged by the finding that the model dependence of those factors 
seems to be smaller than the model dependence of the climate sensitivity parameter itself (Hansen 
et al., 1997; Joshi et al., 2003). Another favourable point to mention is the possibility to include ef-
ficacies into the calculation of GWPs (Fuglestvedt et al., 2003; Berntsen et al., 2005) or into other 
linear extensions of the radiative forcing concept (e.g., Ponater et al., 2006). 

3 EFFICACY OF AIRCRAFT CLIMATE IMPACT COMPONENTS – A TEST CASE 

Compared to other transport sectors knowledge on the climate impact from aircraft is relatively far 
advanced. RF values for the various contributions were first quantified for an IPCC special report 
(Penner et al. 1999) and improved by subsequent research work. However, aviation effects beyond 
CO2 and CH4 just exhibit the properties that make anomalous climate sensitivity likely to occur: 
They are non-homogeneous in time and space (both horizontally and vertically). We have per-
formed a series of equilibrium climate change simulations with the ECHAM4/T30.L39(DLR) cli-
mate model, in order to determine climate sensitivity parameters separately for each impact compo-
nent (Ponater et al., 2005; 2006). It is important to note that the calculation of a statistically 
significant surface temperature response (ΔTsurf) requires, in most cases, a scaling of the forcing 
perturbation, as the unscaled RFs generally range well below 0.1 Wm-2 for present day conditions 
(Penner et al., 1999; Sausen et al., 2005). The results for the individual climate sensitivity and effi-
cacy values are shown in Table 3: 

Table 3: Results (global annual averages) from aircraft climate sensitivity simulations. CO2 and CH4 perturbations were 
normalised to 1 Wm-2. Two aircraft O3 perturbations of the Grewe et al. (2002, their Fig. 3) type (i.e., for year 2015) 
were used in two separate simulations. The perturbations for contrails and for H2O were artificially scaled by factors 
between 50 and 80, relative to actua1 present day conditions. See Ponater et al. (2005, 2006) for more details. 

 CO2 CH4 O3(1) O3(2) H2O contrails 
RF (Wm-2) 1.00 1.00 0.059 0.062 0.06 0.19 
ΔTsurf (K) 0.74 0.86 0.060 0.071 0.05 0.08 
λ (K/ Wm-2) 0.74 0.86 1.02 1.15 0.83 0.43 
r 1 1.18 1.37 1.55 1.14 0.59 

 
As expected some r values differ significantly from unity. Aircraft ozone changes have a by 40 % 
higher efficacy, while the climate sensitivity of contrails is considerably lower than the reference 
value. Figure 1 shows the corresponding zonal mean RFs, and zonal mean cross sections of the at-
mospheric temperature response. Note the specific characteristics of aircraft ozone, water vapour, 
and contrail perturbations with respect to the latitudinal profile and the combination of longwave 
and shortwave radiative components. Moreover, contrail RF is extremely variable on short time 
scales, and ozone RF includes strong seasonal variability. While we emphasise that equations (1) 
and (2) may be applied only for global and annual means, the three-dimensional climate simulations 
basic to the averaged values of Table 3 offer ample opportunity to investigate local forcings and 
feedbacks and to discuss their relevance for the global response in each case (e.g., Stuber et al., 
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2005; Ponater et al., 2005). Still, the current level of process understanding needs to be advanced 
and available knowledge on, e.g., model dependency issues is very sparse. In particular, important 
aspects of the interaction between aerosols, clouds and radiation are little explored. Even the sign of 
the indirect impact of aircraft emitted soot on climate is currently unknown (Hendricks et al., 2005). 
 

 
 

 
Figure 1: Zonal mean radiative forcing profile (Wm-2, left) and zonal mean temperature reponse (in K, right) 
caused by various aircraft impact components as simulated with the ECHAM4 GCM. Note that the actual 
aircraft induced perturbations had to be scaled (see Table 3, and main text). Annual averages of forcing and 
response are shown. The essential part of the temperature response is statistically significant. 

4 EFFICACY OF TRANSPORT CLIMATE COMPONENTS 

The generalisation of the efficacy concept outlined in Section 2 to all transport related emissions, as 
it is intended in the QUANTIFY project, will add further complexity. First, aerosol induced forc-
ings and feedbacks form a main part of the total effect for surface sources (this is particularly true 
for ships), and it is largely unknown how the aerosol-cloud interaction effects discussed in the con-
text of Table 2 will manifest globally, if the perturbations are restricted to certain geographical re-
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gions. This subject will be one of the central issues in QUANTIFY. Second, for both aerosols and 
ozone the individual spatial structure of the perturbation is likely to create an individual efficacy 
value. Figure 2 illustrates how different, e.g., the ozone change patterns of the different sectors of 
transport can be expected to be, and in view of the results shown in Table 1 this is almost certain to 
modify the climate sensitivity. However, if the approach we follow is to make sense, the climate 
sensitivity must remain well-defined, in reasonable limits, for each contributing perturbation. 

 
Figure 2: Annual mean ozone change induced by NOx emissions from road transport, ship transport, and 
aviation, for typical 1990ies conditions. Values indicate fraction of the total ozone concentration (in %). Re-
sults are extracted from the interactive chemistry-climate model simulation discussed by Dameris et al. 
(2005) Contributions from individual NOx sources were separated according to the Grewe (2004) method. 
Contour lines are 1, 2, 3, 5, 10, 20 %. 

 
This requires, above all, a high degree of linearity for each contribution, i.e., the efficacy values in 
equation (2) must not depend significantly on the magnitude of RF. Otherwise any scaling, as has 
been done for the aviation perturbations discussed in Section 3, is prohibited and our concept would 
be bound to fail. Therefore, extra linearity checks are intended in QUANTIFY. Third, if distinctive 
efficacy values can indeed be determined for each contribution it will be necessary to identify the 
degree of additivity, if the components are recombined to yield an efficacy for the total effect (ei-
ther for each single transport sector, or for the gross effect of total transport). Respective non-
linearities have been reported, e.g. for the overall interaction of greenhouse gas and aerosol forcing 
(Feichter et al., 2004). If such evidence consolidates, a sufficient understanding must be developed 
in order to arrive at a reasonable synthesis of the separate forcing, efficacy, and response results, 
and in order to eventually convert our knowledge of climate interaction processes to assessment 
numbers that are reliable enough to be translated into damage functions or other measures of socio-
economic impact (see contribution by Shine, this volume). 
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ABSTRACT: In order to validate Simple Climate Models (SCMs), the response of the Atmosphere 
Ocean General Circulation Model (AOGCM) CNRM-CM3 to specific forcing scenarios is studied. 
Upon pre-industrial background conditions, a sudden perturbation in the solar constant or the CO2 
concentration was applied, followed by an exponential decay of the perturbation. Identical experi-
ments performed with SCMs allow than a validation of the SCMs parameters. 

The CNRM-CM3 model is a global coupled climate model which consists of an atmosphere general 
circulation model, an ocean general circulation model, and a sea ice model. In addition to the vali-
dation of SCMs, these experiments can also be used to better understand the characteristics of 
AOGCMs. The atmosphere and ocean show clearly distinct response times to the forcings. Where 
the response time for the atmosphere is between 5 and 10 year, the response time for the ocean var-
ies between 60 and 120 year. Furthermore, the influence of the initial conditions is not very large 
and the response time of the ocean is not very robust with respect to the length of the perturbation. 

Comparison with results from earlier simulations with the CNRM-CM3 model where the CO2 con-
centration was increased in a gradual way show that, although the forcing scenarios used in these 
new simulations are strongly transient, they can give valuable information about the characteristics 
of the model. 

1 INTRODUCTION 

AOGCMs are the most accurate models to study the effect of different emission scenarios on the 
Earths climate. However, these models are too computationally expensive to be used for large sets 
of emission scenarios. Simple Climate Models (SCMs) which are computationally less expensive 
(and therefore also less accurate) can be used to study the impact of a large set of emission scenar-
ios. Such models therefore allow to study the impact of separate transport sectors and to make sen-
sitivity studies.  

In a first step, the SCMs should be validated. Performing a limited set of dedicated experiments 
as well with the SCMs as with the AOGCMs could allow an interesting comparison between the 
behaviour of the SCMs and the AOGCMs. Two types of experiments which have a quite different 
impact on the atmosphere are chosen: changing the solar constant and changing the CO2 concentra-
tion. Changing the solar constant affects the short-wave radiation and is felt mostly at the Earths 
surface; changing the CO2 concentration affects the thermal infrared radiation and is initially felt 
mostly in the middle of the troposphere. The AOGCM experiments are performed with the Unified 
Model (UM) by the University of Reading, and with the CNRM-CM3 model by the CNRM. In a 
second step, the SCMs can be used to run a large set of climate simulations. 
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The aim of this paper is to discuss the results from the climate scenario experiments obtained 
with the CNRM-CM3 model. Although these experiments are aimed to contribute to the validation 
of SCMs, the results of these experiments have also an intrinsic value. How differs the response to 
the solar forcing from the response to the CO2 forcing? What is the response time of the model to 
these perturbations? What is the influence of the initial conditions on the response? Is the response 
time different for the ocean and the atmosphere? 

This paper restricts itself mainly to the analysis of the time series of globally averaged annual 
mean values. In Section 2, we describe the experiments and the CNRM-CM3 model. In Section 3 
we describe the results of the simulations, and in Section 4 we discuss the characteristics of the 
model response. 

2 MODELS AND EXPERIMENTS 

The CNRM-CM3 model is a global coupled climate model (Salas-Mélia et al., 2006). The system 
includes ARPEGE-Climat 3, which is the atmospheric part of the system (developed at CNRM), the 
OPA 8.1 ocean model (IPSL/LOCEAN, Paris, France), the GELATO-2 dynamic and thermody-
namic sea ice model (CNRM) and the TRIP river routing scheme (University of Tokyo, Japan). 
These models are coupled together with OASIS2.2 (Terray et al., 1998). This software ensures that 
space interpolations between the different model grids and time synchronisation of the models are 
correct. 

ARPEGE-Climat version 3 is fully described in Déqué et al. (1999) and Gibelin and Déqué 
(2003). The representation of most variables is spectral (T63 triangular truncation), while the phys-
ics are calculated on a 128 x 64 grid (about 2.8° resolution in longitude and latitude). This grid is 
reduced near the poles. The model contains 45 layers and the topmost layer is located at 0.05 hPa in 
order to correctly represent the atmospheric circulation in the stratosphere. 

The OPA8.1 ocean model was developed by IPSL/LOCEAN (Paris, France) and is described in 
detail by Madec et al. (1998). It is used in its global configuration (182 x 152 points in the horizon-
tal, without any North Pole singularity), i.e. about 2° resolution in longitude, while in latitude, its 
resolution varies from 0.5° at the equator to roughly 2° in polar regions. On the vertical, a z-
coordinate is used (31 levels with 10 levels in the upper 100 m) is used. 

The GELATO model was developed at CNRM and its second version is described in detail by 
Salas-Mélia (2002). The time step is 24 hours. GELATO-2 is a multi-category ice model (thickness 
dependant), and in CNRM-CM3, four categories were considered: 0-0.3m, 0.3-0.8m, 0.8-3m, and 
3m or more.  

The land surface scheme ISBA (Interactions Soil Biosphere Atmosphere) is used. The total run-
off is converted into river discharge and transported to the ocean using the TRIP (Total Runoff In-
tegrated Pathways) river routing system developed by T.Oki (Oki and Sud, 1998; Chapelon et al., 
2002). The time step used in TRIP in the framework of CNRM-CM3 is 3 hours. 

ARPEGE-Climat contains a parameterisation of the homogeneous and heterogeneous chemistry 
of ozone (Cariolle and Déqué, 1986; Cariolle et al., 1990). 

A set of experiments (see Table 1) is performed with perturbations to CO2 and the solar constant. 
They are represented by the letters C and S respectively. The perturbations consist in a sudden in-
crease in CO2 or the solar constant at time t0 followed by an exponential decrease with a relaxation 
time τf of 2 or 20 year. The time evolution of x(t) (which denotes either the CO2 concentration or ei-
ther the solar constant) can then be described by 
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where xb = background value; and xa = amplitude of the perturbation. The amplitude of the pertur-
bations are chosen to give a comparable radiative forcing of around 10 Wm-2 at t0. Therefore the so-
lar constant was increased by 4.2 % (S20, S2 and S2b), and the pre-industrial CO2 concentration of 
286.2 ppmv was multiplied by a factor 6.5 (C20 and C2). In the experiment C2x where τf = ∞ 
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(which corresponds with a step forcing), the CO2 concentration is only multiplied by two. The con-
centration of other green house gases (N2O, CH4, CFC’s, …) are kept constant at their pre-industrial 
value. The initial conditions are taken from a reference simulation R performed with the same 
model under pre-industrial conditions. All simulations use the same initial conditions, except S2b. 
The CNRM-CM3 model is run for 100 year in C20 and S20, for 90 year in C2x, and for 50 year in 
C2, S2, and S2b. 

We will show mainly the anomaly due to the perturbation, i.e. the difference between the simula-
tions in Table1 and the reference simulation R. 

Table 1 Overview of the different simulations. 

Relaxation time (τf) C (CO2) S (Solar) 
20 year C20 S20 
2 year C2 S2, S2b 
∞ C2x  

3 RESULTS 

3.1 The atmosphere 
Time series of the anomaly in the surface (2m) air temperature are shown in Figure 1. For C20 and 
S20 (Fig.1, left panel) the response shows a strong increase in the first 5 year, a maximum between 
5 and 15 year after t0, and later a smooth decay. This smooth decay at the end is very similar to the 
shape of the forcing. The increase in the surface temperature is stronger in C20 than in S20. The re-
sponses of C2, S2 and S2b (Fig. 1, right panel) show a similar behaviour, although the maximum 
anomaly is much smaller, and the maximum is reached after 2 or 3 year. The initial increase is very 
short, and only a few data points during this increase are available. In accordance to C20 and S20, 
the anomaly in C2 is bigger than in S2 and S2b. The different initial conditions for S2 and S2b do 
not lead to a large difference: the maximum anomaly is very similar.  

 
Figure 1: Anomaly of the surface (2m) air temperature. The left (right) panel gives the response when the re-
laxation time of the perturbation is 20 (2) year. Notice the different horizontal scale in the two panels. 
 
Many other variables in the atmosphere (not shown) show a very similar behaviour as the surface 
(2m) air temperature. However, due to the disequilibrium at time t0, there is also a fast response in 
C20 and C2: the liquid precipitation, the latent heat flux, and the top net long-wave radiation, show 
an immediate response which is opposite to the later response. Further, one finds a decrease in the 
cloud amount and an increase in the precipitation amount. 
3.2 The ocean 
Figure 2 shows the anomaly in the ocean temperature in C20 and S20. The maximum anomaly is 
reached after 40 to 50 year in C20, and after 35 year in S20. In a second phase, the ocean tempera-
ture anomaly decays in a regular way.  



OLIVIE et al.: Results from pulse scenario experiments with the CNRM-CM3 global … 199  

 

 
Figure 2: Anomaly of the ocean temperature for C20, S20 and C2x (left), and C2, S2, and S2b (right). Notice 
the different temperature scales. 
 
Figure 3 shows the evolution of the vertical profile of the heat content anomaly in the ocean for 
C20. One clearly sees a maximum in the response at the depth of around 700 m after 50 to 60 year. 
At the surface there is a limited heating, during the first 20 year of the simulation. It takes a long 
time before the ocean actually starts heating. The heat is kept in a region below the mixed layer. In 
the last phase, one can also notice the start of the disappearance of the anomaly. 

Figure 3: Profile of the ocean heat content anomaly in C20.  

4 DISCUSSION 

4.1 Response time of the atmosphere and the ocean 
To study and interpret the time series, we use a simple model that describes rather well the re-
sponse. The relation between the forcing x(t) and the response y(t) of this simple mode is 
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where f = sensitivity; and τs = response time. If the forcing is given by Equation 1, then the solution 
of Equation 2 is described by 
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This simple model allows us to derive the response time τs of the system. By fitting the curve sug-
gested in Equation 3 through the observed time series, we find that the response time of the atmos-
phere derived from C20 and S20 lies for many variables between 5 and 10 year. The results from 
the curve-fitting are also indicated in Figures 1 and 2.  

Table 2 gives the response time of the mean ocean temperature, derived in the different experi-
ments. From the C20 and S20 experiments, a relaxation time of respectively 117 and 70 year has 
been derived. C2, S2 and S2b all give a relaxation time around 30 year. Apparently there is a strong 
difference depending on the relaxation time of the forcing. The results from C2, S2 and S2b should 
be taken with care, because the values in the time series of the anomalies fluctuate very strongly. 
Therefore we have for C2, S2 and S2b only used the first 25 year of the time series to do the curve 
fitting.  

Table 2: Response time of the ocean temperature. 

Experiment Relaxation time (year) 
C20 117 
S20 70 
C2 32 

C2x 61 
S2 25 

S2b 30 
 
In general, the response time of the ocean should be taken with care. In the reference simulation R, 
the ocean temperature shows a linear decrease of -0.08 °C / century. This trend has to be compared 
with the observed decreases in the model simulations and might complicate the interpretation of the 
ocean relaxation time. 
4.2 Influence of the initial conditions 
Concerning the influence of the initial conditions, Table 3 gives for a selection of atmospheric vari-
ables the maximum anomaly for the S2 and S2b simulations. These two simulations have the same 
forcings but different initial conditions. The values for most variables differ not more than 10 to 20 
%, and their difference is often significantly smaller than the inter-annual variability (Table 3, last 
column). Only the anomaly in the high cloud amount seems to be quite different in the two simula-
tions.  

Table 3: Maximum anomaly for different variables in S2 and S2b. The last column shows the inter-annual variability in 
the reference experiment R.  

  S2 S2b R (inter-annual variability ) 
Surface (2m) air temperature °C 1.12 1.17 0.17 
Liquid precipitation mm day-1 0.089 0.114 0.018 
Solid precipitation mm day-1 -0.0091 -0.011 0.0030 
Total cloud amount % -0.85 -0.84 0.27 
Low cloud amount % -0.86 -0.92 0.34 
Medium cloud amount % -1.04 -1.06 0.21 
High cloud amount % -0.45 -0.92 0.21 
Surface latent heat flux W m-2 0.85 0.97 0.44 
Surface sensible heat flux W m-2 -0.18 -0.17 0.14 
Sea surface temperature °C 0.88 0.84 0.13 

 
For the ocean temperature (Fig. 2, right panel), one can see that the initial conditions have a very 
small effect on the maximum anomaly. 
4.3 Comparison with other experiments 
With the CNRM-CM3 model many other experiments have been performed. Two interesting ex-
periments are simulations where the CO2 concentration is increased gradually by 1 % per year till a 
doubling (Cg2) or a quadrupling (Cg4) is reached, after which the concentration is kept constant 
(Figure 4, left panel). The surface (2m) air temperature from the pulse experiment C20 and from 
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these experiments is compared. If one assumes that the response of the model to some forcing is 
linear, the response to an arbitrary forcing x(t) can be found by convoluting this arbitrary forcing 
with the response of the pulse experiment 
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where H(t) = the response to the pulse perturbation. In the right panel of Figure 4, the response of 
the different experiments C20, R, Cg2 and Cg4 is indicated, together with the result of the convolu-
tion. For Cg2 the correspondence between the convolution and the real simulation is rather good, 
although the trend on the long term is lacking. For Cg4, the convolution gives much higher values 
than the real simulation, due to the fact that the perturbation experiment is seen as a perturbation in 
the CO2 concentration, and not in the logarithm of the CO2 concentration. Assuming a linear rela-
tion between the temperature change and the logarithm of the CO2 concentration, one finds results 
which for the Cg4 simulation agree much better. 

 
Figure 4: Left: different scenarios for the CO2 concentration. Right: surface (2m) air temperature response in 
C20, C2g, and Cg4. The straight lines are the results of the convolution  
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ABSTRACT: Simplified climate models can be used to calculate and to compare temperature re-
sponse contributions from small forcings without the need for considerable computer resources. A 
linear climate response model using Green’s functions has been formulated to calculate radiative 
forcing (RF) and the global mean temperature response from aviation. The model, LinClim, can 
calculate aviation RF for CO2, O3, CH4, water vapour, contrails, sulphate and black carbon aerosols. 
From these RFs, temperature responses may be calculated for individual effects in order to deter-
mine their relative importance by applying preliminary values for efficacies. The LinClim model is 
tuned to reproduce the dominant mode of its parent coupled atmosphere-ocean GCM, 
ECHAM4/OPYC3. LinClim is able to reproduce the IPCC (1999) 2050 aviation-related forcings. 
The model is shown through some example application analyses to be a useful tool for exploring 
the effects of aviation on RF and temperature response. 

1 INTRODUCTION 

Aircraft emissions may influence climate from a number of emissions and effects. These effects 
have been reviewed and assessed in the Intergovernmental Panel on Climate Change (IPCC) Spe-
cial Report ‘Aviation and the Global Atmosphere’ (IPCC, 1999). More recently, Sausen et al., 
(2005) gave an update to the IPCC results on the aviation's impact on climate by means of the met-
ric ‘radiative forcing of climate’. This metric has been adopted by the IPCC (IPCC, 1990) and the 
scientific community to assess different anthropogenic effects on climate. The RF concept has 
proven useful as there is an approximately linear relationship between the global mean radiative 
forcing (RF) and the associated equilibrium global mean surface temperature change (∆Ts), i.e.: 

FRTs λ≈Δ  , (1) 

where λ is the climate sensitivity parameter (unit K/Wm-2). For many years λ has been considered 
being a model constant, independent of the type of forcing. More recently, in a number of studies, it 
has been shown that λ is to some extent also dependent on the type of perturbation, in particular for 
non-homogeneously distributed climate change agents, e.g., aircraft-induced O3 perturbations (Han-
sen et al., 1997; Forster and Shine, 1997; Ponater et al., 1999; Joshi et al., 2003). This is sometimes 
denoted the ‘efficacy’ (Hansen et al., 2005) and is defined as: 

2/ COiir λλ=  , (2) 

where λi and λCO2 are the climate sensitivity parameters associated with perturbations of the climate 
change agent i and of CO2, respectively. Considering also the efficacy, eq. (1) modifies to 

FRrT COis 2λ≈Δ  . (3) 
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The ideal way to explore climate scenarios would be to perform simulations with general circula-
tion models (GCMs). However, GCMs are very complex and computationally demanding: a sce-
nario may need to be run (depending on the climate perturbation) for decades of simulation time 
taking processing time in the order of weeks to months on a high performance computer (in particu-
lar if chemistry is included). The necessity for long simulation periods arises from climate inertia 
effects and the requirement to separate signal from noise. For aircraft perturbations that are rela-
tively small, this is a particularly difficult problem. In order to overcome the high computational 
costs associated with determining environmental responses with GCMs, simplified climate response 
models may be used. Such models are generally tuned or parameterized to reproduce the main char-
acteristic responses of GCMs (such as the temporal evolution of the global mean near surface tem-
perature) and have been used extensively by the IPCC to explore the impacts of a large range of 
climate scenarios (IPCC, 2001). 

Sausen and Schumann (2000) (hereafter referred to as S&S 2000) demonstrated that some of the 
global mean environmental responses to particular engine technology development scenarios could 
be conveniently explored with a simple linear climate response model that was computationally ef-
ficient. This model went beyond RFs to compute temperature responses over various timescales. 
Using temperature response rather than RF allows an examination of the effects of ri by looking at 
the time-development of changes in ΔTs, and an assessment of the relative merits of abatement 
technologies in terms of climate protection. 

In this paper, a simplified climate response model, LinClim, which builds upon the approach of 
S&S (2000) is presented. The scope of the model has been expanded to include the full suite of 
aviation-specific effects identified by the IPCC (1999). These include RFs and temperature re-
sponse formulations for CO2, formation of O3 and CH4 destruction due to NOx, water vapour, con-
trails, sulphate, soot and indirect clouds. 

2 MODEL DESCRIPTION 

The modelling approach adopted was to calculate the emissions and subsequent concentrations of a 
climate gas, calculate its RF, and then to calculate the ΔTs due to the RF using a simplified climate 
response function. LinClim includes formulations which are consistent with either the IPCC (1999) 
or TRADEOFF (Sausen et al., 2005) data (denoted ‘99’ and ‘TO’, respectively). For methodologies 
that involves reference year scaling, the values may be obtained from various sources. 
2.1 Carbon dioxide (CO2) 
In order to calculate the full CO2 contribution to RF and temperature response, historical fuel and 
extrapolation out to 2100 were calculated using S&S (2000) methodology. Emissions of CO2 are 
then calculated using carbon mass fraction of 0.86 for aviation fuel (S&S 2000). The response of 
CO2 concentrations to an emissions rate is modelled using Hasselmann et al., (1997), which ap-
proximates to the results of the carbon cycle model of Maier-Reimer and Hasselmann (1987). 

The RF of a CO2 increase is dependent upon the reference concentration because of spectral 
saturation, such that in calculating the impacts of CO2 from aviation, it is necessary to know the 
‘background’ RF. Historical CO2 concentration data from 1800 until 1995, and thereafter until 2100 
from IPCC scenario IS92a (all natural and anthropogenic sources including aircraft emissions) were 
used as background (S&S 2000). The contribution of aviation CO2 concentrations are calculated 
explicitly, the concentration being assumed to be the difference between background and aviation 
concentrations. The RF of CO2 may then be calculated using the simplified expression adopted by 
IPCC (1997) or IPCC (2001). 
2.2 NOx-induced ozone (O3) and methane (CH4) 
The aviation O3 and CH4 RF methodology assumes that there is a linear relationship between avia-
tion NOx emissions and O3 (and indirect CH4) RF changes (IPCC, 1999), i.e.: 
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where Ea is the aircraft fuel burnt per year, and EINOx is the emissions index of nitrogen oxides per 
mass of fuel burnt. 
2.3 Water vapour (H2O) 
Similar to the calculation of aviation induced O3 and CH4, a simplified linear approach is taken for 
water vapour where the RF scales linearly with fuel use, i.e.: 

) (
)(

) ( )( 22 yearrefE
tE

yearrefRFtRF
a

a
OHOH ×=

 , (5) 

2.4 Line-shaped contrails 
Contrails RF is assumed to scale with fuel burn and an additional factor, F, to account for the evolu-
tion of fleet and flight routes over time (IPCC, 1999) and F was then derived by scaling this RF 
value to the published values in IPCC (1999) for the years 2015 and 2050. Post 2050, F is assumed 
to be constant. The F values are summarized in Table 1. 

Table 1: Correction factor, F to account for fleet evolution and flight routes 

Year Technology 1 Technology 2 
1992 1.00 1.00 
2015 1.48 1.48 
2050 1.70 1.64 

2.5 Sulphate (SO4) and soot (BC) particles 
Aviation SO4 particle emissions were derived from the sulphur content of fuel, as in eq. (6), where 
ESO4 (t) is the aviation emissions at time t (Tg S), EISulphur is the emissions index 0.0004 kg S per kg 
fuel, β is the effective conversion factor from fuel-sulphur to optically active sulphate, following 
IPCC (1999), we adopt β = 50%. 

)()(4 tEEItE aSulphurSO ××= β  (6) 

Aviation soot (black carbon, BC) is calculated using eq. (7), where EBC (t) is the aviation emis-
sions at time t (Tg BC) and EIBC is the emissions index 0.00004 kg black carbon per kg fuel (IPCC, 
1999). 

)()( tEEItE aBCBC ×=  (7) 

RF for particles is scaled to the respective particle emissions and externally calculated RF. 
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2.6 Aviation-induced cirrus 
Similar to the water vapour RF calculation, it is assumed that RF of aviation-induced cirrus scales 
with fuel usage. However, due to the large uncertainties in aviation-induced cirrus calculation (c.f., 
Sausen et al., 2005; or Mannstein and Schumann, 2007), we refrain from including the contribution 
from this effect in the final results. 
2.7 Temperature response 
The temperature response approach was devised by Hasselmann et al., (1993) and has been widely 
used thereafter (e.g., Hasselmann et al., 1997; S&S 2000). The formulation presented by S&S 
(2000) has been rearranged to include the perturbation’s efficacy: 
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where ΔTi is the temperature response (K) due to perturbation i. ri is the associated efficacy, λCO2 is 
the CO2 climate sensitivity parameter (K/Wm-2) of the parent GCM, RFi is the associated radiative 
forcing (Wm-2). The revised Green’s function is )(ˆ tGT , τ  is the lifetime (e-folding time) of a tem-
perature perturbation (years). The current version of LinClim is tuned to reproduce the transient be-
haviour of the full-scale atmosphere ocean model ECHAM4/OPYC3 (Roeckner et al., 1999). The 
value of λCO2 is 0.64 K/Wm-2 and τ  is 37.4 years. The values for ri are summarized in Table 2. 

Table 2: Efficacies, ri 

Perturbation Reference ri (range) 
CO2, SO4, BC  1 
Aviation O3 Ponater et al., 2006 1.37 (1 – 2) 
CH4 Ponater et al., 2006 1.18 (1 – 1.2) 
H2O Ponater et al., 2006 1.14 
Contrails Ponater et al., 2006 0.59 

3 APPLICATION 

The aviation RF results from LinClim using the ‘99’ parameters (scaled to IPCC (1999) reference 
values parameters summarized in Table 3), denoted as LC-99, are presented in Table 4. The IPCC 
(1999) results are basically reproduced. The deviations in RFCO2 result from a slightly different CO2 
concentration. There were noticeable differences in the 1992 RFO3 and RFContrails. This is due to the 
difference in the 1992 fuel burnt in LinClim (165.1 Tg from S&S, 2000) and the IPCC (1999) 
(160.3 Tg). Small differences were yielded also for RFO3 and RFCH4 in future years. This is because 
the IPCC (1999) RFO3 and RFCH4 results were obtained from CTM runs, whereas the results from 
LC-99 were simply scaled to the NOx emissions. 

Table 3: Reference year (1992 and 2000) parameters used in the example applications 

Parameter Unit Reference values in 1992 
(used in LC-99) 

Reference values in 2000 
(used in LC-TO) 

Ea Tg/Yr 160.3* 169.0† 
ESO4 Tg S 0.032* 0.0338‡ 
EBC Tg BC 0.006* 0.0068‡ 
EI NOx g NO2/kg fuel 12.0* 12.7† 
RFO3 W/m2 0.023* 0.0219‡ 
RFCH4 W/m2 -0.014* -0.0104‡ 
RFH2O W/m2 0.0015* 0.0020‡ 
RFContrails W/m2 0.020* 0.0100‡ 
RFSO4 W/m2 -0.003* -0.0035‡ 
RFBC W/m2 0.003* 0.0025‡ 

*IPCC (1999), †Gauss et al. (2006), ‡Sausen et al. (2005). 

A second set of parameters from the TRADEOFF study (Sausen et al., 2005) were used to form 
an updated version of LinClim, denoted as LC-TO (Table 3). These updated results (see Table 4) 
show that the contribution of aviation RF is lower than in the previous assessments, both for 1992 
and for future scenarios. 

Figure 1 shows the total aviation RF (without aviation-induced cirrus) and the associated tem-
perature changes (with and without considering the efficacies) for scenario Fa1 calculated using 
LinClim with the TRADEOFF parameters (LC-TO). It is interesting to note the role of efficacies in 
the temperature prediction. Using an efficacy of 1 for all perturbations, the temperature response is 
approximately the same as the prediction including individual efficacy values for specific perturba-
tion (as listed in Table 2). By chance, the larger contributions from O3 and H2O are offset by the 
smaller contribution from contrails and the more negative contribution from CH4. However, by 
changing the efficacy of O3 to the lower (rO3 = 1) and upper (rO3 = 2) bounds, the temperature re-
sponse is 20% lower (rO3 = 1) or 33% higher (rO3 = 2) than the case where rO3 = 1.37 (as in Table 2) 
at 2100. This shows that the role of efficacies may become increasingly important in determining 
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the tradeoffs between different engine technology options, in particular with respect to NOx which 
causes component impacts of high efficacy. 

Table 4: RF comparison of LinClim with the IPCC (1999) parameters (LC-99) and with the TRADEOFF parameters 
(LC-TO). (Cont. = Contrails) 

Radiative forcing (W/m2) 
Scenario 

Data 
source 

CO2 
(ppmv) CO2 O3 CH4 H2O Cont. SO4 BC Total 

IPCC 1.0 0.018 0.023 -0.014 0.002 0.020 -0.003 0.003 0.049 
LC-99 1.3 0.022 0.024 -0.014 0.002 0.021 -0.003 0.003 0.054 

NASA-
1992 

LC-TO 1.3 0.019 0.020 -0.012 0.002 0.010 -0.003 0.002 0.038 
           

IPCC 2.5 0.038 0.040 -0.027 0.003 0.060 -0.006 0.006 0.114 
LC-99 2.8 0.044 0.052 -0.032 0.003 0.060 -0.006 0.006 0.128 

NASA-
2015 

LC-TO 2.8 0.038 0.044 -0.025 0.004 0.028 -0.007 0.005 0.087 
           

IPCC 6.0 0.074 0.060 -0.045 0.004 0.100 -0.009 0.009 0.193 
LC-99 6.3 0.080 0.086 -0.052 0.004 0.100 -0.009 0.009 0.218 

FESGa 
(tech1) 
2050 LC-TO 6.3 0.068 0.073 -0.044 0.006 0.047 -0.010 0.007 0.147 
           

IPCC 6.1 0.075 0.047 -0.035 0.005 0.100 -0.009 0.009 0.192 
LC-99 6.4 0.081 0.066 -0.040 0.005 0.100 -0.009 0.009 0.212 

FESGa 
(tech2) 
2050 LC-TO 6.4 0.069 0.057 -0.027 0.006 0.047 -0.010 0.007 0.149 

 

Figure 1: Aviation RF and associated temperature changes (with and without considering the efficacies) for 
scenario Fa1 

4 CONCLUSIONS AND FURTHER WORK 

The RF and temperature response results of the simple climate response model, LinClim, are pre-
sented. LinClim is able to predict the temperature response from the full suite of aviation perturba-
tions. The present day and future scenario RF results compared well with the published IPCC 
(1999) values. LinClim’s RF results are not intended to replace other RF estimates, but are rather 
used to describe the contribution of individual impact components to the total aviation effect for 
transient emission scenarios. In future work the model will be applied more extensively to various 
technology and growth scenarios to understand the role of aviation and by how technology im-
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provements may be best targeted. Moreover, the model will also be useful in exploring more appro-
priate climate metrics than RF for policy applications. 
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ABSTRACT: A simplified global climate response model was used to calculate radiative forcings 
and temperature responses from the emissions of shipping. Radiative forcings were calculated for 
2000, which were: 0.043 W m-2 (CO2); 0.021 W m-2 (O3); -0.011 W m-2 (CH4). If these forcings are 
combined with literature values for SO4, black carbon and the indirect aerosol effect, a total forcing 
of -0.08 W m-2 was calculated. Comparing the 2000 CO2 shipping radiative forcing and temperature 
responses with those for aviation showed them to be approximately 1.8× and 2.7× greater. 

1 INTRODUCTION 

Ocean-going shipping provides an important means of international transportation of goods, along 
with other purposes such as fishing, leisure transport etc. Shipping has been operational on an inter-
national scale since approximately the industrial revolution, initially as sail ships, then steam ships 
powered by coal. Since circa 1910, diesel engines were introduced. By 1961, there were still over 
10,000 steam engine powered ships and ~3,500 steam turbine powered ships in operation. 

The combustion of coal and diesel results in a variety of emissions including carbon dioxide 
(CO2), oxides of nitrogen (NOx), carbon monoxide (CO), methane (CH4), other non-methane vola-
tile organic compounds (VOCs) and particles. In addition to sulphate particles (SO4) resulting from 
SO2 emissions, ships also release black carbon (BC) and particulate organic matter (POM).  

These emissions contribute to perturbation of the global carbon, sulphur and nitrogen budgets. 
They result in both direct warming effects from CO2 and CH4, potential indirect warming effects 
from the emission of ozone (O3) precursors (NOx, CH4, CO and VOCs) and indirect cooling effects 
from shipping emissions of NOx, which increases OH resulting in a reduction in CH4 lifetime (En-
dresen et al., 2003; Eyring et al., 2007). The increases in SO4 and BC concentrations also have di-
rect but opposing effects resulting from enhanced scattering and reflection of solar radia-
tion/downwelling of long-wave radiation and an indirect effect from the formation of ‘ship tracks’ 
(e.g. Schreier et al., 2006) and large-scale low marine clouds (Capaldo et al., 1999). 

In this work, the global mean radiative forcing (RF) and temperature response from shipping 
emissions was calculated for most of the forcing agents. A climate response model was adapted to 
deal with shipping radiative effects in a parameterized way from a similar model developed for 
evaluating global mean aviation effects (Lim et al., 2007), which in turn was developed from the 
simpler model of Sausen and Schumann (2000). Such climate response modelling was originally 
developed by Hasselmann et al. (1993), which has been adapted for a variety of applications. 

Since much research has been dedicated to understanding the response of the climate system to 
aircraft emissions, some simple comparisons are made between the two transportation sectors and 
projected emissions scenarios in the future. 

                                                 
* Corresponding author: D. S. Lee, Dalton Research Institute-CATE, Manchester Metropolitan University, Faculty 

of Science and Engineering, John Dalton East Building, Chester St, Manchester M1 5GD, UK. Email: 
D.S.Lee@mmu.ac.uk 
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2 METHODOLOGY 

In this section, the emissions estimations are summarized and details of the climate response model 
provided that are particular to the quantification of shipping RF and temperature responses. 
2.1 Emissions 
Present day shipping emissions are taken from Eyring et al. (2005a; hereafter EY2005a) for CO2, 
NOx, VOCs, CH4 and CO. Historical emissions from shipping were taken from two different 
sources for comparison. EY2005a calculated emissions from 1950 to 2001. However, engine-driven 
shipping has a much longer history that dates back to circa 1870. For earlier shipping emissions, 
shipping emissions data are taken from Endresen et al. (2007). Two estimations of shipping CO2 ra-
diative forcing can be made to 2000; one using the data of Endresen et al. (2007; hereafter EN2007) 
and another using these data from 1870 to 1950 combined with EY2005a from 1950 to 2000. 

For future emissions, Eyring et al. (2005b) provided estimations according to four demand sce-
narios (DS1-DS4) and four technology scenarios (TS1-TS4) to 2050. However, in order to better 
represent the climate response, transient runs to 2100 are needed. Therefore, the central de-
mand/technology scenario (DS1-TS4) of Eyring et al. (2005b) has been extrapolated out to 2100. 

For the comparison with aviation, a full historical and projected scenario of emissions from 1940 
through to 2050, extrapolated out until 2100 has been taken from Sausen and Schumann (2000). 
2.2 Climate response model 
The LinClim climate response model (Lim et al., 2007) has been adapted to calculate RFs and tem-
perature responses from shipping emissions. The contribution of shipping emissions of CO2 to con-
centrations was calculated according to the method of Hasselmann et al. (1997) and these were sub-
tracted from historical ‘background’ CO2 concentrations up until 1995, thereafter using 
concentrations from the IS92a scenario to 2100. The CO2 RF was then calculated from the CO2 
concentrations according to the method of IPCC (2001). The temperature response was calculated 
via a convolution integral method (Hasselmann et al., 1993) using an updated fit to the parent 
GCM, ECHAM4/OPYC3 (Lim et al., 2007). 

For CH4, a global mean mass balance equation was used, which accounts for changes in CH4 
lifetime from tropospheric, stratospheric and soil sinks (Wigley et al., 2002). The tropospheric life-
time, τOH, was determined from Equation [1] (IPCC, 2001). 

( ) ( ) ( ) ( )tttXttOH VOCeCOeNOeC −−−−−+−= − δδδδτδ 000315.0000105.00042.0)ln(32.0ln 1  [1] 

where (τOH)t is the tropospheric sink at time t (yr), (e-NOx)t are the anthropogenic NOx emissions at 
time t (Tg(N)/yr), (e-CO)t are the anthropogenic CO emissions at time t (Tg/yr), and (e-VOC)t are 
the anthropogenic VOC emissions at time t (Tg/yr) 

It was assumed that all changes in lifetime, concentration and emissions are relative to the year 
2001. It was also assumed that the natural emissions of CH4, NOx, CO and VOC remain constant. 
The mass balance equation predicts background CH4 and the same equation was used to calculate 
the shipping component, using the difference between background and shipping emissions of NOx, 
CO, CH4 and VOCs in Equation [1]. 

The RF arising from the CH4 perturbation was calculated from the method presented by IPCC 
(2001) which accounts for N2O overlap. 

( ) ( ) ( )( )0000)(CH ,,
4

NCfNCfCCRF tt −−−= α   [2] 

where α  is 0.036, Ct is the CH4 concentration at time t (ppbv), C0 is the pre-industrial CH4 concen-
tration (700 ppbv), N0 is the pre-industrial N2O concentration (280 ppbv) and f(C,N) is the cor-
rection for overlap with N2O: 

( ) 52.11575.05 )(1031.5(1001.21ln47.0),( NCCNCNCf ⋅×+⋅×+= −−   [3] 

The CH4 RF from shipping emissions was calculated from Equation [4] 
)()()(

444 shippingBackgroundCHBackgroundCHCH CRFCRFshippingRF −−=   [4] 



210 LEE et al: Radiative forcing and temperature response from shipping 
 

 

A simple relationship between a change in O3 column (Dobson Units – DU) and O3 RF was pre-
sented by IPCC (2001). The pre-industrial global mean O3 column was taken as 25 DU and histori-
cal O3 forcings were also taken from IPCC (2001) to 2000, for which the RF was estimated to be 
0.38 W m-2. The mean forcing per DU is 0.042 W m-2/DU. For future changes in column O3 the re-
lationship presented by IPCC (2001) between O3 DU and NOx, CH4, CO and VOC emissions was 
used: 

( ) ( ) ( ) ( )tttXtt VOCeCOeNOeCH −+−+−++= − δδδδδ 0033.00011.0125.0)ln(0.5O 143   [5] 

where (O3)t is the tropospheric O3 at time t (DU), CH4 (ppbv), (e-NOx)t are the anthropogenic 
NOx emissions at time t (Tg(N)/yr); (e-CO)t are the anthropogenic CO emissions at time t (Tg/yr), 
and (e-VOC)t are the anthropogenic VOC emissions at time t (Tg/yr). 

It was also assumed that the natural emissions of CH4, NOx, CO and VOC remain constant. 
Therefore, the emissions scenario describes all changes in emissions. 

It was assumed that equation [5] predicts background tropospheric O3 (in DU) relative to the 
year 2001 and the same equation was used to calculate the shipping component, using shipping 
emissions of NOx, CO, CH4 and VOCs. Therefore, the O3 concentrations arising from shipping are 
assumed to be the difference between the background and shipping O3 concentrations as in Equa-
tion [5]. The RF from the O3 perturbation was calculated using Equation [6]. 

( ) ( ) ( )
2000O3O 33

O042.0 RFRF
t

+×= δ   [6] 

3 RESULTS 

Two time-evolved CO2 RF responses from shipping have been calculated from the emission data-
sets (i.e. EN2007, and EN2007+EY2005a) to 2000. The emissions are shown in Figure 1a and the 
subsequent CO2 RF in Figure 1b. The time-evolution of emissions is evidently quite different over 
the period 1940 to 2000, with the estimates of EY2005a being based on interpolation of individual 
years (1950, 1960, 1970, 1980, 1995 and 2001), such that the reductions and subsequent increases 
between 1980 and 1990 as shown by EN2007 are not featured. By contrast, the emissions estimates 
of EN2007 between 1940 and 1975 are greater than those of EY2005a. These two features in the 
data have a cancelling effect in the CO2 RF (Figure 2) by 2000 such that they reach approximately 
the same value of ~0.0425 W m-2. 

Figure 1. Panel a. Emissions of CO2 from shipping between 1870 and 2000 according to EY2005a and 
EN2007, including back-extrapolation from 1925 to 1870. Panel b. Radiative forcing of CO2 from shipping 
according to estimates of EY2005a and EN2007, including back-extrapolation from 1925 to 1870. 
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4 DISCUSSION 

4.1 An estimation of the total radiative forcing impact from shipping in 2000 
The model can be used to estimate RFs from shipping for CO2, O3 and CH4, and SO4. Currently, it 
does not have BC and the indirect aerosol effect implemented. If shipping RFs for 2000 calculated 
here are combined with independent estimates of these RFs not calculated in the model, an overall 
RF chart for 2000 can be given in a similar fashion (Figure 2) to those presented for aviation (IPCC, 
1999; Sausen et al., 2005). 

Figure 2. Radiative forcing from shipping effects in 2000: CO2, O3, CH4 responses as calculated with the lin-
ear response model; BC and the indirect effect from Berntsen (2004) and Capaldo et al. (1999). 
 
The O3 RF was calculated to be 0.021 W m-2. This is approximately twice the value of 0.0098 ± 
0.002 W m-2 calculated by Eyring et al. (2007) using a suite of chemical transport models (CTMs). 
However, the emissions used by Eyring et al. (2007) were approximately one half those (in 2000) 
used in this study (3.10 TgN instead of 6.51 Tg N yr-1), such that the response scales linearly.  

Since the negative RFs from the direct effect of SO4 and the indirect effect dominate, the total 
RF is negative, implying an overall cooling on a global mean basis. However, it is questionable as 
to whether such a global mean additivity is meaningful where strong positive and negative forcings 
are involved, some of which are spatially heterogeneous – this is basically a question over the use-
fulness of the RF metric which is a subject of debate for issues such as this. An overall negative RF 
from shipping that comprises both positive and negative forcings could mistakenly be interpreted as 
either being benign, or even in extremis counteracting other positive RFs. The fallacy of this inter-
pretation is that if the sulphur in the fuel were removed, then the negative SO4 RF would disappear 
in a matter of weeks, and a similar response is possible for the overall indirect aerosol effect due to 
shipping. In such a case where S was reduced, and the RF from this effect reduced, one would still 
be left with a long-term positive RF and warming from historical CO2 emissions. 
4.2 A comparison of shipping and aviation CO2 radiative forcing and temperature response 
It is of interest to compare aviation with shipping effects on climate since the international emis-
sions from both of these sectors are not covered by the Kyoto Protocol because of the complication 
of allocating emissions. Here, only the CO2 RF and temperature responses for shipping and aviation 
are compared. A more comprehensive comparison of RF effects is not yet possible because of lim-
ited emissions data availability. 

In the comparison made here, the responses from the ‘beginning’ of shipping and aviation, i.e. 
1870 and 1940 were calculated for a range of scenarios through to 2050, and thereafter to 2100 for 
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a single scenario. In 2000, the CO2 RF from shipping was approximately 1.8 times that of aviation’s 
CO2 RF. However, the assumed growth of aviation and shipping CO2 emissions means that the 
difference between the RFs diminishes and starts to converge by 2100. 

Figure 3. Panel a. Time evolution of CO2 radiative forcing from shipping and aviation from 1870 and 1940, 
respectively, to 2050 under assumptions of central emission scenarios, thereafter linearly extrapolated to 
2100. Panel b. Time evolution of CO2 temperature response from shipping and aviation from 1870 and 1940, 
respectively, to 2050 under assumptions of central emission scenarios, thereafter linearly extrapolated to 
2100. 
 
If Figure 3b is examined for the temperature response effect on climate from these sectoral CO2 
emissions, the shipping temperature effects is a factor of ~2.7 times that of aviation in 2000 and 
~1.1 times that of aviation in 2100. 

 
4.3 Future work and limitations of the modelling approach 
The purpose of the model is to calculate time-evolved RFs for the calculation of temperature re-
sponse(s). For some forcing agents such as CO2, O3 and CH4, the RFs can be calculated explicitly, 
albeit in a parameterized manner. For other agents such as the direct effect from SO4 and BC or the 
indirect aerosol effect, individual yearly values may be used with some parameter (such as fuel) to 
scale these RFs over time in order to calculate temperature responses. As independent estimates of 
some of these forcing effects become available, they will be implemented in the model. Whilst the 
RF response to shorter-lived climate forcing agents such as O3, SO4 etc. is relatively fast, it should 
be remembered that the temperature response to these forcings is longer because of the thermal in-
ertia of the climate system arising from the slow exchange times of heat between the ocean and the 
atmosphere. In the future, a complete history of emissions of NOx, CO, VOCs and CH4 are needed 
to calculate the temperature response from shipping-induced changes in O3 and CH4 RFs. 

The nature of the model has limitations that should be born in mind when interpreting the output: 
it is a global mean model, such that it is a robust method to calculate temperature response for ho-
mogeneous forcings (assuming that it is appropriately tuned to some GCM). For other forcings such 
as O3, BC, SO4 or the indirect aerosol effect, the spatial forcing is highly heterogeneous and it is not 
necessarily the case that a global mean response is entirely appropriate for interpreting the overall 
temperature response to, e.g., shipping emissions in an additive manner. However, to a first order, 
such global mean models can produce useful initial data for a first-order interpretation of the im-
pacts of a transport sector such as shipping. 

5 CONCLUSIONS 

- This study addresses time-evolved RFs and temperature responses from some of the effects of 
shipping, particularly CO2, O3 and CH4. 

- A robust estimate of shipping CO2 RF has been made for 2000 with the usage of a full history of 
shipping’s emissions of 0.043 W m-2. A shipping O3 RF of 0.021 W m-2 in 2000 has been calcu-
lated using a simple method, which is in agreement with independent calculations using complex 
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3D chemical transport models, allowing for a linear scaling of emissions. Shipping NOx emis-
sions result in a negative CH4 RF of -0.01 W m-2 in 2000, as calculated with a simplified meth-
odology.  

- Combining these RFs with others not calculated with the model result in an overall global mean 
RF due to shipping in 2000 of approximately -0.08 W m-2. 

- Shipping CO2 RF was approximately 1.8 times that of aviation in 2000 and the resultant tem-
perature response of (CO2 only) for shipping was found to be 2.7 times that of aviation in 2000. 
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Contrails, contrail cirrus, and ship tracks 

K. Gierens* 
DLR-Institut für Physik der Atmosphäre Oberpfaffenhofen, Germany 

Keywords: Aerosol effects on clouds and climate 

ABSTRACT: The following text is an enlarged version of the conference tutorial lecture on con-
trails, contrail cirrus, and ship tracks. I start with a general introduction into aerosol effects on 
clouds. Contrail formation and persistence, aviation’s share to cirrus trends and ship tracks are 
treated then.  

1 INTRODUCTION 

The overarching theme above the notions “contrails”, “contrail cirrus”, and “ship tracks” is the ef-
fects of anthropogenic aerosol on clouds and on climate via the cloud’s influence on the flow of ra-
diation energy in the atmosphere. Aerosol effects are categorised in the following way:  
- Direct effect: Aerosol particles scatter and absorb solar and terrestrial radiation, that is, they in-

terfere directly with the radiative energy flow through the atmosphere (e.g. Haywood and 
Boucher, 2000). 

- Semidirect effect: Soot particles are very effective absorbers of radiation. When they absorb ra-
diation the ambient air is locally heated. When this happens close to or within clouds, the local 
heating leads to buoyancy forces, hence overturning motions are induced, altering cloud evolu-
tion and potentially lifetimes (e.g. Hansen et al., 1997; Ackerman et al., 2000). 

- Indirect effects: The most important role of aerosol particles in the atmosphere is their role as 
condensation and ice nuclei, that is, their role in cloud formation. The addition of aerosol parti-
cles to the natural aerosol background changes the formation conditions of clouds, which leads 
to changes in cloud occurrence frequencies, cloud properties (microphysical, structural, and op-
tical), and cloud lifetimes (e.g. Lohmann and Feichter, 2005). 

Water clouds always form right at water saturation because there are always enough aerosol parti-
cles present, so that the vapour can immediately condense and form droplets. The addition of an-
thropogenic aerosol, for water clouds therefore leads to more numerous but smaller droplets 
(Twomey effect, Twomey, 1974, 1977). Since radiation scattering gets stronger with decreasing 
droplet size (when the water mass stays constant) the Twomey effect makes clouds more reflective 
of solar radiation. Ship tracks are a good example of this effect. Since the droplets get smaller when 
additional aerosol is present, their tendency to fall relative to the air will be reduced. This weakens 
the cloud’s tendency to form drizzle. 

Ice clouds are more complicated than water clouds, because they do not form right at ice satura-
tion. Instead, the natural way of cirrus formation is freezing of supercooled aqueous solution drop-
lets, which needs supersaturations of 45% and more, depending on temperature. Ice nuclei (from 
anthropogenic sources) that commence to form ice at lower supersaturations may inhibit the build-
up of the large supersaturations necessary for freezing of the solution droplets. This generally leads 
to less and larger ice crystals with a corresponding higher tendency to precipitate. Aerosol particles 
from aviation could act in this way, but this is yet a hypothesis. 

Contrails can form in the blue sky when the ambient air is not supersaturated enough to allow 
natural formation of cirrus. In the wake of an aircraft, the humidity can reach transiently very high 
supersaturation, sufficient to let the exhaust particles act as condensation nuclei. Once formed, the 
contrail ice crystals (at least a fraction of them) can survive as soon as the ambient air is supersatu-
rated. In such a case the contrail can grow laterally into a so-called contrail cirrus, i.e. a naturally 
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looking cirrus cloud that would not exist without the prior formation of a contrail. This kind of cir-
rus formation occurs quite frequently. 

2 CONTRAILS AND CONTRAIL CIRRUS 

2.1 Contrail formation 
Contrail formation is like breathing in cold air: Mixing of hot and moist exhaust gases with suffi-
ciently cold ambient air can lead to transient water supersaturation. Exhaust particles and ambient 
aerosol particles entrained by the vigorous swirling vortex act as condensation nuclei, the super-
saturated vapour condenses and quickly freezes in the cooling mixture. Contrail formation takes 
about 1/3 s. 

Whether or not a contrail forms can be decided by the Schmidt-Appleman criterion (Schumann, 
1996), a thermodynamic criterion that says that the mixture of the exhaust gases with ambient air 
must achieve supersaturation with respect to water. In-flight tests of the Schmidt-Appleman crite-
rion have shown its validity (Busen and Schumann, 1995; Jensen et al., 1998; Kärcher et al., 1998). 
The fact that water saturation must be reached and that ice saturation is not sufficient for contrail 
formation is due to the poor ice nucleating efficiency of the exhaust particles.  

An interesting consequence of the Schmidt-Appleman theory is that modern aircraft can produce 
contrails in warmer air than old aircraft, that is at lower altitudes (Schumann, 2000; Schumann et al. 
2000). The reason behind that is that the exhaust gases of modern, more efficient, engines are 
cooler than those of old engines (a larger fraction of the fuel energy is used for propulsion), so that 
water saturation can be achieved in warmer ambient conditions. 

Another way of contrail formation is by the aerodynamic cooling of the air flowing over the 
wing (see Gierens et al., this volume). This process is independent of the Schmidt-Appleman crite-
rion. 
2.2 Contrail-to-Cirrus transition 
The Schmidt-Appleman criterion says only whether or not a contrail can form. It says nothing about 
the persistence of a contrail. Whether a contrail is persistent or not depends on the ambient relative 
humidity with respect to ice. One should note that water supersaturation is required only for a frac-
tion of a second during the mixing process to trigger droplet condensation; in principle, a contrail 
can be formed even in totally dry air, yet a very short one. A contrail can survive until the wake 
vortices burst (after about 2 min) when the humidity is closer to but below ice saturation. Such a 
condition can easily be recognized by a ground observer by watching how the contrail evolves into 

closed rings that quickly vanish. An example is given in 
Figure 1. 
 
 

 
 
 
 
 
Figure 1. Short non-persistent contrail that forms vortex rings and 
evaporates then (source: DLR). 



216 GIERENS: Contrails, contrail cirrus, and ship tracks 
 

 

Contrail persistence beyond the lifetime of the vortices requires ice supersaturation. Ice supersatura-
tion is a relatively frequent phenomenon in the upper troposphere; it even occurs sometimes in the 
stratosphere, just above the tropopause. From MOZAIC data we can derive that commercial air traf-
fic routes are about 15% of their way in ice supersaturated air masses (Gierens et al., 1999). Ice su-
persaturated regions have a mean horizontal extension of 150 km, but specimen with extensions of 
several thousand kilometres have been found (Gierens and Spichtinger, 2000). Their mean vertical 
extension is about half a kilometre, at least over Lindenberg in eastern Germany where the meas-
urements took place (Spichtinger et al., 2003). Lifetimes exceeding a day have been found in case 
studies (Spichtinger et al., 2005), and a few days lifetime of contrail clusters have been found in 
satellite imagery as well (Bakan et al., 1994). 

Contrail-to-cirrus transition starts with the break-up of the vortices. The number of ice crystals 
that survive the vortex phase is an important initial condition for contrail-to-cirrus transition, as 
well as the vertical extent and distribution of the ice in the contrail. Both depend strongly on aircraft 
parameters and ambient conditions, in particular, the degree of supersaturation and temperature. For 
instance, the fraction of ice crystals surviving the vortex phase is nearly zero just at saturation, and 
increases to nearly all at about 10-20% supersaturation. Unterstrasser et al. (this volume) give more 
details on this. The large variability of initial conditions for contrail-to-cirrus transition probably 
implies a large variation in the properties of the resulting contrail cirrus. The prime mechanism of 
the transition is spreading of the contrail due to vertical variation of horizontal wind speed, the wind 
shear. Spreading rates increase with increasing wind shear and with increasing initial vertical exten-
sion of the contrail (Dürbeck and Gerz, 1996; Gerz et al., 1998). Horizontal spreading rates ranging 
from 18 to 140 m/min have been measured with a scanning lidar (Freudenthaler et al., 1995; Freu-
denthaler, 2000). In a case study, Duda et al. (2004) estimated contrail spreading rates of 2.7 km/h 
from satellite imagery and weather forecast wind fields. 

The later evolution of contrail cirrus depends on the spreading rates and the ambient humidity 
field. Spreading alone implies dispersion of the ice crystals over a large area, decreasing the optical 
thickness of the contrail. However, the crystals grow in the supersaturated air, and fresh moisture is 
mixed into the contrail during the spreading process. The ice mass per crystal increases, and so does 
the optical thickness. At the same time, the growing crystals may grow enough to eventually fall out 
of the ice supersaturated region and to evaporate, again decreasing the optical thickness of the con-
trail cirrus. Usually, persistent contrails don’t appear as single objects, and the spreading of several 
contrails finally leads to a contrail deck (Gierens, 1998) in which the evolution of one contrail can-
not be considered separately from the others. Contrail decks also often evolve close to natural cirrus 
clouds. There is not much known about the evolution of contrail decks nor about the evolution of 
contrails close to or within cirrus clouds. 
2.3 Aviation’s share of cirrus trends 
A long-standing question in relation to air traffic has been whether aviation increases the average 
cloudiness and whether it affects other weather parameters like daily sunshine duration and tem-
perature range. Here I concentrate on studies that relate aviation with trends of cirrus cloudiness.  

Boucher (1999) took ground and ship based cloud observations of the period 1982-1991, 
grouped into early (1982-1986) and late (1987-1991). He then correlated the late minus early dif-
ferences of cirrus frequency of occurrence, ΔC, in 3°× 3° grid boxes with the aviation fuel con-
sumption, F, in the same area. He found that essentially ΔC increases with F. Highest ΔC occurred 
in main air flight corridors, NE USA (+13.3%/decade), and North Atlantic Flight Corridor 
(+7.1%/decade). Boucher stated that effects of volcanoes, long term changes in relative humidity, 
or climate variations related to the North Atlantic Oscillation (NAO) could not solely explain the 
trend in C, nor its regional distribution. 

Minnis et al. (2001) performed a similar study, adding satellite data. They found consistency in 
trends of cirrus and contrails over USA, but not so over Europe, which could point to other impor-
tant influences on cloudiness, that are stronger in Europe than in USA.  

Zerefos et al. (2003) took other potential influence factors into account in their study, namely El 
Niño Southern Oscillation (ENSO), NAO, and the Quasi Biennial Oscillation (QBO). They desea-
sonalised the cirrus time series and removed the ENSO, NAO, and QBO signals. Possible effects of 
changing tropopause temperatures and convective activity were removed by linear regression. Only 
the residuals were correlated with air traffic. These were found to increase, sometimes statistically 
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significantly, in regions with heavy air traffic, although an overall decrease of cirrus frequency was 
found. Consistent with Minnis et al., the most significant correlations were found over North Amer-
ica (winter season) and over the NAFC (summer season), while the correlations over Europe were 
insignificant (at a 95% level). 

Stubenrauch and Schumann (2005) studied satellite data (1987-1995) for trends of effective high 
cloud amount. They introduced a new element in these studies by grouping their data into three 
classes, according to the retrieved upper tropospheric humidity over ice, UTHi (an average of rela-
tive humidity over a thick layer in the upper troposphere, say from 200 to 500 hPa): (1) UTHi high 
enough for cirrus formation; (2) UTHi not sufficient for cirrus formation, but sufficient for contrail 
formation; (3) clear sky. It turned out that this additional classification of the data led to a very clear 
positive trend (+3.7%/decade over Europe, +5.5% over NAFC) in effective high cloud amount, 
while the overall trend (all classes) was weak. 

Stordal et al. (2005) found from an analysis of satellite data (1984-2000) that the time series of 
cirrus coverage C(t) and air traffic density D(t) (flown distance per km2 and hour) are generally 
positively correlated. The correlation is inferred from a linear ansatz: dC/dt = b dD/dt. Estimated 
correlations are not strong (partly because other influences have been left in the C(t) time series). 
They conclude that over Europe aviation produces an extra cirrus coverage of 3 to 5%. 

Mannstein and Schumann (2005) also correlated C(t) with D(t), however for 2 months of cirrus 
data from METEOSAT and actual air traffic data from EUROCONTROL. For relating cirrus cover 
and traffic density they used an ansatz that takes overlapping of contrails and saturation effects (e.g. 
finite size of ice-supersaturated regions) into account: C(t) = Ci(t) + Cpot[1-exp(-D/D*)], where Ci(t) 
is cover of natural cirrus, Cpot is the potential coverage of persistent contrails (Sausen et al., 1998), 
and the term in square brackets is the fraction of Cpot that is actually covered by contrails. It was 
shown that the relation between additional cirrus coverage and air traffic density indeed followed 
roughly the exponential model. The main result of this study was that over Europe aviation is re-
sponsible for an additional cirrus coverage of 3% (consistent with the result of Stordal et al.). This 
implies that the mean coverage of contrail cirrus over Europe exceeds the corresponding mean cov-
erage of linear contrails by almost one order of magnitude.  

Krebs (2006) extended the study of Mannstein and Schumann, by analysing cirrus coverage and 
air traffic of 11 months in 2004, for Europe, North Africa, and the North Atlantic. Over this ex-
tended region he still found a significant correlation between cirrus coverage and air traffic density. 
But the air traffic induced cirrus cover was smaller than in the Mannstein and Schumann study, 
namely 0.6±0.2%. The inclusion of regions with essentially no air traffic of course leads to smaller 
mean additional cirrus coverage. Krebs also investigated the effect of the additional cirrus on the 
radiation budget of the earth. He found a warming of 1.1 W/m2 for the region of interest, a value 
that is more than eight times larger than the value estimated by Boucher (1999). It is currently not 
clear how much of the correlation in this work between air traffic and cirrus cloudiness is actually 
due to a causal relationship. Hence the determination of the radiative forcing of contrail cirrus is 
fraught with very large uncertainties; studies to resolve the differences and to constrain the error 
margins are certainly needed.  

All these studies suggest that air traffic actually induces additional cirrus clouds which seems 
plausible. However it is extremely difficult to demonstrate and prove such a correlation because the 
variation of cirrus cloudiness due to natural influences is much larger than the possible aviation ef-
fect. Hence, to look for the latter is like looking for a signal hidden in strong noise.   

3 SHIP TRACKS 

Ship tracks are a good example of the Twomey effect. The clean marine boundary layer (MBL) 
contains mainly sea salt and sulphate aerosol with a number density of about 500 cm−3. When these 
act as condensation nuclei, a water cloud forms with a low number density of relatively large drop-
lets. Ship stacks release a lot of soot (and other) particles into the MBL. A part of them also act as 
cloud condensation nuclei: more but smaller droplets form. The water content of the clouds is 
hardly affected. Now, the same water amount has a larger optical effect when it is distributed into 
more but smaller droplets (like a big block of ice can be translucent while crushed ice is opaque). 
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Thus, the cloud areas that are contaminated by ship emissions have a signature of higher reflectivity 
than their surroundings on satellite images, which is used to detect them. 

The largest measurement campaign to date devoted to the study of ship tracks was conducted in 
June 1994 off the coast of California, the so-called Monterey Area Ship Track (MAST) Experiment 
(Durkee et al., 2000a). It produced the largest dataset so far of direct measurements of the effects of 
ship emissions on the microphysical and radiative properties of marine stratocumulus clouds as an 
analogue for the indirect effects of anthropogenic pollution on cloud albedo. An analysis of 131 
ship-ship track correlation pairs by Durkee et al. (2000b) gave the following ship track characteris-
tics (mean values ± standard deviation): length 296 ± 233 km, width 9 ± 5 km, age 7.3 ± 6 h (but 
many tracks get older than 12 h), the head of the ship track is 16 ± 8 km behind or 25 ± 15 min. af-
ter the ship. Significant variability of the values around their respective averages may be noted. 
Ship tracks form in a MBL that is between 300 and 750 m deep, and never deeper than 800 m dur-
ing MAST. Low level clouds must be close to the surface (less than one km), otherwise ship tracks 
do not form (Coakley et al., 2000). The relative humidity is usually high, temperature differences 
between air and see are low, and winds are moderate with wind speeds of 7.7 ± 3.1 m/s. However, 
statistical distributions of MBL and cloud properties overlap a lot for ship track and non-ship track 
regions. The statistical significance of the differences in the mean have not been given for the 
MAST experiment. 

Not all ships produce tracks. Ships powered by Diesel units that emit high concentrations of ac-
cumulation mode aerosol can produce ship tracks. Ships that produce few particles (e.g. nuclear 
ships) or particles too small for activation as cloud drops (even if in high concentration) do not pro-
duce ship tracks. The most likely, if not the only, cause of the formation of ship tracks is the direct 
emission of cloud condensation nuclei from the stack of a Diesel powered ship. Still then it needs a 
cloud layer susceptible to aerosol perturbation, and the atmospheric stability must be such to enable 
aerosol to be mixed throughout the MBL. Furthermore, not all exhausted particles are active as ad-
ditional cloud condensation nuclei. The type of fuel burned seems to be more important than the 
type of ship engine in determining whether a ship will produce a track or not. Ships, burning Ma-
rine Fuel Oil (a low-grade oil) or navy distillate fuel (high-grade) produce between 4×1015 to 
2×1016 particles per kg fuel burned. About 12% of the particles from Marine Fuel Oil burning serve 
as cloud condensation nuclei, whereas burning of higher-grade fuels produces particles that are less 
efficient as cloud condensation nuclei. Ship exhaust particles are composed primarily from organ-
ics, possibly combined with H2SO4 generated by gas-to-particle conversion from SO2. 10% (by 
mass) are water soluble materials. There is no evidence that salt particles from ship wakes cause 
ship tracks. Water and heat fluxes do not produce detectable perturbations that have an effect on 
MBL clouds (Hobbs et al., 2000). 

As the droplets in a ship track are smaller than usual in a MBL cloud, their coagulation rate to 
form larger droplets that eventually precipitate in the form of drizzle is diminished. In other words, 
ship tracks suppress drizzle formation which affects cloud life time and the budget of latent heat. As 
drizzle formation causes the transition from closed to open cellular convection (Rosenfeld et al., 
2006), this transition does not occur in ship tracks. Analysis of satellite data (Schreier et al., 2006) 
with comparison between non-ship-track pixels and ship-track pixels shows a large increase in the 
droplet number concentration from 100 cm−3 to 800 cm−3. Since the condensed water mass is 
probably unaffected by the ship track (the satellite data shows that the liquid water path is hardly af-
fected), the droplet’s effective radius experiences a significant decrease of from 12 to 6 µm, a clear 
indication of the Twomey effect. Accordingly, the optical thickness of unpolluted clouds is 20-30, 
whereas in the ship track it increases up to 45. 

Comparing the ocean regions where ship tracks occur with the regions where ship traffic occurs 
shows that ship tracks is a very selective phenomenon. The special combination of meteorological 
conditions necessary for formation of ship tracks is rarely given. Thus the direct radiative impact of 
ship tracks on the Earth’s energy budget is probably small. However, ship emissions can have more 
diffuse effects on low-level clouds that might be of higher climatic relevance, although much harder 
to detect. Devasthale et al. (2006) analysed time series of satellite data of the region around the 
English Channel (an ocean strait with very heavy ship traffic) and detected trends of cloud albedo 
and top temperature, that were ascribed to increasing ship emissions.   
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4 CONCLUSIONS 

Clouds are of utmost importance in the climate system because of their interaction with the hydro-
logical cycle and the radiant energy flow. The transportation sector may cause changes in cloud 
coverage and frequency and changes in cloud properties. These influences are exerted via semi-
direct and indirect aerosol effects. Research currently is focused on ship and aviation emissions and 
does not include the impact of road traffic emissions on clouds. This is because of the following 
two reasons: (1) There are evident cloud effects from both shipping (ship tracks) and aviation (con-
trails) whereas there are no evident cloud effects from road traffic. (2) The road traffic source is 
rather diffuse (many cars almost everywhere in Europe) whereas aviation is more regulated and 
shipping by large vessels is more confined to distinct routes. Their movements are recorded which 
makes source attribution better identified than it would be the case for road traffic. Nevertheless, fu-
ture research must take the cloud effects of surface transport and of industrial emissions into ac-
count, in order to enable fair comparisons of the effects. The knowledge gained from current re-
search on contrails, contrail cirrus, and ship tracks will certainly help for the future topics. 
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ABSTRACT: Greenhouse gas emissions, contrails and artificially induced cirrus clouds are the 
principal pollutants from air traffic which contribute to the anthropogenic global warming. Recent 
climate assessments have stressed the importance of contrails and aviation induced cirrus clouds. 
They might contribute more than all other aircraft emissions combined. Revolutionary technologies 
will contribute to accommodate the increasing demand in air transport at a sustainable level. In this 
paper, a novel propulsion concept is presented with the intention to provide greener propulsion for 
future aircraft. It is based on gas turbine technology, derived from the intercooled and recuperated 
engine concept. Exhaust water condensation is facilitated inside the engine to avoid the formation 
of contrails in the plume. Particles and aerosols are being scavenged from the exhaust gases during 
condensation. The condensed water is redirected into the combustor to mitigate NOx emissions via 
water injection technique. The new concept allows higher thermal efficiencies than conventional 
designs to cut back greenhouse gas emissions. It is concluded that significant advances in heat ex-
changer technology are required to make this concept feasible. 

1 INTRODUCTION 

There is evidence that anthropogenic greenhouse gas emissions have an impact on the Earth’s radia-
tion budget and cause a long term increase in the Earth’s mean surface temperature. Air traffic pol-
lutants are placed in the upper atmosphere where their impact is different. Water vapour and aerosol 
emissions are responsible for the formation of persistent contrails and cirrus clouds, both causing a 
net heating of the Earth’s atmosphere. The steady state response in the Earth’s mean surface tem-
perature due to a certain pollutant can be related linearly to its radiative forcing (RF). There is the 
potential that the RF from persistent contrails, contrail cirrus, secondary cirrus and cirrus cloud 
modification exceeds the RF of all other emissions from air traffic combined (Sausen et al., 2005).  

Early jet engines suffered from poor component efficiencies, restricted turbine inlet temperatures 
and low achievable pressure ratios. This had a deteriorating effect on the fuel economy of early 
models. The advent of advanced combustor technology, high component efficiencies, new materi-
als, blade cooling techniques, higher pressure ratios thanks to multi spool arrangements, and large 
bypass ratios caused significant advances in engine performance. There is still potential for further 
improvements in fuel economy considering conventional engine architecture. However, these im-
provements take place on a system level and are becoming increasingly difficult to achieve. The 
theoretical limit for thermal efficiency is 60%, whereby a stoichiometric turbine entry temperature 
(TET) and an overall pressure ratio (OPR) in excess of 80 are considered (Green, 2005). The theo-
retical limit for propulsive efficiency is 92.5% which represents an open rotor configuration. This 
approach stays in conflict with NOx emission standards and will cause an increase in contrail cover 
due to the increase in overall efficiency. However, revolutionary changes in engine design can lead 
to further significant advances in engine fuel economy and environmental compatibility. 
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2 RATIONALE 

The following requirements are set for a novel engine concept: significantly increased thermal effi-
ciency, a reduction in water vapour, soot and aerosol emissions to avoid the formation of contrails 
and cirrus clouds, and low NOx emissions. The engine weight should not offset engine performance 
improvements. Although theoretical approaches which utilise fuel cells and similar mechanisms 
may be feasible (Alexander et al., 2002), they require significant deviation from current gas turbine 
practice. Hence, it would be more desirable to provide a practical solution with respect to existing 
gas turbine technology which operates with any available hydrocarbon based fuel. 

The novel concept presented herein is based on the intercooled and recuperated engine cycle in a 
two spool arrangement as shown in figure 1(b). A substantial improvement in thermodynamic work 
potential can be realized by combining intercooling and exhaust regeneration. The intercooler is a 
heat exchanger placed between the low pressure compressor (LPC) and high pressure compressor 
(HPC). The flow on the cold side of the intercooler is usually bypass air. Intercooling reduces the 
work required for the compression of the air in the HPC. The hot gases leaving the low pressure 
turbine (LPT) are used to heat the pre-combustor air in the recuperator, so more heat is used to gen-
erate useful work. 

Contrails form in the exhaust plume of an aircraft if saturation with respect to water occurs dur-
ing the mixing process of the exhaust gases with ambient air. Considering current engine architec-
ture, they form more likely with increasing overall engine efficiency (Schumann, 2000). Hence, fuel 
burn and contrail formation are in conflict with each other. The formation of contrails would not 
occur for low exhaust water content at relatively high temperature. Water could be removed from 
the exhaust if the temperature after the LPT is sufficiently reduced to provoke water condensation 
within the engine. This can be accomplished with an intercooled and recuperated cycle in a novel 
arrangement. Therefore, the flow exiting the recuperator is further cooled by applying an additional 
heat exchanger: the condensation stage. For a sufficiently low temperature, this will cause conden-
sation of the exhaust water within the engine. Condensation occurs also on particles and aerosols 
contained in the exhaust. This effect can be utilized to provoke particle and aerosol scavenging in-
side the engine. The water from the condensation stage can be stored on the aircraft or released into 
the atmosphere in liquid or ice phase for precipitation. A fractional part of the condensed water is 
redirected into the combustor to suppress the formation of NOx through water injection. The dry 
and cold air leaving the condensation stage is used to chill the compressor air in the intercooler. 
This causes an increase of the flow temperature of the core exhaust. Because contrails are less 
likely to form with increasing exhaust temperature, it has the effect of further reducing the potential 
for contrail formation. 

 

 
Figure 1: novel concept (a) vs. intercooled recuperated engine cycle (b) 

 
Figure 1(a) shows the flow schematic of the novel engine concept. Compared to the ordinary in-

tercooled and recuperated cycle, the major differences are that the conventional intercooled recu-
perated cycle works with bypass air on the cool side of the intercooler whereas in the novel concept 
bypass air is used in the condensation stage and the intercooler operates with core air on both sides. 
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Figure 2: engine stations on a phase diagram of water 
 

Figure 2 shows the water partial pressure on a phase diagram of water for different stations within 
the engine and in the plume. The water partial pressure in the flow exiting the hot side of the con-
densation stage is determined by the water saturation pressure at the flow temperature. In this study, 
the water saturation pressure is calculated from Flatau et al., 1992. Whereas static flow tempera-
tures and pressures are considered for the stations within the engine, stagnation properties relative 
to the atmosphere frame of reference are considered in the plume. Mixing is assumed to take place 
adiabatically and isobarically. The two exhausts, the core exhaust and the exhaust from the cold 
side of the condensation stage, are assumed to mix prior to the mixing with ambient air. The actual 
mixing line represents the mixing of the mixed exhausts with ambient air. Furthermore, figure 2 
shows also the critical mixing line, which is a tangent to the water saturation pressure line originat-
ing from the ambient state of the atmosphere. Together with the actual mixing line, it is used for 
contrail prediction. If the actual mixing line is below the critical mixing line, contrail formation is 
not facilitated. This is because contrails only form if the actual mixing line surpasses the region for 
which water is present in the liquid phase in a phase diagram (Jensen, 1998). Additionally, the theo-
retical mixing line is shown. It represents the mixing line of the mixed exhaust with ambient air if 
no dehumidification took place. Originating from the ambient state of the atmosphere, its slope is 
calculated from (Schumann, 2000) 
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where cp is the specific heat capacity of air, EIH2O is the water emission index for a certain fuel, pa is 
the ambient static pressure, η0 is the overall engine efficiency, qnet is the fuel net calorific value and 
ω is the molar mass ratio of water to air. The actual mixing line and the theoretical mixing line are 
identical if water condensation is not facilitated within the engine. 
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3 CYCLE STUDY 

A cycle study has been carried out for performance prediction and to comprehend the system be-
haviour. To this end, a performance model, a standard atmosphere model and a contrail prediction 
model were linked together. The performance model considers a thermodynamic cycle as shown in 
figure 1(a) delivering shaft power to drive a fan or a propeller. The propulsive efficiency is not 
taken into account in the calculations. The cycle is solved so that the exhaust exiting the cold side 
of the intercooler matches ambient velocity and does not produce a propulsive force. The cooling 
air exiting the cold side of the dehumidifier produces a propulsive force due to its increase in mo-
mentum. Even though it is small, it is taken into account when calculating the overall thermal effi-
ciency. The design variables are engine overall pressure ratio, turbine inlet temperature and the ra-
tio LPC pressure ratio to HPC pressure ratio (R). Isentropic compressor efficiencies are assumed to 
be 0.88, turbine efficiencies are assumed to be 0.92, nozzle and inlet efficiencies are assumed to be 
0.99. The combustor total pressure loss is assumed to be 4%, heat exchanger total pressure losses 
are assumed to be 5% for each side. These component efficiencies and pressure losses represent ad-
vanced technology levels. The water content of the flow exiting the condensation stage is deter-
mined by its static temperature and pressure. Therefore, the flow Mach number through the heat ex-
changer was assumed to be 0.1 for all calculations. All calculations are carried out assuming 
constant fluid properties. Ambient conditions are determined by the cruise altitude using the ISA 
standard atmosphere model and specifying ambient relative humidity with respect to ice. 

A commercially available optimisation algorithm was used for cycle optimisation. The ratio of 
the actual mixing line slope to the critical mixing line slope (G/Gcrit.) acts as an indicator of whether 
contrail formation is facilitated or not. Values above 1 imply contrail formation whereas values be-
low 1 imply no contrail formation. The ratio of the actual mixing line slope to the theoretical mix-
ing line slope (G/Gtheo.) is used to predict whether condensation takes place inside the engine. The 
ratio can only have values of 1 or below. Values below 1 imply that water is removed from the ex-
haust; a value of 1 implies the opposite. Furthermore, the temperature differences between the inlet 
and outlet for each side of the heat exchangers are calculated. The cumulative of the maximum 
temperature differences (ΔTHE) is used as an indicator of the overall size of all heat exchanging de-
vices. 

With a fixed value of TET and OPR, the cycles were optimised for maximum thermal efficiency 
(ηthermal) varying R. The considered values for TET are 1700K to 2000K and for OPR are 19 to 49. 
Flight conditions are 10000m altitude at Mach 0.8 with an ISA temperature deviation of 0K. Three 
levels of ambient ice supersaturation are taken into account: 100%, 130% and 150%. The effective-
ness of all heat exchangers is assumed to be 90%. 

Although condensation of water within the engine is facilitated for all cycles considered, the wa-
ter content is not low enough to avoid the formation of contrails1. Both exhaust water content and 
thermal efficiency are dependent on R. Therefore, the objective function was modified to give 
G/Gcrit. for G/Gcrit.>1 and −ηthermal for G/Gcrit. ≤1. This resulted in the optimisation algorithm mini-
mising G/Gcrit. to obtain a cycle facilitating contrail avoidance and optimising for maximum thermal 
efficiency. Cycles optimised for contrail avoidance are not operating at maximum achievable ther-
mal efficiency anymore and the value for ΔTHE increases. Figure 4 shows the change in ηthermal 
and ΔTHE for RHi=100% and RHi=150% compared to cycles optimised for maximum thermal effi-
ciency only. For the spaces left out, the performance calculation did not converge and no solution 
exists. The thermal efficiency for the cycles optimised for maximum thermal efficiency only is in 
the range between 0.56 and 0.65. Efficiency penalties are more severe if higher ice supersaturation 
is considered during optimisation and for larger OPR’s. The same is true for ΔTHE. 

Considering a cycle with TET=2000K, OPR=31 and ISS = 150%, the thermal efficiency of the 
cycle optimised for contrail avoidance is about 0.64. Assuming a propulsive efficiency of 93%, the 
overall engine efficiency becomes 0.6. This is still well above the maximum theoretical achievable 
efficiency of engines with conventional architecture. 

                                                 
1 It would be facilitated for sufficiently low OPR’s and TET’s 
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Figure 4: changes in ηthermal and ΔTHE compared to cycles optimised for ηthermal only 
 
Further results are shown in figure 5 on a specific fuel consumption (SFC) - specific work (Ws) 
chart and ΔTHE - G/Gtheo. chart. An ambient ice supersaturation of 150% is considered. It is desir-
able to choose a cycle with low specific fuel consumption and high specific work output to reduce 
the size of the turbomachinery. This can be achieved with high TET’s and low OPR’s. However, 
high values of TET and low values of OPR imply relatively large values of ΔTHE which is not de-
sired. Water condensation occurs inside the engine for all considered cycles because the ratio 
G/Gtheo.≤1 in all cases.  

 

 

Figure 5: cycle study results of the new engine concept optimised for maximum ηthermal and contrail avoid-
ance considering 150% ambient ice supersaturation  

4 NOX REDUCTION 

A reduction in primary zone temperature can be achieved through water injection into the combus-
tion chamber. A water flow rate 2 times the fuel flow rate can reduce NOx emissions by up to 80% 
(Lefebvre, 1983). The feasibility of water injection has been demonstrated by Daggett, 2004. Liquid 
water from the condensation stage would provide water for injection into the combustion chamber. 
The water content in the flow between the combustor and condensation stage will increase until part 
of the water is drawn off from the condensation stage. Drawn off water can either be stored on 
board the aircraft or released into the atmosphere for precipitation. The novel engine concept allows 
any desired water flow rate into the combustor. 
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5 FURTHER CONSIDERATIONS 

Heat exchanger size is predominantly dependent on heat exchanger effectiveness and the desired 
temperature change. The cycles respond with an increase in ΔTHE to a decrease in heat exchanger 
effectiveness’. A relatively high effectiveness in the condensation stage is crucial in order to 
achieve a low temperature within the engine that facilitates water condensation. This temperature is 
within the ambient temperature range, so the temperature difference between the flows that exit the 
condensation stage at the core side and enter at the bypass side is relatively small. Hence, it can be 
concluded that advanced heat exchanger technology in terms of heat transfer, weight, and pressure 
loss is essential for the feasibility of this concept. Super conducting heat transfer material is being 
investigated and similar materials could be available in the future (Qu, 2000).  

Because the required temperature in the condensation stage is determined by the temperature at 
which water condensation occurs, a reduction in water saturation pressure would cause a reduction 
in the required temperature difference. A reduction in water saturation pressure could be achieved 
applying curved surfaces within the heat exchanger (Kelvin effect). Fluid properties could be 
changed applying exhaust seeding in order to activate condensation surfaces and reduce the partial 
pressure at which condensation occurs. 

6 SUMMARY AND FINAL REMARKS 

A novel propulsion concept is proposed which exhibits significantly reduced emissions, in particu-
lar CO2, NOx and water vapour, soot and aerosols to avoid the formation of contrails and aviation 
induced cirrus clouds. It is intended to encourage the aeronautical community to further discuss this 
concept or develop other concepts with similar purposes.  

This novel concept can operate at higher thermal efficiency than current designs and the forma-
tion of contrails is avoided. This is achieved by combining the advantages of heat exchangers in 
terms of performance improvement and to enforce water condensation inside the engine. A reduc-
tion in NOx emissions is achieved through water injection. Any water to fuel ratios are theoretically 
achievable and water injection could take place during the entire journey.  

We conclude that the feasibility of the cycle depends on the available future heat exchanger 
technology. The results of this study are based on a cycle study where mechanical issues are not ad-
dressed. It is intended to further investigate this propulsion concept using a comprehensive aircraft 
and engine model. 
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ABSTRACT: The increasing knowledge in atmospheric sciences and modelling has started to en-
able the environmental assessment of aircraft emissions. Aeronautical engineering must therefore 
begin to consider the atmosphere in future aircraft design. Aviation being a complex business with 
many different stakeholders, both configurational and operational design solutions for minimum 
atmospheric impact have to be evaluated for real flight operations. This paper presents a methodol-
ogy providing a systemic structure for such evaluations. Two-stage operations illustrate this meth-
odology as an example that incorporates both configurational and operational aspects. The method-
ology highlights the fact that, in a global operational context, there remains a large gap between 
theoretical benefits and actual performance. 

1 INTRODUCTION 

Civil aviation is confronted with increasing public attention concerning its impact on the environ-
ment. Whereas noise has been the principal cause of anxiety since the early years of commercial air 
transport, air quality around airports and climate change have only been considered more recently. 
The aviation business is very complex, since many different stakeholders – authorities, air traffic 
control (ATC), airlines, airports, aircraft and engine manufacturers – have to satisfy their respective 
needs and contribute to a safe and economic means of transport for leisure and business passengers.  

When it comes to reducing the aviation’s environmental impact, each of the contributors is asked 
to evaluate his part of the story and to undertake any reasonable effort of mitigation. Aircraft and 
engine manufacturers have achieved large increases in fuel efficiency over the last decades, which, 
apart from the economic interest, have reduced the environmental impact. Today, it appears that 
other stakeholders still have large potentials to further mitigate the impact of aviation on the envi-
ronment. According to Lufthansa German Airlines, ATC improvements could allow for a reduction 
of 8 % to 18 % of fuel consumption over Europe and, military airspaces still cause substantial de-
viations leading to a higher fuel burn (Lufthansa, 2006). Yet, reducing the impact on climate change 
still remains a task of the aircraft designer. 

The contribution of aviation to climate change was estimated at around 3.5 % of the global an-
thropogenic radiative forcing for the year 1992 in the IPCC Special Report (Penner et al., 1999). 
This impact is determined by the quantity, type and location of engine exhaust gas emissions. These 
parameters are mainly, though not exclusively, determined through the design of an aircraft and its 
engine. Whereas non-optimal flight routing, holding patterns and other extra-fuel-consuming events 
are difficult to account for in aircraft design, as they are difficult to predict, the scheduled flight 
network is well defined and can therefore be interlinked with the design process for new aircraft 
(i.e., along with other parameters such as need for specific ranges and/or capacities). This linkage is 
particularly important when it comes to evaluating the atmospheric impact of an aircraft concept. 
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The methodology presented here provides a systemic superstructure for the evaluation of the at-
mospheric impact of an aircraft concept, embedded in global operations, and thus prepares for its 
optimisation for minimum contribution to climate change. Two-stage operations are assessed in this 
regard, as concrete example for atmosphere-compatible design approaches. This example will also 
highlight operational implications of such approaches for “environmental” aviation. 

2 RELEVANCY OF THE ENVIRONMENT IN AVIATION 

The protection of the environment has influenced the development of the aviation system for a long 
time. In the public arena, aviation is well appreciated by business and tourists on the one side, 
strongly analysed and criticised on the other side. Aircraft have become far more fuel-efficient 
through advances in lightweight structures, the reduction of aerodynamic drag and more efficient jet 
engines. Emission indices of nitrogen oxides (NOx) have been and are still being further reduced 
with innovative combustor concepts and heat exchangers etc. (Egelhofer, in press). As fuel contrib-
utes to a significant extent to aircraft operating cost and as fuel prices continue to increase, the re-
duction of fuel consumption remains a major concern for future aircraft. The impact of an individ-
ual aircraft on climate change should thus continue to be reduced in future. 

However, it is not the aircraft itself, but its operation that has an environmental impact, so that 
the aviation system as a whole needs to be considered when evaluating the atmospheric impact of 
an aircraft concept. Many different stakeholders have an impact on the “production” of each flight.  

Figure 1. Relevant stakeholders of aviation 
 
The consideration of the atmosphere in aircraft design turns out as a complex task as not only does 
it involve the aircraft and engine manufacturers, but also airlines (business models, fleet planning), 
airports (capacity, traffic management, environmental restrictions), Air Traffic Management (ATM) 
and ATC (quality of flight routing, congestion), certification and even the military (restricted air-
spaces). Passengers are involved both by their personal requirements for a flight (e.g., desire for 
convenience and speed and environmental consciousness) and by their behaviour during the flight 
(e.g., an aircraft has to fly faster to catch up following delays caused by passengers arriving late, 
and thus consumes more fuel). 

Each of the issues referred above is interlinked directly or indirectly with aircraft design. The de-
sign engineer then has the difficult task of trying to handle many different and often contradictory 
requirements, one of which is a minimum contribution to climate change. 

3 DESIGN PROCESS FOR MINIMUM ATMOSPHERIC IMPACT 

In current aircraft optimisation loops, noise starts being integrated as important requirement, even at 
preliminary design level. As referred above, emissions are largely minimised in aircraft design 
through the minimisation of fuel consumption, which also impacts on direct operational cost. An ef-
fective evaluation of aviation’s emissions’ impact on the atmosphere is undertaken only after at-
tempting to consider the complete problem and does not apply to a single aircraft type, but rather to 
the global fleet. 
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Figure 2. Current evaluation of the atmospheric impact of aviation: bottom up, no feedback. 
 
Our approach embeds a new aircraft concept in a global fleet on a real route network. With a market 
forecast and aircraft performance data, global emission scenarios are created. This process enables 
the assessment of the various operational adaptations such as new flight altitudes or speeds, which 
will result from the new aircraft concept. For the subsequent evaluation of the impact on the atmos-
phere, some atmospheric metrics and modelling will be included in the process as soon as these are 
available. A sufficient reliability of the metrics is a prerequisite for their confident integration into 
the design process. Varying aircraft parameters of the investigated aircraft concept enables a com-
parative study between the resulting emission scenarios and their respective atmospheric impacts. 

Figure 3. Design approach for minimum atmospheric impact, with feedback 
 
For the application of the methodology for new aircraft, data for the future global fleet have to be 
estimated, which necessitates sound support from market research. The comprehensive character of 
the approach makes a proper organisation and setting up of parameters and methods essential. The 
precision levels of all modules have to be synchronised and the consistency of the data has to be 
guaranteed. Not only does a real integration of the atmospheric impact in aircraft design enable its 
evaluation or minimisation, but it also enables tradeoffs with noise and local air quality, that tend to 
foster other design solutions. The approach aims at contributing to a reasonable compromise of de-
sign parameters for economically viable, environmentally friendly and thus sustainable aircraft. 
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4 TWO-STAGE OPERATIONS (TSO) AS EXAMPLE OF USE OF THE METHODOLOGY 

Two-stage operations (TSO) reflect both operational and configurational advances in design and 
were thus chosen as illustrative example of the methodology. For the time being, fuel burn (propor-
tional to CO2 and H2O emissions) was chosen as metric for the atmospheric impact of aviation. 
In steady flight, the thrust of an aircraft is equivalent to its drag, most of which is caused by the 
aerodynamic lift of the aircraft. Consequently, an increased aircraft weight demands more thrust 
and leads to higher fuel consumption. On longrange flights, aircraft use a lot of fuel just to transport 
fuel. On the other hand, the takeoff procedure is very fuel-consuming. For each aircraft, a distance 
for minimum fuel consumption per flown kilometre can be determined. In the example given in 
Figure 4, the optimum stage length is 4300 km. 

Figure 4. Relative fuel consumption in kg/km for an example longrange aircraft 
 
An approach to reducing the fuel consumption for longrange flights is to separate the flown dis-
tance into two or more stages (“two-stage operation” or “multi-stage operation”), of which each 
length should be as close as possible to this minimum. 

4.1 Theoretical fuel reduction potential with TSO 
If the distance to be flown is only slightly longer than the optimum distance, a TSO may not save 
fuel. The curve plotted in Figure 4 can be approached by a function of the type 

x
cbaxy ++=  (1) 

where x is the distance to be flown and y is the relative fuel consumption per flown kilometre. The 
parameters a, b and c are chosen such that the curve is best estimated, e.g. for stage lengths between 
300 km and 12,000 km. The potential relative fuel saving of a TSO is  

total
total x

xyxyyz 2211 ⋅+⋅
−=  (2) 

where x1 and x2 are the lengths of the two stages, y1 and y2 are the respective relative fuel consump-
tions of the two stages and xtotal is the total distance with a total relative fuel consumption of ytotal, if 
flown in one flight. Considering that xtotal = x1+x2 and equation (1), we get  
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Dividing (3) by (1) gives the potential fuel economy e in percent: 
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Plotting function e(xtotal,x1) shows for which total distances and which partial distances considerable 
fuel savings can be obtained, if operating as TSO:  
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Figure 5. Theoretical fuel economy for an example longrange aircraft with TSO in percent (isolines), de-
pending on the total distance (abscissa) and the shorter of the two stages with TSO (ordinate). 

4.2 Market share of TSO-capable routes 
Considering a fuel saving of 2 % “interesting”, routes of more than 7200 km would be worth a TSO 
with the considered example aircraft. In the global air traffic (OAG data from 2005), such flights 
represent only 2.7 % of all annual flights by aircraft greater than one hundred seats, but 27 % of 
available seat-kilometres (see Table 1). 

Table 1. Theoretical maximum fuel economy operating in two stages with an existing longrange aircraft and respective 
fractions of flights and available seat kilometres of the global traffic of aircraft with more than one hundred seats. 

Fraction Fraction Theoretical  
fuel economy 

Distance greater  
than [km] Flights ASK 

0% 6100 4.2% 37% 
1% 6600 3.4% 32% 
2% 7200 2.7% 27% 
4% 8700 1.5% 17% 
6% 10,300 0.43% 5.5% 
8% 12,300 0.05% 0.5% 

 
This means that, despite the high fraction of “TSO-capable” routes in the global traffic of aircraft 
with more than one hundred seats, operating the aircraft considered here on all flights above 
6100 km at the respective optimum stage length, would theoretically save only around one percent 
of the global fuel consumption. 

4.3 Theoretical reduction potential with redesigned aircraft 
A higher potential for savings could be attained, if aircraft were designed for shorter ranges. The 

smaller fuel quantities needed would allow a lower structural weight of the aircraft. A lighter struc-
ture again leads to reduced fuel consumption (see 4.1), which feeds back into a reduced structural 
weight. According to Green et al. (2005), an aircraft designed for 7400 km operating in stages on 
current real routes would save 10 % in fuel burn compared to an aircraft designed for 14,800 km. 
Compared to 4.1, this estimation allows for real routes. The theoretical potential of redesigning air-
craft would be higher: 
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Figure 6. Variation of payload fuel efficiency with range and design range: swept wing kerosene-fuelled air-
craft (from Green et al. (2005), arranged by Hans Schnieder (2006)) 
 
As shown in Figure 6, the payload fuel efficiency of an aircraft designed for 5000 km on a 5000 km 
leg would exceed the one of an aircraft designed for 15,000 km by almost 30 %. Of course, this 
number cannot be generalised in real operations, as aircraft cannot be designed specifically for each 
needed range, neither for each seat capacity (which is optimised, too, in Figure 6).  

4.4 Impact of TSO on the atmosphere 
In addition to the smaller quantity of emissions, TSO would lead to emissions at lower altitudes 
compared to single stages. Concerning nitrogen oxides, this might reduce the radiative forcing of 
such operations. In terms of condensations trails, the answer remains uncertain, as their radiative 
forcing does not only depend on the altitude, but also on latitude, season and daytime of a flight. 
Also, their radiative forcing has not yet been evaluated concludingly. 

At low altitudes, especially beneath the atmospheric mixing height (~ 3000 ft), high thrust levels 
at takeoff bring about high NOx emissions. Requirements from local authorities might limit the traf-
fic or induce design tradeoffs that lead to a higher fuel consumption in cruise flight, but lower NOx 
emission indices at takeoff. This would adulterate the initial benefit of TSO in terms of atmospheric 
impact. A profound assessment of the benefit of TSO for climate change would presume the inte-
gration of a reliable atmospheric model or metric in the loop. 

4.5 Operational involvements and economic interest of TSO 
The potential fuel savings presented in chapters 4.1 to 4.3 are theoretical. Several aspects would 
counteract the benefit of TSO: 
- Availability of appropriate airports: Even if an airport was available near the mid-range of a cer-

tain route, it is not sure it would be able to handle additional traffic, and that it has the necessary 
infrastructure (runway strength, fuel supply, navigation aids etc.). 

- Maintenance cost due to the higher number of flight cycles 
- Additional landing and takeoff cycles affecting local air quality (see 4.4) and noise concerns, es-

pecially important at busy airports 
- Organisational effort for airlines: crew management, airline subsidies at mid-way airports 
- Less flexibility for airlines to choose routes, if aircraft are designed to lower ranges 
- Value of time for the passenger: A full landing and takeoff cycle with refuelling takes one to two 

hours, which might not be acceptable for many passengers, those with children, the old and those 
paying high ticket prices (business passengers). 

The overall economic interest of TSO, justifying the effort of severe modifications of the aviation 
system, is impacted by all of the aspects mentioned above. TSO are interesting and applicable on 
specific routes only, but cannot be considered a generally fuel-reducing measure today. An expan-
sion of such operations would presume substantial adaptations in the aviation infrastructure, espe-
cially at airports. The overall benefit of TSO depends essentially on the fuel price. 
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5 SUMMARY AND CONCLUSION 

A methodology to consider the atmospheric impact in aircraft design was presented. Two-stage op-
erations illustrated the interest in a systemic view of aviation in this regard. The approach high-
lighted the discrepancy between purely theoretical considerations and real flight operations. 

For the evaluation of the benefit of a new approach in aircraft design and operations in terms of 
climate change, it is necessary to have a good overview of both the different stakeholders of avia-
tion and the impact of aircraft engine emissions on the atmosphere. The methodology presented 
here is an approach to allowing for the equitable consideration of aircraft design, market require-
ments, operational issues and the atmospheric impact. The interaction between aircraft design and 
atmospheric impact can then be treated not only “bottom up”, but as a fully integrated analysis and 
optimisation loop. 

Increasing the complexity of the studied system and the required competences – from aircraft 
engineering to atmospheric sciences – takes its toll on the precision of results. In order to get realis-
tic and meaningful conclusions, not only are comprehensive methods needed, but also scientific ex-
change between the respective specialists’ communities. Then the correctness of conclusions – 
within a given precision – can be reasonably assured. The approach presented here proposes a 
methodological platform for such an integration of both aircraft engineering and atmospheric sci-
ences. 
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Operational impacts of trajectory adjustments to avoid ice 
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ABSTRACT: Contrails and the cirrus clouds they form may have a climate impact as large as that 
of the CO2 emitted by aircraft. One opportunity for reducing the climate impact of aviation could be 
offered by in-flight adjustments to the flight profile to avoid regions of ice super-saturated air, to 
prevent the formation of contrails.  

We explore the potential operational impacts of such a policy, including the consequences for air 
traffic management and the impact on emissions. The fast-time air traffic simulator RAMSPlus is 
used to assess the feasibility of such an approach in areas with high air traffic density. The simula-
tions use a 1-day traffic sample for the UK to test the possible disruption associated with an im-
posed contrail avoidance zone with a diameter of 150 nautical miles and thickness of 1800 ft situ-
ated in the South East region. Three altitudes for the base of the contrail avoidance zone are 
considered. This extended abstract considers the impact of zone avoidance on three sample flights. 

1 INTRODUCTION 

Contrails, and particularly the cirrus clouds which they can spread to form, are believed to be a sig-
nificant factor in aviation’s contribution to global climate change. 

The scope for technological measures to reduce contrail formation is limited. Options to manipu-
late the radiative properties of the cirrus cloud formed may be possible (for example by increasing 
the number of condensation nuclei in the exhaust, to result in more, smaller particles in the con-
trail), but at present the radiative consequences of such a measure are not well understood and the 
impact on climate may well be increased. A more feasible alternative is to divert aircraft to avoid 
regions in which persistent contrails form. For many years, this has been a strategy to preserve the 
secrecy of military aircraft movements, but it may also have benefits for climate.  

Fixed monthly altitude restrictions have been identified from the atmospheric conditions in 
Western European airspace and air traffic simulations used to assess the potential impacts on both 
fuel burn and on airspace (Williams et al., 2002). A follow-on study took into account shorter term 
variability, using an efficiency based criteria to simulate application of altitude restrictions selected 
every six hours based on atmospheric conditions in order to minimize the fuel burn penalties 
(Williams and Noland, 2005). Both these studies were based on coarse (2.5°x2.5°) resolution global 
atmospheric data and considered the application of maximum cruise altitudes across a large area 
(the European 5 States region). Recent analysis of radiosonde data to identify ice-supersaturated re-
gions has suggested the mean vertical extent of these layers is 560m (Spichtinger et al., 2003). It 
has been suggested that the thinness of these layers would provide scope for in flight adjustments to 
cruise altitudes to avoid contrail formation in conjunction with a free-flight policy (Mannstein et al., 
2005). By incorporating real time information on local atmospheric conditions, this approach would 
provide much more targeted adjustments in cruise altitude. This would reduce the fuel burn penalty 
as only unnecessary altitude adjustments would be made, and the altitude change would be mini-
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mised. However, from an airspace management perspective, the policy becomes more complex than 
the monthly shifting region-wide maximum cruise altitude proposed in (Williams et al., 2002) or 
even the variable policy in (Williams and Noland, 2005). These would both allow a limited number 
of cruise altitude restriction scenarios to be applied and airspace configuration to be appropriately 
designed for each. However, new air traffic control technologies expected in the future could de-
crease the difficulties associated with real time avoidance of contrail formation conditions 
(Williams et al., 2006). 

While flight adjustments to filed flight plans are not uncommon, for example to avoid convective 
weather systems, a scheme of this nature for contrail avoidance would place an additional planning 
and monitoring burden on both pilots and controllers. Some incentive-based scheme may also be 
required for contrail avoidance to be effective. Airlines have always had an incentive to minimise 
fuel consumption in order to keep costs low and to increase payload and range. Increases in fuel 
costs have enhanced this pressure. Any policy to avoid contrail formation is likely to require diver-
sion from the fuel-optimising preferred route. The costs to airlines would be further increased if di-
versions were large enough to significantly impact on journey time. If the onus were placed on the 
pilot to inform the controller of contrail formation conditions, then some incentive based scheme 
such that the cost of contrail formation exceeded the fuel and time penalty would be required. In the 
future, aircraft-based detection and reporting of contrail formation conditions could be automated 
by linking humidity and temperature sensors to datalink systems, thereby transmitting atmospheric 
data along with aircraft position and intent information to the air traffic controller and to other air-
craft in the vicinity. 

Increasing cruise altitudes to fly above the contrail formation layer may also offer some benefit 
but there are caveats. One is that some existing aircraft would not be capable of achieving these alti-
tudes; for those that are, additional fuel is required in the climb phase to achieve higher altitude. 
Clearly, there would also be some contrail and cirrus cloud formation from aircraft flying through 
ice-supersaturated layers during their climb to higher altitudes. Of greater significance for very high 
altitude flights is the long lifetime of water vapour in the lower stratosphere. Although, in this re-
gion, condensation will not occur, there will be a radiative impact from the accumulation of water 
in its vapour form. 

2 METHOD 

This study uses the RAMS fast-time simulation model to identify some of the characteristics asso-
ciated with the avoidance of contrail formation regions. We assume that contrail formation regions 
are sufficiently stable to be designated as restricted airspace regions, with the designated region al-
lowed to persist. This simulation approach addresses both the changes in fuel burn and NOx emis-
sions from the altered flight trajectories and the airspace complexity issues associated with divert-
ing traffic into or out of highly congested routes to avoid contrail formation regions. It does not 
address the additional pilot or controller workload associated with monitoring the changes in at-
mospheric conditions and identifying the extent of the contrail formation region to be designated for 
avoidance. 

The contrail formation region is defined within the model as restricted use airspace, exactly 
analogous to the definition of military airspace. The region is centred over the heavily trafficked 
south east region of the UK and is shown in Figure 1, which also shows the flight routes for the 
control traffic sample. Three altitude scenarios were considered. The thickness of the avoidance re-
gion was set at 1800 ft and the base level is at 24000 ft, 29100 ft and 37200 ft for the LOW, MID 
and HIGH simulations respectively. These altitudes are consistent with radiosonde observations 
(Spichtinger et al., 2003). The horizontal extent of the avoidance region was 150 nautical miles, 
consistent with aircraft observations of path length through ice supersaturated air (Gierens and 
Spichtinger, 2000). As the simulator requires airspace to be defined as a set corners joined by 
straight boundaries, the circular avoidance zone is approximated as a 16-sided polygon. Three 
avoidance scenarios are considered for each altitude zone. 
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3 TRAJECTORY CHANGES FOR SAMPLE FLIGHTS 

For this initial presentation of results, 3 flights were selected for analysis. This allows the trajectory 
adjustments imposed by the simulator to be explored. Figure 2 shows the trajectory adjustments 
tested for each flight. Changes in emissions are summarised in Table 1. 
3.1 Flight 1: Tenerife – Nottingham East Midlands 
In the control simulation, this Airbus A320 aircraft crosses the contrail avoidance area at FL250, so 
travels through the low avoidance zone. The aircraft enters UK airspace to the South of the avoid-
ance zone, flying North East before completing a positioning manoeuvre to approach the runway at 
Nottingham East Midlands from the North West (Fig 2, top). For the AROUND scenario, the diver-
sion in the simulation model is imposed so as to return the aircraft to its original planned route at 
the earliest opportunity (i.e. to the first navaid on the original route falling outside of the avoidance 
zone), rather than to optimise the trajectory. As such, the scenario gives an upper limit on the time 
and emission increases incurred by flying around the region. These penalties could be reduced with 
better routing optimisation. Similarly, in the UNDER scenario the aircraft returns to its initial cruise 
altitude on leaving the avoidance zone, shortly before beginning descent. Further simulations are 
required to determine whether the journey time and emissions penalties would be reduced by main-
taining the lower cruise altitude on exit from the avoidance zone.  

At these low altitudes for this aircraft type, diverting the aircraft over the avoidance zone in-
creases the cruise speed and so reduces the journey time. It also reduces the fuel burn rate.  
3.2 Flight 2:Athens – Manchester  
This Boeing 737 flight crosses the avoidance zone from South East to North West in the control 
simulation. At a cruise altitude of 30,000 ft. In the UNDER scenario, the aircraft returns to its initial 
altitude before immediately beginning its descent to the airport. This requires an additional fuel 
burn in the climb phase without the benefit of greater efficiency at cruise, so emissions will be 
higher than if the aircraft were allowed to continue at the lowered avoidance altitude before de-
scending. The AROUND scenario for this flight route provides a more realistic diversion than that 
offered for Flight 1, with the avoidance trajectory closer to the minimum distance required to avoid 
the zone, leading to reduced penalties for journey time and emissions. For Flight 2, diverting over 
the contrail zone reduces the cruise speed, increasing journey time and emissions.  
3.3 Flight 3: Chicago – Frankfurt 
Flight 3 is an over flight, crossing the UK in the cruise phase of flight, en route from Chicago to 
Frankfurt. The aircraft is an Airbus A330. Journey time penalties for diverting either above or be-
low the avoidance zone are negligible, although emissions increase in both cases. Diverting around 
the contrail zone yields a journey time penalty of almost 10 minutes, although as with Flight 1, this 
represents an upper limit; better routing optimisation could reduce this substantially.  

Table 1 Summary of changes in journey time and emissions of CO2 and NOx. Percent emissions changes are shown as a 
fraction of the total flight. 

Flight Diversion Journey time CO2 NOx 

Under +35 s +0.2 % +0.5 % 
Over -19 s -0.1 % +0.1 % 

1 LOW  
Tenerife – Notting-
ham East Midlands Around +296 s +2.0 % +1.7 % 

Under +0 s +0.1 % +0.3 % 
Over +24 s +0.05 % +0.2 % 

2 MID 
Athens - Manchester 

Around +112 s +1.1 % +0.9 % 
Under +0 s +0.5 % +1.0 % 
Over +0 s +0.4 % +0.6 % 

3 HIGH 
Chicago – Frankfurt 

Around  +576 s +2.8 % +3.3 % 
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4 DISCUSSION 

4.1 Technological developments 
The technological requirements for monitoring and mapping the contrail formation regions, and 
particularly for forecasting their future positions, are considerable, but systems could be based on 
currently available technology. Best results for contrail reduction would be achieved using accurate 
global satellite observations with high horizontal and vertical resolution of relative humidity and 
temperature, but for humidity particularly, this data is not currently available. Radiosonde data can 
provide very detailed local profiles, but the spatial extent of a contrail formation cell could not be 
accurately determined in this way. One approach would combine data from a range of sources, in-
cluding satellites, ground based observations and on-board instrumentation. Real time satellite pho-
tography could also be potentially used as an identifier of contrail formation regions, when coupled 
with traffic data and aircraft observations to identify the altitudes at which formation was occurring. 
These approaches, or a combination of them, would not provide complete contrail avoidance, but 
would allow subsequent aircraft on the same route to avoid contrail formation, thereby reducing the 
total climate impact. 
4.2 Innovative airspace and ATM concepts 
This approach to assessing operational impacts of an adaptive contrail formation policy does not in-
clude innovative concepts in airspace design that are currently being researched. One such innova-
tive approach is the introduction of dedicated ‘highways’ for air traffic, which would contain sev-
eral lanes of air traffic travelling along parallel defined routes defined to be clear from other traffic, 
with aircraft given responsibility for maintaining separation. These highways would be designed to 
reduce en-route delay on highly trafficked routes by having fixed access and departure points and 
procedures and strict constraints on the aircraft permitted to use the routes. These highways would 
be dynamically designed to optimise performance based on fuel efficiency and/or journey time, but 
there is additional scope to reduce the environmental impact on these routes by including an as-
sessment of contrail formation conditions in the selection of the highway route. 

Other innovative research areas currently being explored, such as improved weather visualisa-
tion systems for controllers, could also be adapted to facilitate contrail avoidance (Williams et al., 
2006).  

5 CONCLUSIONS 

These assessments of the impacts of avoiding a contrail formation zone apply only to the three 
flights described. Even for the same size avoidance zone, a different position relative to the original 
flight trajectory would lead to different impacts of avoidance.  

For each of the three sample flights described here, diversion around the contail avoidance zone 
leads to greater time and emissions increases than diversion above or below the zone. This prelimi-
nary analysis of the response of sample flights to the diversions imposed by the simulation model 
has informed the design process for future work to address the system wide implications of such a 
policy. Diverting around the avoidance zone imposes unrealistic flight trajectories and overesti-
mates the impacts of diversion; it is a worst-case scenario. Manual specification of preferred avoid-
ance routes could address this, but would be impractical for analysis of large traffic samples.  

One issue yet to be confirmed is the use of appropriate indicators of the impacts of diversion 
when considering impacts on a system wide basis. Here, we have used percent changes in emissions 
relative to the full flight trajectory (assuming great circle routes outside UK airspace). Any measure 
of the impact will be indicative of the simulated situation only; avoidance trajectories and their im-
pacts will be sensitive to the location of the avoidance zone, and to the traffic sample. 
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Figure 1 The location of the contrail avoidance region imposed and flight routes in the control traffic sample. 
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Figure 2 Flight routes (left) and profiles (right) for the three sample flights showing the diversion under, over 
and around the contrail avoidance zone. 
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ABSTRACT: The effect of temporal variation of polycyclic aromatic hydrocarbon (PAH) emission 
data on transport and deposition patterns were simulated with the Community Multiscale Air Qual-
ity modelling system (CMAQ) for Europe, 54 km grid, for the year 2000. The carcinogenic 
benzo(a)pyrene (B(a)P) was used as a representative for the group of PAHs. The official emission 
data are only provided as one-year bulk emissions but the major emission sources of B(a)P vary 
within seasonal, diurnal and weekly cycles, respectively. The seasonal variability showed the great-
est effects. However, on a regional scale diurnal cycles possessed significant effects as well. Com-
parison with measured weekly average concentration indicated the same trend for simulation and 
observation. 

6 INTRODUCTION 

Polycyclic aromatic hydrocarbons (PAHs) are semivolatile, lipophilic persistent organic pollutants 
(POPs), which originate primarily from incomplete combustion of organic material. Surveys have 
revealed that a variety of PAHs possess a high carcinogenic potential to animals and humans 
(ATSDR, 1995) and are bio-accumulated in the food chain. They can be transported over long dis-
tances in the atmosphere resulting in a widespread distribution across the earth, including regions 
where they have never been used. Due to their toxic and ecotoxic characteristics they pose a threat 
to humans and the environment, and therefore the international community has called for actions to 
reduce and eliminate the release of POPs, such as the Protocol to the UN-ECE Convention on 
Long-range Transboundary Air Pollution (CLRTAP) on POPs. Benzo(a)pyrene (B(a)P) is one of 
the best investigated PAHs both because of its severe toxicity and its relatively good availability to 
measurements. In our modelling study it was for this reason used as a marker for carcinogenic 
PAHs. The release of PAHs into the environment is highly dependent on human activities whereas 
their distribution over e.g. Europe is driven by their physical-chemical characteristics and meteoro-
logical conditions. Thus, to investigate the pathways of PAHs and to assess the threat they may 
pose to particular ecosystems it is indispensable to apply proper emission scenarios and meteoro-
logical data together with a sophisticated chemical transport model. 

Significant emission sources of PAHs are residential combustion and road traffic both of which 
show considerable temporal variations. Residential combustion is mostly dependent on the season 
whereas traffic varies primarily within diurnal and weekly cycles. Since the meteorological condi-
tions which drive the atmospheric transport model change with time the input emissions of the 
modelled compounds should present an appropriate temporal variation as well. It will make a sig-
nificant difference in transport and deposition of pollutants whether high wind speeds, certain wind 
directions or precipitation events meet with emission peaks or time-invariant emissions. Emission 
data for B(a)P was provided to us by TNO (Denier van der Gon et al., 2005), but only as annual 
bulk emissions. In our study we present a first approach of implementing time-resolved B(a)P emis-
sions. We then compared the model output of our B(a)P version of CMAQ when applying time- in-
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variant emissions, emissions with only seasonal and weekly variability or with seasonal, weekly 
and diurnal variability. For validation purposes, the model results were also compared to B(a)P 
measurements in ambient air. 
To evaluate the mean air concentrations the focus was put on the lowest model layer that is 35 m 
thick. Additionally, accumulated wet deposition patterns were investigated. Model runs were con-
ducted for the months January, April, July and October that were selected as representatives for the 
whole year. 

7 MODEL DESCRIPTION AND –SET UP 

For the simulation of transport and chemical transformations the Models-3 Community Multiscale 
Air Quality (CMAQ) Modeling System was used (Byun and Ching, 1999; Byun and Schere, 2006). 
The CMAQ system consists of three primary components which are devoted to meteorology, emis-
sions, and chemical transport, respectively. The chemistry transport module is mainly designed for 
classical air pollutants like SO2, NOx, O3, and particulate matter (PM). 

At GKSS the CMAQ systems was extended to cope with the transport of B(a)P in the gas phase 
and three particulate modes (Aulinger et al., 2006). Thereby, special emphasis was laid on consider-
ing the mass transfer of B(a)P between the gaseous and the particulate phase. Because the majority 
of our target substances is transported in the particulate phase the extended aerosol module of 
CMAQ (Binkowski and Roselle, 2003) is of primary importance for realistic simulations. 

The meteorological fields were derived from MM5, the Fifth-Generation Pennsylvania State 
University/National Center for Atmospheric Research (NCAR) Mesoscale Model (Grell et al., 
1995). Since wet deposition is the dominant sink for our applications, a more complex ice physics 
(Reisner 2 scheme) was employed and the Kain-Fritsch 2 convection scheme was used. The mete-
orological output fields were then processed using version 3 of Meteorology–Chemistry Interface 
Program (MCIP) for generating the input for the chemistry transport module. 

MM5 as well as the CMAQ models were set up on a 54 x 54 km² grid for Europe, covering the 
entire North Sea and Baltic Sea in the North-West as well as the Mediterranean Sea and Black Sea 
in the South East. Thirty unevenly distributed vertical layers were used for all models employing a 
higher resolution in the atmospheric boundary layer. The meteorological model was run in a hind-
cast mode with six-hourly ERA-40 data (Uppala et al., 2005) as controlling input. 

The chemistry model simulations used the CB-IV gas-phase chemistry mechanism and the effi-
cient Euler Backward Interactive (EBI) solver. Fixed profiles of the relevant species were provided 
as boundary conditions. The model runs considered a spin-up of two days. 

8 EMISSIONS 

B(a)P emission data are available on the 
50 x 50 km2 polar stereographic EMEP 
grid as annual bulk emissions (Denier 
van der Gon et al., 2005) for eight emis-
sion sectors: Public power and heat, 
residential combustion, industrial com-
bustion and processes, solvent and prod-
uct use, road transport, non-road trans-
port, waste incineration, agriculture. The 
major source, residential combustion, 
has a strong variability with the season 
and a lesser weekly and diurnal 
variability. The second important 
emission sector, industrial combustion 
and processes, is seasonally invariable 
and varies only within weekly and di-

Figure 2. Average B(a)P emissions in g/s for 2000 
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urnal cycles. The latter is also true for emissions from road transport while the remaining sectors 
are negligible for B(a)P and are kept constant for simplicity. CMAQ requires emissions with a one 
hour time step. Three different temporally resolved emission data (cases A, B and C) sets were used 
as input data for CMAQ (Tab. 1). 

Table 4. Overview of the three different temporally resolved emission data sets 

 Temporal variations considered 
Case Annual cycle Weekly cycle Daily cycle 
A (constant) - - - 
B (seasonal) + + - 
C (daily) + + + 

 
At first, constant emissions for each hour of the year were generated to feed into the Eulerian air 
quality model (case A). In a second approach we employed seasonal variations of the emissions in-
cluding annual and weekly cycles. In addition to the seasonal variation the third dataset with daily 
resolved emissions included also a diurnal cycle. Table 2 provides information on the different 
temporally resolved emission cycles that were applied to the annual bulk emissions. 

Table 5. Temporally emission resolution 

Emission resolution Description 
Constant emissions Constant emissions each hour of the year 
Annual cycle Influenced by residential heating, 

deduced from B(a)P measurements in Kosetice, Czech Republic, which reflects 
the seasonal cycle (Holoubek et al., 1992) 

Weekly cycle Ascribed to working days,  
influenced by residential heating, traffic and industry 

Daily cycle Dependent on working hours,  
scaling factor deduced from NO emission variations for emissions originating 
from road traffic and CO emission variations for residential combustion  

9 RESULTS AND DISCUSSION 

9.1 Regional distributions depending on different emission cycles 
In the entire model domain, the time-variant emissions lead to much higher B(a)P concentrations 
and depositions in January than in the other tested months due to the implemented annual cycle of 
B(a)P emissions which is dominated by residential heating. In January B(a)P concentrations up to 
2.5 ng/m³ were modelled whereas in July in large parts of Europe the concentrations simulated with 
daily resolved emissions (case C) did not exceed 0.06 ng/m³. The B(a)P concentration level reached 
in winter could already cause noticeable human health effects (Hellmeier and Huhmann, 2001). 
Thus, figures of the B(a)P concentration and deposition distribution over Europe are only displayed 
for January (Figs. 2, 4, 6, 8). 

9.1.1 Comparison of case A with case B 
Although the total amount of annual emissions was kept constant, the mean annual concentra-

tions were different – depending on the region – when running the model with constant (case A) or 
seasonally/weekly resolved emissions (case B). Figure 3 shows that especially in the region north of 
the Black Sea, in parts of the European part of Russia and in the area from Slovenia over Austria 
and Slovakia to Poland estimated B(a)P concentrations were significantly higher when considering 
the seasonal cycle. Even larger differences could of course be observed in the monthly mean con-
centrations. In January the differences between cases A and B were more pronounced than in the 
other investigated months (Fig. 7). 
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Figure 9: Differential plots of depositions in January in g/hectare; 
left: case B - case A; right: case C - case B 

Figure 8: Depositions in January in 
g/hectare (case A) 

Figure 6: Average ground level concen-
trations in January in ng/m3 (case A) 

Figure 7: Differential plots of ground level concentrations in 
January in ng/m3; left: case B - case A; right: case C - case B 

Figure 2: Average annual ground level 
concentrations in ng/m3 (case A) 

Figure 4: Annual depositions in 
g/hectare (case A) Figure 5: Differential plots of annual deposi-

tions in g/hectare; case B - case A 

Figure 3: Differential plots of annual mean con-
centrations in ng/m3; case B - case A 
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The concentrations showed an increase by at least 70 %, but reached up to 130 % over the North 
Sea and in the north of the Black Sea. In contrast, in April and July the B(a)P concentrations were 
decreased, in April by around 40 % and in July by around 90 % October showed no general trend. 
In some regions the differences were -10 % and in other regions +10 %. The differences in monthly 
depositions reflected in general the differences in concentrations (Figs. 5, 9). The application of 
time-variant emissions lead to increased B(a)P deposition in January, from 0.02-0.04 g/ha to 
0.03-0.1 g/ha over a wide area of Europe, but especially in Central Europe and over the Black Sea. 
In July the depositions with constant emissions ranged from 0.03-0.07 g/ha. With seasonally re-
solved emissions they decreased by over 90 %. Furthermore, April showed a Europe-wide decrease 
of deposition with annual and weekly cycles as well, but with a more moderate slope. In April the 
depositions dropped off between 30 % and 50 %. The Differences in October amounted to -30 % up 
to +30 %. 

9.1.2 Comparison of case B with case C 
The differences of model results between simulations with the seasonal and daily cycle turned 

out lesser and at smaller regional scales (Fig. 7). In January again the differences were most pro-
nounced. In the greater Moscow area the concentrations for case C were up to 50 % elevated com-
pared to the results from emissions with seasonal variations (case B). Other spots of increased 
B(a)P concentrations for case C could be observed in the centre of Europe (Germany and Poland) 
where the concentrations rose by approximately 25 %. In July, where the concentration of B(a)P 
hardly exceeded 0.03 ng/m³, the differences between cases B and C were still visible but signifi-
cantly smaller – at most 10 % – than in January. Concerning the annual mean concentrations be-
tween case B and C reveals that mainly in the area north of the Black Sea a decrease of the B(a)P 
concentration is noticed. 

The differences of the depositions between the seasonal and diurnal cycle draw a comparable 
picture as described for the concentration deviations (Fig. 9). Between the two different time-
variant emission cycles (case B and C) January are responsible for the main deviation to the annual 
B(a)P depositions which accounts for 50 % in some parts of Europe, e. g. parts of Poland, Romania 
and Bulgaria. During the other months in most areas of Europe the difference is not larger than 
+/-10 %. 
9.2 Comparison with ground measurements 

B(a)P ground level measurements from two sites belonging to the air quality assessment pro-
gram of UBA (German Federal Environmental Agency) were used to evaluate the simulated con-
centrations in the lowest model layer. At Bornhoeved, a rural site in the north of Germany, the 
measurement data were provided as weekly average concentrations and at Radebeul, an urban site 
in the east of Germany, as daily average concentrations. Thus, weekly and daily averages were cal-
culated from the model output that has a time resolution of one hour. Predominantly, all three ap-
proaches with differently time-variant emission files described the same trend as the measurements. 
For both tested sites the concentration levels calculated with cases B and C diverged only at the 
most 10 % from each other, whereas the differences between cases A and B were up to 75 % in 
January and 94 % in July. For Bornhoeved the simulations constantly overestimated the B(a)P con-
centrations. The largest deviation was found in January where the simulated monthly mean with 
case C was 400 % above the measured mean and 200 % with case A. In July, in contrast, the devia-
tion was only 6 % with case C while 1500 % with case A. At Radebeul the simulated monthly mean 
concentration was 8 % (case C) higher or 40 % lower (case A) and in July 265 % higher with 
case A and 77 % lower with case C than the measured one. In general, the case C simulations fitted 
best to the observations. 

Taking into account that it cannot be assured that the measurement sites are representative for 
the entire grid cell in which they lie and that the shape of the concentration curves is well repro-
duced by the simulations the performance of the model can be regarded as acceptable. Differences 
in absolute values between measurements and simulations may rather be owed to uncertainties in 
absolute emissions. 
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10 CONCLUSION 

As expected, the results confirmed that seasonally resolved emission data has a Europe-wide effect 
on the simulated B(a)P concentrations and depositions. A diurnal cycle induces significant effects 
on a regional scale solely. The greatest influences of time-variant emissions were observed in Janu-
ary, in April and July the effects were less pronounced and the least in October. A comparison with 
ground level measurements showed that the simulations reflect the observed trends in concentra-
tion. However, the deviations depend strongly on the site, industrialised or rural area, and the month 
considered. 

The seasonal variability of emissions as it was employed in this study reflects the seasonality 
only at one particulate site in the Czech Republic which is probably not representative for the whole 
model domain. In order to reflect a locally specific seasonality, we will proceed by creating emis-
sions that are directly correlated with the temperature in each grid cell. 

None the less it is evident that emissions that vary with the season are an indispensable prerequi-
site for realistic model results. We regard it even as recommendable to include a daily cycle as well 
to achieve a better spacial resolution of concentration and deposition patterns. A more representa-
tive evaluation of the model results could only be achieved with data of long-term studies which 
should include several seasonal cycles. 
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ABSTRACT: On-wing PM measurements were made on GE CFM56 class engines at the exhaust 
nozzle exit (~1m) and at downstream locations (30m and 50m) in the near field plume. At the en-
gine exit plane, size distributions were generally lognormal. EIn – number-based emission index 
was a minimum at mid-level thrusts compared to the idle and high thrust settings. For measure-
ments made at downstream locations in the near-field plume, the onset of gas-to-particle conversion 
was apparent for low to medium thrusts. Non-lognormal size distributions were often observed 
where the mean sizes (~12-15nm) were found to be smaller than the 1m case. EIn also decreased 
with increasing thrust, and was an order of magnitude higher than that for the engine exit cases at 
low thrusts. EIm – mass-based emission index was found to increase with thrust, ranging from 
0.001-0.37 g/kg fuel burnt. 

1 INTRODUCTION 

The University of Missouri – Rolla (UMR) Center of Excellence was involved in two recent 
ground-based aircraft emissions measurement campaigns – Project APEX (NASA Dryden Flight 
Research Center, April 2004) and JETS APEX2 (Oakland International Airport, August 2005). The 
goal of these studies was to advance the understanding of particle emissions and their evolution in 
the atmosphere from in-service commercial gas turbine engines. Extractive particulate matter (PM) 
emission measurements were made on GE CFM56 class engines at the exhaust nozzle exit (~1m) 
and at downstream locations (30m and 50m) in the near field plume. The roles of fuel composition 
and engine power setting were also explored. These engines were mounted on three airframes: 
DC8-50, B737-300, and B737-700. These measurement campaigns involved a multi-agency team: 
NASA (DFRC, GRC, LaRC), EPA, FAA, DoD (AEDC, NAVAIR, NFESC, WPAFB), Aviation In-
dustry (GE, Boeing, PW), and Research Community (ARI, MIT, PM, UCF, UCR, UMR).  

At Project APEX, three different fuels were used – a baseline JP-8 fuel (Base Fuel - 383 ppmm 
sulfur and 17.6% aromatics), Base Fuel doped with tertiary butyl disulfide (High Sulfur Fuel - 1595 
ppmm sulfur and 17.3% aromatics), and Jet A fuel which had a considerably higher aromatic con-
tent than the two other fuels used (High Aromatic Fuel - 530 ppmm sulfur and 21.6% aromatics). 
Fuel sulfur and aromatic concentrations reported are in parts per million mass and % by volume, re-
spectively. The fuel for JETS APEX2 was JET A having a total aromatics in the range 19.6-22.8% 
by volume and a sulphur content ranging from 125-419 ppmm. At both these tests, the test matrix 
consisted of a modified LTO cycle with power settings of 4%, 5.5%, 7%, 15%, 30%, 40%, 60%, 
65%, 70%, 85% and 100%. The times on each power condition were nominally 4 minutes, except 
for the 100% case which was limited to 1.5 minutes. At Project APEX, the test aircraft was parked 
on a pad. In contrast at JETS APEX 2, the aircraft was parked at a Ground Runup Enclosure which 
eliminated problems associated with changing wind directions.  
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2 SAMPLING TRAIN AND INSTRUMENTATION 

Custom-designed probes and extensive support equipment were used to sample jet exhaust in the 
on-wing position. Particle-laden exhaust was extracted directly from the engine exhaust flow 
through probes and supplied to the measurement devices. The primary probe for collecting samples 
and data was positioned within 1 meter of the exhaust nozzle exit plane, as this position is represen-
tative of the engine signature and the certification data in the International Civil Aviation Organiza-
tion (ICAO) database (ICAO, 2006). The PM probes are designed to provide both probe tip and up-
stream (0.09 meters from tip) dilution flows, thereby reducing and/or eliminating probe effects. The 
rake quadrant and probes are water cooled to protect them from thermal degradation during testing. 
The dilution flows are drawn from particle-free, dry air sources located in the mobile laboratories 
and conducted to the probes through 0.006-meter (inside diameter) flexible gas lines. The sample 
for PM measurements are conducted to the mobile laboratories through a ¾” SS sample line for 
which line losses have been calibrated. 

Dry nitrogen for dilution was introduced into the flow at the probe tips on the 1m rakes. The di-
lution was used to suppress particle-particle interactions and gas-to-particle conversion. The 
amount of dilution gas was controlled by observing the CO2 concentration in the sample line and 
keeping it at a desired level. Typical dilution ratios were in the range 10-40. No diluent was pro-
vided at the downstream locations since sufficient dilution with ambient air was found to have oc-
curred naturally in the plume. 

UMR has developed a state-of-the-art mobile diagnostic facility and a sophisticated sampling 
methodology for nanometre scale PM optimized for jet engine exhaust characterization (Schmid et 
al., 2004; Lobo et al. 2006). The instrumentation consists of 2 state-of-the-art fast particulate spec-
trometers (Cambustion DMS500) to gather real–time size distribution information and total concen-
tration of engine exhaust PM; a differential mobility analyzer (DMA) (TSI model 3071), a more 
traditional tool for particle size measurement, sacrificing speed for greater sensitivity when com-
pared to the DMS500; Condensation Particle Counters (CPCs) (TSI models 3022 and 3025 ) to 
measure total number concentration; a fast response carbon dioxide (CO2) detector (Sable Systems 
model CA-2A) to monitor sample dilution and establish emission factors; and a weather station to 
monitor the ambient conditions of temperature, relative humidity, pressure, and wind speed and di-
rection. Two fast particulate spectrometers were used to get both volatile and non-volatile particu-
late information. To achieve this differentiation, one of the spectrometers was preceded by a ther-
mal denuder operating at 300oC to remove volatile material. 

3 RESULTS  

Detailed data from Project APEX can be found at public website: http://particles.grc.nasa.gov and 
in the recently released NASA final report (Wey et al., 2006). Similar data for Project JETS APEX2 
is anticipated to be released to the public in December 2006. In this paper the data for the CFM56 
class of engines from both projects will be used to explore PM emissions dependencies on selected 
operational parameters.  

Figure 1 shows the emission indices (EIn – number-based emission index, and EIm – mass-based 
emission index) as functions of power, fuel type, and distance downstream of the engine exit. There 
is a difference in EIn between the 1m and 30 m probe locations. At the 30m probe location, EIn is 
highest at the lowest power, and is an order of magnitude higher than that for the 1 case. It then de-
creases with power until ~85% is reached, where it becomes constant. The greatest differences be-
tween the 1m and 30m data are observed at low powers where the residence time in the plume af-
fords more opportunity for gas-to-particle conversion to occur resulting in larger EIn values. For all 
three fuels, at both probe locations, EIm tends to increase with power, with a low power minimum 
near 20%, and a high power maximum above 85%. At high fuel flow rates, the EIm values for the 1 
and 30m cases converge suggesting that the mass at these higher fuel flow rates is dominated by the 
non-volatile component of the aerosol.  
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Figure 3. Emission indices as functions of power, fuel type and distance downstream of the engine exit 
 
Figure 2 shows the engine to engine variability in emission indices (EIn and EIm) close to the en-
gine exit plane (~1m) plotted versus power. All engines demonstrate the power dependence dis-
cussed above. However, engine to engine variance exceeded that associated with power change for 
a given engine. In the case of EIn, the new technology engines on the -700 series aircraft produce 
fewer particles per kilogram of fuel burned. This difference is large and statistically significant. Av-
eraged across all powers, this difference represents a (79 ± 12) % reduction in number-based emis-
sions normalized to fuel flow. EIn for the Project APEX engine falls between those of the -300 and 
-700 series and the differences between all engines are statistically significant at higher powers. 
Mass-based emission index exhibited a trend to increase with power. The trend is stronger for the 
older engine technology (-300 series). There is a large and statistically significant difference at high 
power representing a 72% reduction in mass-based emissions normalized for fuel flow at 85% 
power. This is also the case for the CFM56-2C1 engine studied in Project APEX. 

Figure 4. Engine to engine variability in emission indices 
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Figure 3 compares the emission indices (EIn and EIm) for the total aerosol and non-volatile compo-
nent at the 50m sampling location. Plume processing in the expanding exhaust plume results in the 
production of a large number of small particles (volatile material) observed in the total aerosol but 
not present in the non-volatile component. The production of these small particles results in an or-
der of magnitude increase in EIn. These particles also contribute to the mass dependent parameter 
values, but to a lesser extent.  

Figure 5. Comparison of emission indices for the total aerosol and non-volatile component at the 50m sam-
pling location 
 

Table 1 summarizes the range of PM parameter values measured for the CFM56 class of engines 
in these sampling campaigns, and compares them to published values for individual engine meas-
urements using estimated size distributions. 

Table 6. Range of PM parameter values measured for the CFM56 class of engines 

Parameter Min   ±% Max ±% Average ±% Slope 
EIn (10^15/kg_fuel)        
Non-vol 1m  0.67 64 4.1 61 1.7 56 - 
Non-vol plume 0.54 68 17.9 32 6.0 49 - 
Total 1m 0.68 87 10.2 130 4.5 129 ± 
Total plume 7.95 85 28.0 38 16.1 28 - 
IPCC (Penner et al. 1999) 0.30  50.0     
        
EIm (g/kg_fuel)        
Non-vol 1m 0.002 69 0.060 55 0.016 49 + 
Non-vol plume 0.004 74 0.045 75 0.014 62 + 
Total 1m 0.002 84 0.084 55 0.023 61 + 
Total plume 0.012 65 0.078 52 0.031 47 ± 
IPCC (Penner et al. 1999) 0.010  0.200     
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4 CONCLUSIONS 

The following conclusions for the CFM56 PM Emission Indices can be drawn from the APEX and 
JETS APEX2 data sets when averaged for all powers and engines studied.  
- Number-based emission indices exhibit a minimum at low to mid power, range from 0.5 to 

28x1015/kg_fuel, and increase by as much as an order of magnitude with plume processing.  
- Mass-based emission indices tend to increase with power and range from 0.002 to 0.08 

g/kg_fuel, bound the fleet average estimated for the mid 1990s fleet (Döpelheuer, 1997), and are 
at the low end of emission index range reported for individual engines using estimated size dis-
tributions (Penner et al., 1999). 

- Engine to engine variability is difficult to estimate when the engine sample size is small. The 
value of accurately estimating these parameters warrants further study. The experimental ap-
proach developed through the APEX series of studies provides the blueprint for future studies. 
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ABSTRACT: Recent engine exhaust measurements have been performed to better characterize the 
gaseous and particle emissions from aircraft engines as a function of engine power and distance 
downstream in the exhaust plume. Speciation of NOx and hydrocarbon emissions, and their depend-
ence on engine power, have been quantified for engines that are used extensively in the commercial 
fleet. In addition to these gaseous species, non-volatile and volatile contributions to aerosol emis-
sions have also been quantified, identifying sulfate and organic contributions to the volatile con-
densed mass at downstream plume locations. Sulfate mass emission indices (g/kg fuel), due to sul-
fur contained in the fuel, do not have a strong dependence on engine power, while organic mass 
emission indices are highest at low powers. Non-volatile particle mass emission indices increase 
strongly from low to high powers. 

1 INTRODUCTION  

The quantification of the emissions from an aircraft gas turbine engine is complicated by the high 
temperature and high velocity of the exhaust as it leaves the engine. In addition, many species of in-
terest are present in low concentrations and detailed information is sought about the small particles 
emitted. Several recent studies (Whitefield et al., 2002; Anderson et al., 2005; Herndon et al., 2004, 
2005, 2006, C.C. Wey et al., 2006, ARB, 2006) have been directed at tackling these challenging 
measurement problems in order to have better understanding of the emissions from aircraft engines 
and how they evolve immediately downstream of the engine so that better assessments of the envi-
ronmental impacts can be performed. 

 
A poster was prepared for the TAC meeting, which presented a wide range of measurement results 
from aircraft emissions measurements, spanning the range from  
- At the exit of a combustor - as used in an aircraft engine but measured in a test rig that simulates 

the engine conditions,  
- In the plume of an aircraft engine – with the engine mounted in a test facility or on a stationary 

aircraft, and sampled at the engine exit or various downstream locations (see Figure 1) 
- From advected downwind plume – beside active runways, using fast time response instruments 

on a non-interference basis at commercial airports. 
                                                 
* Corresponding author: Paul Yelvington, Aerodyne Research Inc., 45 Manning Road, Billerica, Massachusetts, 

USA. Email: paul@aerodyne.com. This material does not necessarily represent the views or recommendations of the 
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The data presented included both gaseous emissions data and measurements of particle emission pa-
rameters, focusing on data obtained in those studies by Aerodyne Research, Inc. Gas phase emis-
sions measurements of NO, NO2, HONO, CO, and a variety of hydrocarbons were obtained using 
chemiluminescence, Tunable Infrared Laser Differential Absorption Spectroscopy (TILDAS), and 
Proton Transfer Reaction Mass Spectroscopy (PTR-MS). Particle measurements that were pre-
sented focused on those measured using Multi-Angle Absorption Photometry (MAAP), and Aerosol 
Mass Spectroscopy (AMS). 

 
Figure 1. The APEX experiment measured emissions from a CFM56-2C1 engine mounted on the NASA 
DC-8 airplane. Measurements were performed using specially prepared sample probes and mounding rakes 
at 1, 10, and 30 m nominal distances downstream of the engine. 
 
The breadth of data presented in the TAC poster is too extensive to include in this brief conference 
proceedings, but much of that data is available in the referenced papers and reports. An example of 
the particulate emissions data from APEX is presented in Figure 2, in which particle composition 
data is presented as a function of engine operating power. The mass associated with the emitted 
black carbon (soot) is the most notable feature (in black), which increased dramatically at high en-
gine powers. The volatile contributions from sulfate (sulfuric acid) and organics vary much less 
with power, although the both increase when fuel sulfur content is increased (right panel). Notably, 
at low powers when the black carbon contribution decreases, the volatile components of the emitted 
particles become more significant. These volatile contributions are compared in the figure with 
masses inferred from particle size distributions measured with an SMPS, but note that the SMPS 
measures particles to a smaller size than the AMS (sulfate and organic). Thus the volatile volume 
from the SMPS (lines with symbols) is greater than the sum of sulfate and organic from the AMS, 
due to many small volatile particles less than the AMS ~30 nm cutoff. 
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Figure 2. The composition of emitted particles is plotted versus engine power for the APEX engine meas-
urements. The shaded-in contributions represent black carbon (upper most, black contribution), organic 
(middle), and sulfate (bottom). 
A variety of hydrocarbons measured using a combination of TILDAS and PTR-MS are presented in 
Figure 3. Also in that figure, for comparison, are measurements of the total unburned hydrocarbons 
measured using a flame ionization detector (FID). The general agreement between the sum of the 
individual species and the FID is reasonably good on a ppm carbon/ppm CO2 basis. The individual 
hydrocarbon measurements provide the additional insight as to which important hydrocarbons are 
present, from a environmental hazard perspective, and also how the hydrocarbon composition in the 
gas phase varies with engine power. At least for the lower engine powers, where hydrocarbon emis-
sions are most pronounced, the most numerous individual hydrocarbons all decrease in proportion 
to each other and to the most prevalent hydrocarbon emissions measured: formaldehyde (by con-
centration) and ethylene (by mass). 

Figure 3. Hydrocarbon emissions as plotted versus engine operating power. Measurements of individual spe-
cies are summed based on their carbon content (ppm C atoms) and compared to FID measurements of the to-
tal UHCs, also on a ppmC basis. 



HERNDON et al.: Aircraft Emissions Characterization 255  

 

2 CONCLUDING REMARKS 

Significant data has been accumulated from recent studies in characterizing aircraft emissions of 
particles and gases. While only a few examples of such data are presented here, the capability of 
measuring a wide variety of gaseous and particle parameters over a range of engine operating con-
ditions will allow the emissions performance of aircraft engines to be quantified in great detail. 
This, in turn, will provide inputs to better understanding of how these emissions may impact the en-
vironment, and will permit a better evaluation of whether and to what degree any of these emissions 
may have important consequences for human health for populations in the proximity of airport op-
erations. 
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ABSTRACT: New emission scenarios for aviation are provided to 2050. The emission scenarios 
have been developed using the SRES growth assumptions and provide an update to the emission 
scenarios in the IPCC Special Report Aviation and the Global Atmosphere. The emission scenarios 
are input to a simple climate model to provide radiative forcing and temperature response estimates. 

1 INTRODUCTION 

This study has used a global model of aircraft movements and emissions (FAST) to calculate new 
future emissions for the time period 2000 to 2050. The SRES GDP projections are used in this 
study (IPCC, 2000) and the results represent an update on aviation emissions scenarios of CO2 to 
2050 made in a consistent manner with those from the IPCC’s Special Report Aviation and the 
Global Atmosphere, (IPCC, 1999) which uses the older IPCC IS92 GDP projections. The FAST 
model (Lee et al., 2005) has been used as the principal tool in this study. FAST has been used to 
calculate a global total of fuel, CO2 and NOx emissions for aviation emissions for the baseline and 
future scenarios to 2050. The results are global spatially resolved, 3 D global emissions inventories 
(1o by 1o grid with 610 m vertical resolution). The aviation emissions for the SRES A1 and B1 
marker scenarios have been used as input to a linear climate response model LinClim (Lim et al, 
2006) to produce the associated radiative forcing and temperature response values. 

2 THE FAST MODEL 

The FAST model works by combining a global aircraft movements database with data on fuel flow 
provided by a separate commercial model PIANO, which is an aircraft performance model (Simos, 
2004). These data with knowledge on aircraft and engine types, allow calculation of emissions via a 
recognized and validated algorithm that corrects ICAO LTO Certification Data for altitude. Base-
line calculations have used the year 2000 and these calculations have been undertaken using the 
OAG global aircraft movement database. Future fleet predictions are made using the FAST model. 
The model requires the characteristics of hypothetical future generic aircraft to be defined. The 
FAST methodology imposes the restriction that any hypothetical aircraft must be based on a con-
figuration that can be generated using the PIANO aircraft performance program. Whilst this ap-
proach ensures that the resulting aircraft characteristics remain within the realm of reality, for a fu-
ture scenario one might wish to project these characteristics beyond the limits set by PIANO. For 
this reason, a scaling factor can be applied to fuel consumption. This factor is applied uniformly 
(i.e. to all phases of the flight cycle). 

Future aircraft movements have been calculated using the ICAO (CAEP) forecasts (Wickrama et 
al, 2003) in conjunction with the IPCC SRES GDP growth assumptions. The ICAO traffic forecasts 
to 2020 of revenue passenger kilometers (RPK) and seat kilometres offered (SKO) have been used 
directly. The ICAO SKO forecasts are provided regionally and according to the seat-banding of the 
aircraft. The forecast totals are summarized in Table 1. 

                                                 
* Corresponding author: Bethan Owen, Dalton Research Institute, Department of Environmental and Geographical 

Sciences, Manchester Metropolitan University, Manchester M1 5GD, United Kingdom. Email: b.owen@mmu.ac.uk 



OWEN et al.: New Aviation Scenarios for 2050 257  

 

Table 1. ICAO Long Term Global Forecasts (FESG/CAEP6, 2003) 

 2005 2010 2015 2020 
Seat kilometers offered (SKO) in billions 4685 5998 7542 9365 
Revenue passenger kilometers (RPK) in billions 3304 4312 5508 7050 

In order to provide future fleet predictions, the carrying capacity of freight also needs to be consid-
ered. The ICAO forecast in Table 1 does not include freight and relates to passenger traffic only. 
The OAG movements data used for the base case do include freight movements but they are not 
identified explicitly. A simple methodology was devised to include freight. A comparison of time 
series of RPK from 1970 to 1995 used by the IPCC (1999) was compared with the ICAO RPK (pas-
senger movements only) for the same period. A linear relationship was apparent between the two 
data sets and a factor of 1.16 was derived that was taken to represent the freighter movements (in 
terms of RPK) in the IPCC data. This factor when applied to the ICAO 2000 data also brought the 
ICAO RPK up to the OAG 2000 RPK value (used as the base case in this study). The factor was 
applied to all scenarios and years which is clearly a simplistic approach bearing in mind that the 
passenger and freight growth can be very different. 

For dates after 2020, an alternative approach is used, similar to the IPCC (1999) methodology, 
whereby a global relationship between RPK and GDP is used according to a non-linear regression 
model and predicting SKO from SRES A1 and B2 GDP data. A logistics growth curve was derived 
using published ICAO traffic statistics and UN GDP statistics from 1970 to 2000. 

The model was used to extrapolate future global RPK values from 2020 to 2050 using the SRES 
GDP global growth scenarios A1 and B2. The SRES scenarios A1 and B2 were chosen as the main 
ones for calculation of emissions as IPCC is currently using these as “baselines” against which 
mitigation possibilities are being considered by its Working Group 3. Selection of other SRES sce-
narios would give different results. A wider range is explored in terms of RPK projections (includ-
ing A2 and B1) but the step from RPK to emissions involves much computation and hence the two 
main scenarios focused upon A1 and B2 in terms of their GDP projections. 

Table 2. Annual average percentage growth factors for global GDP growth forecasts (IPCC, 2000) 

Scenario 2020–2030 2030–2040 2040–2050 
SRES A1B-AIM 4.66 3.52 3.71 
SRES A2 2.36 3.52 1.21 
SRES B1 3.35 3.26 3.02 
SRES B2 2.67 2.62 2.50 
IS92a 2.3 2.3 2.3 
IS92c 1.2 1.2 1.2 
IS92e 3.0 3.0 3.0 

The SRES GDP data are provided at 10 yearly intervals as shown in Table 2 and these data were 
applied for the 2020-2050 period to provide global projections of RPK (Table 3). The SRES A1B 
scenario produces the highest GDP growth over this period, higher than the IS92e (high growth 
scenario) leading to higher predictions of RPK. The A2 and B2 scenarios produce similar RPK pro-
jections to the IS92Fa (medium growth) scenario in 2050. None of the selected SRES scenarios re-
sulted in projections as low as the IS92Fc (low growth) scenario. 

Table 3. RPK projections for SRES and IS92 a, c and e GDP growth forecasts (in billions) 

Year A1B A2 B1 B2 IS92a IS92e IS92c 
2020 7042 7042 7042 7042 6553 8302 5071 
2050 24407 16896 21632 18100 13934 21978 7817 

Table 4. Traffic efficiency (as SKO/kg of fuel) improvement in percent per year  

Time Period Improvement (per-
cent per year) 

2000-2010 1.3 
2010-2020 1.0 
2020-2050 0.5 
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Future trends in traffic efficiency improvements from the IPCC report (IPCC, 1999) are shown in 
Table 4. These “efficiencies” include improvements arising from the introduction of new aircraft 
into the fleet and changes to operating conditions and passenger management i.e. not simply a 
change in engines but the overall operational efficiency of the engine/airframe/passenger manage-
ment. The FAST model requires a fuel factor input that can be changes to account for future im-
provements in the fuel efficiency of the aircraft. This is different to the overall traffic efficiency de-
scribed above, as this relates only to the technological improvements and not changes in fleet or 
passenger management. For the purposes of this study it was necessary to prescribe a fuel factor 
based on technological improvements independent of the operation of the fleet. The factors shown 
in Table 5 below together with the forecast changes in aircraft size etc from the CAEP forecasts 
produce the improvements in traffic efficiency commensurate with those improvements given in 
Table 4. 

Table 5. Fuel factor assumptions applied to future periods 

Period Fuel factor 
2005 1 
2020 0.84 
2030 0.80 
2040 0.76 
2050 0.72 

3 EMISSION SCENARIO RESULTS 

The results of the FAST emission scenarios are shown in Figure 1. The FAST-A1 2050 results lie 
just above the IPCC (1998) Fe1 (high) scenario, whilst FAST-B2 is greater than the mid-range Fa1 
scenario. For 2040 and 2050 the updated SRES A1B traffic projections and hence emissions are 
larger than those derived from the IS92 GDP assumptions. The SRES GDP growth rates are similar 
to the IS92 values however, application of the ten year average growth rates generally exceed the 
equivalent but longer term IS92 growth rates producing higher traffic and ultimately higher emis-
sion estimates. The FAST-A1 emission estimates are in the order of five times greater than the 2000 
emissions and the FAST-B2 estimates are approximately 3 times greater than the 2000 emissions. 
The CONSAVE (2005) scenarios ‘ULS’ (Unlimited Skies) is consistent with SRES A1 and has 
slightly higher values than the FAST-A1 estimates.  

Figure 1. Comparison of global aviation CO2 emissions (Tg yr-1), 1990 to 2050 using FAST and showing 
other estimates for 2020 and 2050. 
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4 THE LINCLIM MODEL 

The resultant emission scenarios were scaled by appropriate scaling factors to account for system-
atic underestimation of fuel due to great circle routing, military aviation and non-scheduled traffic, 
as in the IPCC (1999) work. The emissions have then been applied to the LinClim model which is a 
linear climate response model formulated to calculate radiative forcing (RF) and temperature re-
sponse (Lim et al., 2006). Aviation emissions post-2050 are assumed to grow at a rate of 1% per 
annum to 2100 (Sausen and Schumann, 2000). Background CO2 concentrations corresponding to 
each SRES scenario have been used for CO2 RF and temperature response calculations and the RF 
for other perturbations were scaled to reference year 2000 values published by Sausen et al., 2005. 
The temperature response uses climate sensitivity parameter of 0.64 K/Wm-2 and the efficacies pub-
lished by Ponater et al., 2006: i.e. CO2, SO4, and BC 1; O3 1.37; CH4 1.18; H2O 1.14 and contrails 
0.59. 

5 RESULTS 

The estimated RF values associated with the emission scenarios are shown in Figure 2 together with 
the RF values associated with the IPCC (1999) Fa1, Fc1 and Fe1 emission scenarios (Sausen and 
Schumann, 2000). The temperature response values associated with the emission scenarios are 
shown in Figure 3. 

Figure 2. RF values for emission scenarios produced using LinClim. 

Figure 3. Temperature response values for emission scenarios produced using LinClim. 
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6 CONCLUSIONS AND FUTURE WORK 

The 2050 FAST-A1 and FAST-B2 scenarios provided here show an initial update of the FESG 
work incorporating the SRES GDP growth assumptions. The CO2 RF values associated with the A1 
SRES marker and IPCC Fe1 emission scenarios in 2050 are 0.247 Wm-2 and 0.225 Wm-2 respec-
tively. The corresponding temperature response in 2050 is calculated as 0.0795 K for the FAST-A1 
emission scenario and 0.0772 K for the IPCC Fe1 scenario. In 2100, the temperature response val-
ues associated with the FAST–A1 and FAST-B2 aviation scenarios are calculated to be 0.1953 K 
and 0.1425 K respectively. 

The next step in this work will be to review the technology assumptions with regard to fuel use 
and NOx emission indices in the light of the most recent research and the industry technology tar-
gets. Further development of the traffic growth at a regional level consistent with the SRES A1 and 
B2 storylines is also underway. 
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ABSTRACT: The box model SPIDER was developed to test and compare various approaches to 
include the effect of aircraft plume processes (effective emissions indices) in large scale chemistry 
transport models and climate-chemistry models. Its simplified NOx-O3 chemistry parameterises 
only the most relevant non-linear processes. SPIDER reproduces the main features of more sophis-
ticated plume models. Multi-plume interactions illustrate the capability of the SPIDER model. 

1 MOTIVATION 

Emissions from aircraft impact on global climate (cf. Brasseur et al., 1998; IPCC, 1999; Sausen 
et al., 2005). They are usually implemented in General Circulation Models (CGM) or Chemistry 
Transport Models (CTM) by an instantaneous dispersion of the emitted matter over the large-scale 
grid boxes. Following Petry et al. (1998), this is called the instantaneous dispersion (ID) approach. 
The ID approach neglects non-linear chemical conversion processes in the evolving single plume. 
To resolve these by a plume model is called the single plume, or SP approach. However, detailed 
SP chemical modelling is computationally too demanding, both for more complex principle studies 
of plume-plume interaction in a grid box, and for operational implementation in large-scale models. 

For improvement of the ID approach in GCMs, Effective Emission Indices (EEIs) can be used 
(e.g., Möllhoff, 1996; Petry et al., 1998). These, and several other approaches to the problem, e.g., 
by Meijer et al. (1997), Karol et al. (1997, 2000), Kraabøl et al. (2000) and Kraabøl and Stordal 
(2000) all applied detailed chemistry schemes, while a simplified model to test and compare the 
various EEI concepts, and to perform studies of multi-plume interactions remains desirable. 

The present paper reports on the development of such a box model with simplified chemistry, the 
SPIDER (SP-ID Emission Relations) model. The following sections focus on setup of the model, 
validation and first application to a plume-plume interaction. Further model development and appli-
cations will be described in a forthcoming paper. 

Motivated by the work by Petry et al. (1998) who applied a detailed chemistry scheme, we aim 
at computing plume dilution, and comparing of ID and SP results using a computationally efficient 
box model with greatly simplified chemistry. The resulting SPIDER model avoids explicit solution 
of the chemical rate equations. Chemistry enters the equations only in parameterized form by "dy-
namic forcing" terms, and the only species considered are NOx and O3. 

The objectives are to apply the validated SPIDER model to more complex cases, e.g. multiple 
plumes or the interaction between neighbouring GCM grid cell NOx or O3 fields, and to eventually 
evaluate different EEI approaches. 
1.1 SPIDER model setup 
The main process to be covered by the model is the non-linear production of ozone by aircraft NOx 
emissions at cruise altitude. Hence, the first simplification in the SPIDER system of equations is to 
include only these two species: NOx and O3. 

The physical processes which are to be explicitly included in and resolved by the model within a 
typical GCM grid box volume are a) the emission of NOx inside the GCM box, SNOx, b) non-linear 
production of ozone, PO3, and c) the decay of the NOx and O3 fields by conversion to reservoir spe-
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cies. For treatment of the SP approach, additionally the background (outer domain, superscript o) 
and plume fields (inner domain, superscript i) have to be integrated separately, and the entrainment 
of background matter by turbulent mixing at the growing-plume boundary enters as another indi-
vidual term in the budget equations. 

1.1.1 ID budget equations 
In Eqs. (1-4), the following units hold [NOx] = mol, [O3] = mol, [nox] = nmol mol-1, following the 
well-known convention to denote extensive quantities by upper-case, and intensive quantities by 
lower-case letters: 
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The reference background state without aircraft emissions follows for 0≡S , and dt denotes the tem-
poral derivative d/dt. 

The decay, or conversion of NOx and O3 to reservoir species, is modeled as an exponential decay 
with fixed half-time periods τ (τNOx = 10 days, τO3 = 30 days, cf. Köhler and Sausen, 1994). Future 
versions of SPIDER will include a typical diurnal variation of these time scales, but this is a sec-
ond-order effect, and neglecting the diurnal cycle here has little consequence on the results. 

1.1.2 SP budget equations 
In Eqs. (3) and (4), each species must be treated with one budget equation for the plume (super-
script i) and the background (superscript o). As the box model reference volume is one GCM grid 
box, the computation of entrainment, with a linear plume growth rate, in Eqs. (3-4) is terminated as 
soon as the plume volume Vi is equal to the reference volume VGCM. 
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Eq. (3a) allows including the case in which a fresh aircraft plume is emitted along the axis of an 
aged plume emitted by another aircraft earlier on. This case was already investigated by Kraabøl 
and Stordal (2000), and will also be treated here in Sec. 3.2 
1.2 Parameterisation of PO3(nox) terms 
The non-linear production of ozone as a function of the ambient NOx concentrations remains to be 
specified for the SPIDER model equations (2) and (4). As treated in detail by, e.g., Johnson and 
Rohrer (1995), Brasseur et al. (1996), Grooß et al. (1998), and Meilinger et al. (2001), the produc-
tion of ozone does not only depend on NOx concentrations, but is a highly variable function of other 
species like O3 itself, H2O, CO, hydrocarbons, state variables p, and T, and the actinic flux J. A per-
fect parameterisation in this multidimensional phase space is impossible, and likely has prevented 
earlier studies using simplified chemistry studies of aircraft plume dilution. 

However, in the present context, the objective is to develop a model which allows for principle 
studies of plume dilution, plume interaction, and methods to derive EEIs. Hence, a parameterisation 
of ozone production as a function of nitrogen oxides for some typical atmospheric conditions at 
cruise altitude following the data presented in the literature is possible. Aside from the NOx concen-
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tration, also the solar elevation angle must be taken into account, in order to capture the diurnal cy-
cle of photochemical ozone production. 

 
Figure 1. Net ozone production rate PO3 as a function of ambient NOx concentration. The symbols are data 
from Johnson and Rohrer (1995) from the AERONOX project, and from Brasseur et al. (1996). The curves 
are fits to these data and form the selectable SPIDER PO3 parameterisations. 
 
Figure 1 shows five different parameterisations of which D was selected in the SPIDER model. 
Curve D from the Brasseur et al. (1996) data includes effects of the diurnal cycle, the other curves 
are very similar in shape, and their variation comes mainly from different ambient chemical condi-
tions. 

Note the non-linearity, or rather non-monotonicity, of all PO3 curves. Low and very high NOx 
concentrations are characterized by ozone depletion, while the peak ozone production is found in 
the range of 0.15 to 0.27 nmol mol-1. The fact that the shape of the curves is quite uniform in the 
upper troposphere gives us some confidence that the SPIDER parameterisation of PO3 holds in a 
general sense and is adequate for principle process studies. 

2 RESULTS 

Here, we present the SPIDER model validation and its first application of multiple plume effects. 

    
Figure 2. Absolute aircraft-induced change of O3 concentration compared to the background state for ID 
(solid) and SP simulations (dotted). (a) is from Möllhoff (1996), (b) shows the corresponding SPIDER run. 

2.1 SPIDER model validation and sensitivity 
We used the original model cases from the work by Möllhoff (1996) to validate the SPIDER model. 
There, without wind shear or cross-plume wind components, the exhaust of a typical B747 airplane 
was emitted as a line-source at 0800 LST (local solar time) in a VGCM = 50 x 50 x 1 km3 reference 
volume. Ambient conditions were mid-latitude summer, T = 218 K and p = 236 hPa (about 10 km 
above see level, ASL). The initial values of NOx and O3 in the plume were chosen to be representa-
tive of the early dispersion regime (about 100 s after emission). Linear plume growth was specified 
such that after 18 h of plume dilution, the plume volume was equal to the reference volume VGCM. 
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Figure 2b shows that the qualitative behaviour of the Möllhoff (1996) simulation in Figure 2a is 
captured well by the SPIDER model. The quantitative agreement is adequate; the main difference is 
that in the SP simulation, the peak change in O3 is at a lower level and slightly later for the SPIDER 
run. For the ID run, the small peak before converging to the night time stable state is not resolved 
by SPIDER; instead, it merely converges towards the night time conditions. 

The first few minutes after plume emission are characterised by ozone titration within the plume 
due to the very high NOx concentrations (cf. Fig. 1, curve D). As the SPIDER model equations are 
formulated for the plume dispersion regime (the far-field solution), they cannot resolve the initial ti-
tration, which is a near-field plume process. Following Veenstra and Beck (1994), the initial ozone 
level in the plume must be lowered slightly compared to the background state to provide the proper 
initialisation values for the early dispersion regime1. 

    
Figure 3. As Figure 2, but for the absolute change in O3 mass per kilometre plume along the flight path. The 
dashed and dash-dotted lines in (a) from Möllhoff (1996) are not interpreted here. 
 
Figure 3 shows the comparison between Möllhoff (1996) and the SPIDER results in terms of ozone 
mass difference per kilometre plume. Again, the small peak just before reaching the night time lev-
els with zero photochemistry is not reproduced by SPIDER. Otherwise, the qualitative and quantita-
tive agreement is good. Note that SPIDER correctly shows the extended period of negative change 
in ozone between 0800 and 1100 LST, and that the night time levels are well-captured. 
2.2 Aircraft following on track of initial one 
The first SPIDER model application case is a second, identical, aircraft exactly following the track 
of the first one after 4.5 h, injecting (and instantaneously distributing) a fresh plume into the aged, 
diluted one. For regions like the North Atlantic flight corridor, we consider this scenario to be quite 
realistic. Then, ID and SP simulations are continued and compared to the reference run. A similar 
case was investigated by Kraabøl and Stordal (2000), but for emission of the young plume 1 h after 
the first one (and additional runs for 2 h and 3 h release time lag). 

Figure 4 shows the effects for the absolute change in ozone concentration (a) and mass per kilo-
metre plume (b). The results should be compared to the reference case in Figs. 2b and 3b. The im-
mediate effect of the young plume is visible in both panels by the initial drop in ozone due to titra-
tion. After recovery, the rate of ozone production is significantly enhanced, and higher night time 
levels of ozone result. For the ozone changes in Figure 4, the enhancement is about 50% for both 
the ID and SP runs, and for both the concentration and mass changes. 

The response to the increase in aircraft NOx is not linear here (in contrast to GCM simulations, 
cf. Grewe et al., 1999), as SPIDER experiences the full non-linearity of the PO3 term due to the ini-
tially high NOx concentrations. I.e., the ozone production is not doubled by injection of the second 
plume after 4.5 h. Yet what can be said is that the gap between the results of the ID and SP ap-
proaches widens by roughly 50% due to the interaction of the two plumes. Thus, conclusions de-
rived from single plume comparisons between SP and ID results, like that of Petry et al. (1998) stat-
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ing that for diurnal or seasonal averages, the difference between SP and ID plume dilution is not 
significant, may not remain justified in regions with frequent interaction of plumes. 

   
Figure 4. As Figs. 2b (a) and 3b (b), but with a second, identical aircraft plume emitted along the original 
flight path 4.5 h after emission of the first plume. Emission time 0800 LST is marked by the dotted line. 

3 DISCUSSION 

The SPIDER model could be validated in the framework of its simplifying assumptions. The basic 
plume dilution processes are well represented, in part even quantitatively. Some details are missing 
in the model which would require the complete set of chemical reactions – or an improved descrip-
tion of either the plume growth (being linear only on average, cf. Schumann et al., 1998) or the ac-
tinic flux in the PO3 term. These latter points are current work in SPIDER development. 

In our simulation of interaction of two coaxial plumes, a net increase in produced ozone was 
found, and the gap between SP and ID approaches widened. Kraabøl and Stordal (2000) did a simi-
lar study, but for emission of the young plume 1 h after the old one. They employed a full chemistry 
model, slightly different release time (0700 LST), and other initial values of plume and background 
NOx and O3 concentrations. In contrast to our findings, they reported a net decrease in ozone com-
pared to the single-plume run, and less conversion of the emitted NOx. Qualitatively similar results 
were reported for secondary plume release after time lags of 2 h and 3 h, respectively. 

There may be several reasons for these differences to our SPIDER results. Kraabøl and Stordal 
(2000) emitted their second model plume in ambient conditions characterised by very high NOx 
concentrations (6.8 nmol mol-1). Without further debate on the realism of these high NOx values for 
1 to 3 h old plumes, their young plume experienced conditions of strong ozone titration (cf. Fig. 1). 
In the SPIDER model run 4.5 h after emission of the first plume, the aged plume NOx concentration 
is well below 2 nmol mol-1, i.e., definitely in a region of the PO3 term of Figure 1 with at least weak 
ozone production. Besides, Kraabøl and Stordal (2000) compared their plume concentrations with 
background conditions which changed with time on injection of the second plume. In the present 
SPIDER case, the background was not altered after introduction of the young plume, in order to be 
able to compare the results to the single-plume reference run. 

4 CONCLUSIONS 

Our study using the SPIDER box model showed: 
- The model is well-suited for principle studies, and could be validated qualitatively and in part 

quantitatively using results by Möllhoff (1996) and Petry et al. (1998); 
- The model reproduces the high sensitivity to plume and background NOx and O3 concentrations; 
- Multi-plume interactions can alter the gap between of ID and SP plume dilution approaches. 
Aside from more complex multi-plume and GCM grid box interactions, future work will encompass 
refinement of the computation of plume growth, actinic flux, and NOx or O3 decay times. 
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Aerodynamically induced formation of contrails 
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ABSTRACT: We study the formation and growth of ice particles induced by the cooling of the air 
while flowing over the wings of cruising aircraft. 

1 INTRODUCTION 

Photographs taken in flight show that condensation sometimes starts right above the wings of cruis-
ing aircraft. This demonstrates the existence of contrails different from the well studied jet exhaust 
contrails. Below we present a first investigation of the conditions that lead to the appearance of 
aerodynamic contrails, along with a characterisation of their basic microphysical and optical prop-
erties. Studies of aerodynamic contrails require interdisciplinary research on compressible gas flow 
over airfoils, ice and aerosol microphysics, and optics of ice crystals, such as outlined here.  

2 AERODYNAMICS 

As a first step into this new research area, we make simplifying yet sufficiently accurate assump-
tions that allow us to compute the flow field by straightforward numerical means, circumventing the 
use of a sophisticated CFD code. As a motivation, we start with a simple back-of-the-envelope cal-
culation. 
2.1 Back-of-the-envelope calculation 
The average pressure difference above minus below the wings is the force that carries the aircraft. 
Let the aircraft weight be W, its wing area A, then the pressure difference is Δp= −W/A. For wide 
body aircraft (e.g. A340, B747) this amounts to a surprisingly large value of typically −50 hPa. 
Now assume that this pressure difference arises adiabatically in the flow. The corresponding tem-
perature difference is given by ΔT / T = [(κ−1)/κ] (Δp / p) with κ = cp/cV = 1.4 being the ratio of the 
specific heats of air. For typical conditions at cruise altitudes (e.g. T = 220 K, p = 220 hPa) we get 
ΔT = −14 K, i.e. a sudden cooling above the wing that suffices to turn even relatively dry air of, 
say, RHi = 20%, into a transient supersaturated state that may allow condensation. This rough calcu-
lation suggests that aerodynamically induced condensation should occur at times. The question 
arises why, on the contrary, it apparently is a rare event. In order to answer this and other questions, 
we have to perform a more detailed flow calculation. 
2.2 Linearised 2-dimensional flow calculation for compressible flow 
We assume that the flow is adiabatic and circulation free, furthermore that the flow is strictly two-
dimensional and stationary. First we define the shape of the airfoil, i.e. the cross section of the 
wing. We have chosen a simple analytical shape, the Joukowski wing. This already quite realistic 
wing shape results from a conformal mapping of a unit circle, which is appropriate for our goal (al-
though the Joukowski wing is not used in practice). In particular, it has one sharp (trailing) and one 
round (leading) edge. If we had an incompressible flow, we could compute the velocity potential 
and stream functions for the Joukowski wing simply from the corresponding quantities in a flow 
around a circular cylinder. The analytical form of the latter is known, and applying the same con-
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formal mapping to these fields as to the wing shape (i.e. the Joukowski transformation) yields the 
desired result. However, flow incompressibility requires flow speeds with small Mach numbers, 
while modern airliners typically cruise at Ma = 0.8. Therefore, we must not assume that the flow is 
incompressible, and we need another way of computation. 

The details of our method will be given elsewhere, here we only present the essential assump-
tions that lead to the solution. Under the stipulated assumptions, the continuity and Euler equations 
combine to an equation for the flow potential Φ. We assume that the parallel background flow, (u∞, 
v∞), is perturbed only little by the wing and that the background flow has a small angle of attack 
relative to the wing. With these assumptions, we may linearise the potential equation. Then pertur-
bations caused by the thickness of the wing and by its camber can be treated separately and are ad-
ditive, leading to the following ansatz for the potential: 

Φ = u∞ x + v∞ y + ϕ + ψ, (1) 
where ϕ and ψ are the perturbation potentials for wing thickness and camber, respectively. Neglect-
ing perturbation quantities of quadratic and higher order in the equation for the potential then gives: 

β2 ϕxx + ϕyy = 0    and    β2 ψxx +ψyy = 0 with  β2 = 1−Ma2 (2) 
The simple (non-conformal) coordinate transformation x = ξ, βy = η, yields the classical Laplace 
equation for the potentials, for instance ϕξξ + ϕηη = 0, which can be solved by various means. We 
employ the method of singularities, where the perturbation potentials are constructed by suitable 
superpositions of potentials for singular sources, sinks, and vortices.  

From the flow field, we computed a set of trajectories, both below and above the wing, using a 
4th-order Runge-Kutta scheme (Press et al., 1989). The perturbation of the (dominating) x-
component of the flow speed on the trajectories, u − u∞, is inserted into a generalised Bernoulli 
equation to yield the temperatures along the trajectories, viz. 

T = T∞  − [(κ−1)/κ Ra] (u2−u∞
2)/2 (3) 

where Ra is the specific gas constant of dry air (287 J kg-1K-1). The corresponding pressure is ob-
tained from the Poisson equation, viz. 

p = p∞ (T/ T∞)κ/(κ−1). (4) 
Figures 1 and 2a/b show the flow field (streamlines) and the temperature and pressure histories on 
the trajectories for a case with p∞ = 350 hPa and T∞ = 235 K. The wing depth is 11.7 m, wing thick-
ness 1.7 m, and the effective angle of attack is 1°. 

Figure 1. Two-dimensional potential flow field (compressible flow) around a Joukowski airfoil, calculated 
with the method of singularities. Effective angle of attack: 1°. Mach number: 0.8. The dimensions of the air-
foil are typical of a wide-body aircraft close to the fuselage.  
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Figure 2. Temperature (left) and pressure (right panel) histories along the streamlines shown in Figure 1.  

3 MICROPHYSICS 

We employ a comprehensive gas-aerosol-ice trajectory model (Kärcher, 2003) to track the follow-
ing non-equilibrium processes along one of the T- and p-trajectories close to the wing as shown 
above. (i) Water condensation on liquid aerosol droplets composed of aqueous H2SO4. (ii) Homo-
geneous freezing of ice from these supercooled aerosol particles. (iii) Depositional growth of the 
spherical ice particles.  

Water uptake on particles is coupled with the gas phase in a strictly mass-conserving manner, so 
that the evolution of the supersaturation is accurately simulated. A relatively broad lognormal aero-
sol size distribution has been used for aerosols (mean mass radius 80 nm, geometric standard devia-
tion 1.6, total number concentration 500 cm-3) to cover both Aitken and accumulation mode sizes. 
Growth of aerosol particles is treated in a Lagrangian manner. This allows us to accurately simulate 
the water mass fraction in each particle size category to which freezing nucleation rates are ex-
tremely sensitive. Growth of ice particles is treated with a moving centre size structure that is virtu-
ally free of numerical diffusion. We prescribe an ambient ice supersaturation of RHi = 140% just 
below the homogeneous freezing threshold and an H2O deposition coefficient of unity to maximize 
ice particle growth. We use a time step of 1 µs for these simulations. 

Figure 3 shows results of the microphysical calculations. The legend denotes times and corre-
sponding distances behind the leading wing edge. The ice crystal size distributions (solid curves) 
are generated from homogeneous freezing of liquid aerosol droplets (dashed). Nucleation is fin-
ished as the air parcel moves across the wing (after ~16 m). In the subsequent growth phase in the 
highly supersaturated air, mean ice particle radii increase to ~2.8 µm after ~680 m.  

Note that the ice particle spectrum becomes essentially monodisperse shortly after nucleation. 
Laminar flow and monodispersity are the key prerequisites for the colourful appearance of aerody-
namic contrails, as studied in Section 4. Jet exhaust contrails, on the contrary, appear white because 
plume turbulence quickly mixes contrail ice particles with slightly different sizes and thus broadens 
their size spectrum. 

Interestingly, the smallest droplets freeze first, followed by freezing of larger droplets, until 
practically all available aerosol particles are depleted. At first glance, this seems to contradict the 
common notion that larger particles freeze first owing to their larger volume. However, this as-
sumes that aerosol particles are in equilibrium with ambient H2O, regardless of size. During the 
formation of aerodynamic contrails, RHi changes dramatically on the time scale of ~10 µs. This is 
of the same order as the composition change time scale dictated by diffusion of H2O molecules in 
air. For the small aerosol particles, the latter time scale is proportional to particle surface area. This 
implies that they adjust faster to increasing RHi and become water-rich much faster than larger par-
ticles, and hence freeze earlier despite a smaller volume. The fact that the time scale for a change in 
radius is somewhat longer than the time scale for freezing explains why the ice particles start to 
grow significantly only after nucleation is shut off. It is possible that more and slightly smaller ice 
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particles would form if we prescribed a larger concentration of aerosol particles. These and other 
aspects will be addressed in more detail in future work by means of sensitivity studies.  

Figure 3. Ice crystal size distributions for various distances (times) behind the leading edge of the wing along 
the trajectory closest to and above the wing. 

4 RADIATION 

To determine the colour of the contrail, the scattering coefficient was calculated from the size 
distributions in Figure 3 using the theory by Mie [1908] for spherical ice particles. The well-known 
Mie code by Wiscombe [1979] as provided by the libRadtran radiative transfer package [Mayer and 
Kylling, 2005] was used for this purpose.  

Figure 4a shows the extinction efficiency at 550 nm (solid line) as function of the particle radius. 
The typical features of a monodisperse particle distribution are clearly visible: the Rayleigh limit 
for particles much smaller than the wavelength, where the extinction efficiency increases rapidly 
with particle size; and the geometrical optics limit for particles much larger than the wavelength, 
where the extinction efficiency approaches 2 (that is, the extinction cross section is twice the geo-
metrical cross section). In the size range where the particle radius is comparable to the wavelength, 
the extinction efficiency shows characteristic oscillations and reaches its maximum where the ra-
dius equals the wavelength of the radiation. In the visible spectral range, absorption is negligible 
and the scattering efficiency equals the extinction efficiency.  

From these considerations we may immediately conclude that the scattering coefficient of a 
monodisperse particle distribution strongly depends on wavelength; if illuminated with white light, 
selective scattering of colours will cause the scattered radiation to be coloured: e.g., crystals with 
400 nm radius will scatter blue most efficiently and the scattered radiation will appear blue; crystals 
with 700 nm will appear red as the maximum of the scattering cross section occurs at 700 nm. For a 
polydisperse size distribution, these effects are reduced, and if the size distribution is too wide, they 
will vanish completely. Hence the appearance of colours indicates a narrow size distribution.  

To calculate the actual colour of the contrail, a full radiative transfer calculation is required in 
principle, to calculate spectral radiance. However, since the optical thickness is small we used a 
very simple single-scattering approximation: the scattered radiance is assumed to be proportional to 
the incident (extra-terrestrial) irradiance times the scattering coefficient. This calculated spectral ir-
radiance is converted to colours using “specrend” by John Walker, available at 
http://www.fourmilab.ch/documents/specrend/. Spectral radiance is converted to X, Y, and Z using 
the respective CIE colour matching functions, which are then converted to device-dependent col-
our-coordinates R, G, and B with the respective EBU matrix.  
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Figure 4a shows the calculated colours as a function of ice particle radius for a monodisperse 
size distribution. As outlined above, colours are most pronounced in the size range where the 
change of the extinction efficiency with wavelength is strongest. Figure 4b, finally, shows the col-
ours to be expected for the size distributions from Figure 3. Size distributions were provided every 
0.001 seconds from 0.24 seconds to 6 seconds. Extinction efficiencies were calculated with Mie 
theory and integrated over the size distribution to get the spectral extinction coefficient, multiplied 
with the spectral extraterrestrial irradiance, and converted to colours. Figure 4b shows the effective 
ice particle radius. The colours nicely match the colours in the photograph, indicating that growth 
with time as well as the width of the size distribution were realistic.  

 
Figure 4. (a) Extinction efficiency for a monodisperse ice particle distribution and colour of the scattered ra-
diation in single-scattering approximation; (b) effective radius and colour for the size distributions from Fig-
ure 3 as a function of time.  

5 EXAMPLE 

On 12 June 2005 from 14:59 to 15:06 Bejing time (~07:00 UTC), pilot and photographer Jeff Well 
took a series of photos of an exceptionally colourful iridescent contrail produced by an A340-313X 
aircraft in 9600 m altitude, just 1200 m above his position on the same route over eastern China. 
Both aircraft were heading to North-West (329°) from 32° 14.8’ N, 119° 46.7’ E to 32° 56.8’ N, 
119° 10.1’ E. From NCEP reanalysis data we estimate a temperature of −40°C, the aircraft altitude 
is very close to the 300 hPa pressure level. 

The series of photos displayed in Figure 5 shows the development of contrails that cannot be ex-
plained by the Schmidt-Appleman criterion. Jet contrails produced from the mixing of exhaust 
gases with the ambient air would show up as 4 separate lines behind the engines and start later. The 
onset of the aerodynamic contrails occurs directly above the wings and is stronger close to the body 
of the aircraft. Thin vortex lines originate from the wing tips and get mixed into the wake vortices. 

6 CONCLUSIONS AND OUTLOOK 

Photographs demonstrate that aerodynamic contrails occur preferentially above the inner parts of 
the wings, where the uplift is largest. Hence, aerodynamic contrails may become more relevant for 
a potential future fleet of blended wing-body aircraft with significantly larger wing depths. 

Future work will study the properties of the numerous small ice crystals produced in the adia-
batic air flow over wings of airliners, the impact of ambient conditions and background aerosol 
properties on early aerodynamic contrail formation and evolution, and how common this process 
occurs relative to jet exhaust contrails that form according to the Schmidt-Appleman theory. 
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Figure 5. Series of photographs of an aerodynamically induced contrail. Note the iridescent colours. The 
formation and colourful appearance of such contrails are explained by the combination of aerodynamical, 
microphysical, and radiative processes outlined in this paper. 
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ABSTRACT: The contrail parameterization of Ponater et al. (2002) has been implemented in the 
global climate model IFSHAM. The global mean net radiative forcing due to contrails is in this 
model positive, but small, and in areas over Europe and the United States the net forcing is nega-
tive. In order to investigate this result a series of experiments has been performed modifying con-
trail optical properties. Results from these experiments are shown. The climate model exhibits cer-
tain systematic errors and the impact of these systematic errors is analysed. The model is run in 
nudged mode, where the model is relaxed towards observed data thereby reducing the systematic 
errors of the model substantially. Comparing runs with the model in standard mode and in nudged 
mode gives the possibility for analysing the impact of model systematic errors on contrail properties 
and contrail radiative forcing. Results from these experiments are shown as well. 

1 INTRODUCTION 

The radiative forcing due to line shaped contrails was given a best estimate of 20 mW/m2 in the 
IPCC special report “Aviation and the Global Atmosphere” (IPCC, 1999) for 1992 air traffic condi-
tions. There is some uncertainty on this estimate and some of the results published later indicate 
smaller values for the contrail radiative forcing.  

Marquart et al. (2003) has implemented the contrail parameterization scheme of Ponater et al. 
(2002) in the global climate model ECHAM4 and simulations with this model give an estimate of 
the radiative forcing due to line shaped contrails of 3.5 mW/m2 – an order of magnitude smaller 
than the IPCC estimate. The same contrail parameterization as used in Marquart et al. (2003) has 
been implemented in the global climate model IFSHAM (Guldberg and Nielsen, 2004). Using this 
model setup simulations similar to the Marquart et al. (2003) simulations result in an estimate of ra-
diative forcing due linear contrails of 0.26 mW/m2 – an order of magnitude smaller than the 
Marquart et al. (2003) estimate. The geographical distribution of the radiative forcing shows areas – 
over Europe and the United States – where the net radiative forcing is negative. This is not seen in 
the results of Marquart et al. (2003) – here the net forcing is positive everywhere.  

In order to be able to explain the reason for this very small and in some areas negative radiative 
forcing in the simulations of the IFSHAM model two sets of experiments were performed. In one 
set contrail optical properties were modified in order to study the impact of these properties. In an-
other set of experiments the impact of model systematic errors were investigated. The IFSHAM 
model has as all global models systematic errors and in the experiments performed here these sys-
tematic errors were substantially reduced using the nudging technique, where the model is forced to 
follow observed data. Comparing with simulations in standard climate mode the importance of the 
systematic errors for the estimation of contrail radiative forcing was studied. 

2 MODEL AND EXPERIMENTS 

The IFSHAM model is developed at DMI (Yang, 2004) as a combination of the dynamical core 
from ARPEGE, version 3 (Déqué et al. 1994) and the physical parameterization package from 
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ECHAM5 (Roeckner et al. 2003). The IFSHAM model uses semi-Lagrangian advection and a two-
level semi-implicit time stepping scheme. The cloud scheme is the PCI scheme (Lohmann and 
Roeckner, 1996), where cloud water and cloud ice are treated as separate prognostic variables. The 
radiation scheme consists of the Morcrette short wave scheme (Morcrette, 1991) and the RRTM 
scheme (Mlawer et al., 1997) for the long wave part. Contrails are described by the parameteriza-
tion scheme of Ponater et al., 2002. The resolution of the model used in these experiments is T63 
with 31 vertical layers. 
2.1 Optical properties 
In order to investigate the impact of contrail optical properties on contrail radiative forcing a set of 
one year long experiments were performed in which the optical properties effective radius and opti-
cal depth were modified. The effect of changing the effective radius on the radiative forcing was 
minor in these experiments – for results see Guldberg and Nielsen (2004). 

The optical depth of contrails is parameterized in IFSHAM and is a function of ice water path 
and ice water content. A set of sensitivity experiments were performed in which the optical depth 
was fixed at a constant value. Figure 1a shows the resulting annual mean contrail net radiative forc-
ing at the top of the atmosphere (TOA) from a one year long experiment with a variable optical 
depth determined by the parameterization scheme whereas figure 1b shows the net radiative forcing 
also from a one year long experiment, but with the optical depth set to a constant value of 0.1. The 
global mean of the contrail coverage is relatively low in these experiments: 0.07 %. 

Figure 1a Annual mean of net radiative forcing at TOA from an experiment with variable optical depth 
(Unit: mW/m2) 

Figure 1b Annual mean of net radiative forcing at TOA from an experiment with constant optical depth of 
0.1 (Unit: mW/m2) 
 
Fixing the optical depth at a constant value of 0.1 leads to a substantial increase in the short wave 
forcing but an even larger increase in the long wave forcing and therefore the resulting net forcing 
is also substantially increased. The global mean of the net forcing is 0.2 mW/m2 in the experiment 
with variable optical depth and 1.9 mW/m2 in the experiment with an optical depth of 0.1. This 
means a factor of ten larger net forcing in the experiment with constant optical depth. It is also seen 



GULDBERG: Contrails in a global climate model – effect of reducing systematic errors 275  

 

when comparing figure 1a and 1b that the areas over Europe and the United States with negative net 
forcing in the experiment with variable optical depth have a positive net forcing in the experiment 
with constant optical depth. From these experiments it is seen that optical depth has a large impact 
on the estimation of contrail radiative forcing. 
2.2 Systematic errors 
As all climate models the IFSHAM model suffers from certain long term systematic errors when 
compared to observations and these errors may influence the estimation of contrail properties. In 
order to analyse the effect of model systematic errors simulations were performed with the model in 
so called nudged mode. Using the nudging technique (Jeuken et al., 1996) the model is forced to-
wards a reference data set, and when the reference data set represents observed data the systematic 
errors of the model are minimized, because in each time step the model is following closely the ob-
served values of the prognostic variables. Nudging is a simple 4-dimensional assimilation of the 
reference data, where the prognostic model variables are relaxed towards the reference data. In the 
experiments described here the ECMWF Re-Analysis data (ERA-15) (Gibson et al., 1997) are used 
as the reference data set towards which the model is relaxed. 

Two sets of simulations have been performed with the IFSHAM model in order to study the im-
pact of systematic errors. In the first set – the standard simulations – the model is forced with ob-
served sea surface temperatures for ten winter seasons and ten summer seasons in the period cov-
ered by the ERA-15 data set (1973-1993). In the second set – the nudged simulations – the model is 
run in nudged mode and the model is relaxed towards observed data for the same ten winter and 
summer seasons and also observed sea surface temperatures are used. In the following only aver-
ages of the ten summer seasons are shown. Results for the winter season can be found in Guldberg 
and Nielsen, 2004. 

Figure 2a Ten year mean difference of temperature between standard and nudged simulations at ~240 hPa 
(Unit: K) 

Figure 2b Ten year mean difference of relative humidity with respect to ice between standard and nudged 
simulations at ~240 hPa (Unit: %) 
 
Figure 2a shows the average difference of temperature between the standard and the nudged simula-
tions at approximately 240 hPa. This difference represents well the temperature systematic error of 
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the model as the nudged simulation follows closely the ERA-15 data. It is seen that in summer the 
model is too cold almost everywhere, except over Antarctica where the model is too warm. The 
largest cold biases are seen at northern high latitudes. 

Figure 2b is similar to figure 2a but shows relative humidity with respect to ice. In summer the 
relative humidity with respect to ice is too low in most of the Northern hemisphere. It should be 
noted that humidity is not nudged in these experiments, so the humidity in the nudged simulations 
are determined by the model based on close to observed values of the other prognostic variables. 

The annual global mean of the contrail coverage in these simulations is 0.13 % and the model 
systematic errors have little impact on the contrail coverage. But the differences actually seen be-
tween the two model simulations follow to a large degree the pattern of the differences of the rela-
tive humidity, indicating that relative humidity is likely the determining factor for these differences. 
Also differences in ice water path between the standard and the nudged simulations are rather small, 
but there is a tendency of too large values in the tropics and too small values in the extratropics in 
the standard simulations. As the effective radius and the optical depth are determined from the ice 
water path, the same tendency is seen for the effective radius and the optical depth. More detailed 
information on these differences can be found in Guldberg and Nielsen (2004). 

The main question is how the model biases affect the radiative forcing of contrails in the 
IFSHAM model. Figure 3a and 3b show the changes in the short wave and long wave forcing. As 
the sign of the short wave forcing is negative positive values in the difference plot in figure 3a mean 
that the magnitude is too low in the standard simulation. For the summer season the magnitude of 
the short wave forcing is too low over the northern part of the United States, the North Atlantic 
flight corridor and northern Europe. In the southern part of the United States and southern Europe 
the magnitude of the forcing is too large in the standard simulation. The global mean of the short 
wave forcing is increased by 0.4 mW/m2 when the model is nudged. The long wave forcing is too 
weak, respectively too strong in the areas where the short wave forcing is too weak, respectively too 
strong. The global mean of the long wave forcing is increased by 0.6 mW/m2, when the model is 
nudged. 

Figure 3a Ten year mean difference of short wave radiative forcing at TOA between standard and nudged 
simulations (Unit: mW/m2)  

Figure 3b Ten year mean difference of long wave radiative forcing at TOA between standard and nudged 
simulations (Unit: mW/m2) 
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Figure 4a and 4b show the contrail net radiative forcing at TOA in the standard simulation and the 
nudged simulation of the summer season. The global mean of the net forcing is increased by 0.2 
mW/m2 from 0.8 mW/m2 to 1.0 mW/m2. Although the magnitude of the net forcing is changed the 
pattern of the forcing is to a large degree unchanged. 

Figure 4a Ten year mean of net radiative forcing at TOA for standard simulation (Unit: mW/m2) 

Figure 4b Ten year mean of net radiative forcing at TOA for nudged simulation (Unit: mW/m2) 

3 CONCLUSIONS 

The contrail parameterization of Ponater et al. (2002) has been implemented in the IFSHAM model. 
The net radiative forcing due to contrails is in this model an order of magnitude smaller than ob-
tained by Marquart et al. 2003. Furthermore the net forcing shows areas with negative values. 

In order to investigate the reasons for these results experiments with modifications of the optical 
properties of the contrails have been performed. It turns out that setting the optical depth to a con-
stant value of 0.1 results in a net radiative forcing in better agreement with other results. Further-
more the areas over Europe and the United States with negative net forcing do in the experiment 
with constant optical depth have positive net radiative forcing. But the question is how realistic it is 
to set a constant value for the optical depth. 

The impact of systematic errors of the model have been studied using the nudging technique. 
The systematic errors are causing a 10-20 % too low estimate of the short and long wave forcing. 
The net forcing is 75 % too low in winter and 20 % too low in summer in the standard mode com-
pared to the nudged version of the model. But the geographical distribution of the net forcing is un-
changed and areas with negative net forcing still exist. 

In order to understand better the model estimation of contrail radiative forcing a detailed investi-
gation of the radiation parameterization for both short and long wave radiation is needed. Also an 
analysis of the many different parameterizations of optical properties available could be of impor-
tance for understanding the effect of contrails on the radiation balance. 
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ABSTRACT: An offline cirrus cloud coverage calculation was conducted using a parameterisation 
similar to that adopted in ECHAM (Chen et al., 1997), as part of a preliminary analysis from ongo-
ing work on estimating the uncertainties from contrail radiative forcing. The resulting cirrus cloud 
coverage, calculated from ECMWF ERA-40 reanalysis specific humidity and temperature data, was 
compared with ISCCP cirrus cloud data. Monthly mean results showed that computed coverage sta-
tistics between 45° South and 45° North were comparable with those from satellite observations. 
Similar spatial coverage structures, i.e. the high and low coverage values, were captured by both the 
parameterised calculation and the ISCCP dataset. A sensitivity analysis on the critical value of rela-
tive humidity over ice (Uci) necessary for clouds to form highlights the importance of selecting an 
appropriate value of Uci, optimized for the meteorological dataset used. 

1 INTRODUCTION 

The IPCC ‘Aviation and the Global Atmosphere’ report (1999) identified contrails and cirrus 
clouds as being, potentially, the largest effects from aviation on radiative forcing. This work forms 
part of a wider investigation to identify the sources of uncertainties in estimating radiative forcing 
from contrails. Cirrus coverage is required to determine which fraction of a grid cell is available for 
potential contrail formation. Therefore, it is important to compare calculated cirrus cloud coverage 
with observations. 

2 METHODOLOGY 

2.1 Cirrus cloud parameterisation 
A method to calculate contrail coverage has previously been published by Sausen et al., 1998. The 
first stage of this work uses this method to produce an offline model that calculates the cirrus cloud 
coverage from different sources of meteorological data. In order to produce a suitable coverage 
map, it is necessary to have access to sufficiently resolved meteorological data in time and space. 
The European Centre for Medium-Range Weather Forecasts (ECMWF) Re-Analysis (ERA-40) 
datasets fulfil these criteria. From these datasets, fractional cirrus cloud coverage is calculated from 
specific humidity and temperature data using a parameterisation similar to that adopted for the gen-
eral circulation model, ECHAM (Chen et al., 1997). 
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Fractional cirrus cloud coverage (cirrus cloud by levels), bci, is calculated from Equation (1), 
where Ui is the relative humidity over ice and Uci the critical value of relative humidity over ice. 
Total cirrus cloud coverage (over different levels) was then calculated from bci using random and 
maximum overlap assumptions (Sausen et al., 1998). 
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The parameter Uci determines whether cirrus cloud will form in a particular grid box, i.e. Uci has to 
be exceeded for cirrus cloud to form (Sundqvist, 1978). Generally, Uci is optimized for a given 
General Circulation Model (GCM) in order to yield a cloud distribution that leads to an optimal 
closure of the global annual radiation balance at the top of the atmosphere. If a modification is 
made to the resolution of a GCM or the cloud-radiative interaction, then the radiation balance at the 
top of the atmosphere may be disturbed. It is therefore necessary to restore the radiative balance ei-
ther by modifying parameters affecting the cloud optical properties or by modifying the Uci value. 
Various Uci values have been used for previous ECHAM runs, e.g. ECHAM3 (Uci = 0.85), 
ECHAM4 (Uci = 0.6), ECHAM4.L39 (Uci = 0.7). 

In this preliminary work, total cirrus cloud calculated using Uci = 0.6 (as adopted by Sausen et 
al., 1998) is compared with satellite data. Uci values ranging from 0.5 to 0.85 are then applied to the 
parameterisation to determine the sensitivity of Uci in predicting cirrus cloud coverage using ERA-
40 data. 
2.2 Satellite data 
The International Satellite Cloud Climatology Project (ISCCP) was established in 1982 to produce 
global, reduced resolution datasets of basic properties of the atmosphere from which cloud parame-
ters could be derived (Rossow et al., 1996). Five geostationary and two polar orbiting satellites 
have been used to infer the global distribution of cloud properties and their diurnal, seasonal and in-
ter-annual variations. ISCCP analysis correlates radiances measured by satellites with temperature, 
humidity, ice and snow from TOVS (TIROS Operational Vertical Sounder) in order to determine 
information about clouds and the surface. Satellites (apart from TOVS) which cover January 1999 
are NOAA-12, NOAA-14, GOES-8, METEOSAT-5 and GMS-5. 
2.3 Comparison study 
In this work we select a way of evaluating cirrus coverage that is directed towards identifying the 
sources of uncertainties in the intended contrail coverage analysis. Factors taken into consideration 
include the availability of satellite data, temporal resolution and high air traffic movement regions 
(Europe, North America, North Atlantic corridor and the Far East). Table 1 provides a summary of 
the data used to produce cirrus cloud coverages for this initial comparison work. 

Table 1: Data used in the comparison study (Uci = 0.6) 

 Meteorology Satellite 
Dataset ECMWF ERA-40 ISCCP climatological summary product (D2) 
Parameters Specific humidity and temperature Daytime cloud (cirrus) amount (%) 
Year January 1999 January 1999 
Horizontal resolution 2.5° x 2.5° globally Equal area grid, latitudinally 2.5° 
Vertical range 500 to 50 hPa 440 to 50 hPa 
Temporal resolution Monthly mean calculated from 00, 

06, 12, 18 UTC 
Monthly mean calculated from 00, 03, 06, 09, 
12, 15, 18 and 21 UTC 

3 RESULTS AND DISCUSSION 

3.1 Comparison between cloud parameterisation and observations 
The resulting cirrus cloud coverage for the case where Uci = 0.6 (Figure 1) is compared with ob-
served global cloud data from the ISCCP dataset (Figure 2) for one calendar month (January 1999). 
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In this study, only data for latitudes between 45° South and 45° North were used to evaluate cirrus 
coverage from the cirrus parameterisation and ISCCP. 
This initial attempt indicates that a longer time period, such as one year or more, is necessary be-
cause there are not enough data from ISCCP at important contrail-affected regions such as North 
America and Northern Europe (mainly due to January being a winter month). A comparison of the 
calculated cirrus cloud coverages with the ISCCP dataset shows that ISCCP has a higher maximum 
coverage (99%) and mean value (30%) than the calculated maximum coverage (92%) and mean 
value (24%) from the ERA-40 dataset. 

Relative maxima of cirrus coverage were calculated over Polynesia in the Pacific Ocean, Ama-
zon basin, central Africa and along the Inter Tropical Convergence Zone (ITCZ). These are similar 
to the ISCCP data, even though the ISCCP cirrus coverage in these areas was higher than that cal-
culated from ERA-40 data. Relative minima were calculated over the East Pacific Rise, Central 
America, North Africa and India. Similar structures were observed in ISCCP data but again with 
higher values. Spatial patterns from both sources were comparable but computed coverages lacked 
the finer details that were observed in ISCCP data. 

Figure 1. Cirrus cloud coverage calculated from ERA-40 data using ECHAM parameterisation for reference 
case (Uci = 0.6) 

Figure 2. Cirrus cloud coverage from ISCCP 

3.2 Sensitivity of Uci 
Results of the sensitivity analysis on Uci in predicting cirrus cloud coverage using ERA-40 data are 
presented in Table 2. As expected, there is a variation of global mean coverage values for different 
Uci values. The lowest Uci value tested (0.5) produced the highest maximum coverage (92.9%) and 
the highest global mean coverage (30.3%). There was a gradual decrease of maximum and global 
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mean coverage with increasing Uci. For Uci = 0.5 and Uci = 0.85, there was a difference of 6% for 
the maximum coverage and 14% for the global mean coverage. In this preliminary study, even 
though the global mean coverage decreases approximately linearly with increasing Uci, this is not 
reflected on a cell-by-cell basis. 

Table 2: Comparison of global coverage statistics 

Statistic Parameterisation (%) 
Uci 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 

Maximum 92.9 92.5 92.1 91.5 90.8 89.9 88.8 87.2 
Mean 30.3 28.5 26.6 24.7 22.8 20.9 18.9 16.8 

 
Spatial plots for Uci = 0.5 and Uci = 0.85 are presented in Figures 3 and 4, respectively. These show 
that they have the same basic patterns but the structural details are different. For instance, low cir-
rus cloud coverage (< 12%) was observed in both figures over the Pacific Ocean, west of Mexico. 
However, the low coverages from the Uci = 0.85 test case extend further northwards onto the west 
coast of the United States when compared with the coverage produced using Uci = 0.5. 

Figure 3. Cirrus cloud coverage calculated from ERA-40 data using ECHAM parameterisation for test case 
Uci = 0.5 

Figure 4. Cirrus cloud coverage calculated from ERA-40 data using ECHAM parameterisation for test case 
Uci = 0.85 
 
The results of this sensitivity analysis demonstrate the importance of selecting an appropriate Uci 
value for the meteorological dataset used. This value may influence the spatial distribution of cirrus 
coverage calculations and, therefore, the global mean coverage. A possible approach is to optimize 
the Uci value to the high cloud field inherent in the ERA-40 dataset. Theoretically, the Uci values 
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can be below 0.5 (the lower limit tested) and higher than 0.85 (the upper limit tested) (Walcek, 
1994). Therefore, it is possible to further adjust Uci for ERA-40 data to produce an optimized cloud 
distribution for regions with high aircraft movements. 

4 CONCLUSIONS AND FURTHER WORK 

Cirrus cloud coverage is an important parameter in estimating the uncertainties for contrail cover-
age as it is required to determine which fraction of a grid cell is available for potential contrail for-
mation. There was good agreement between the cirrus cloud coverage calculated using the ECHAM 
cirrus cloud parameterisation and the dataset obtained from ISCCP. Spatial patterns from both 
sources were comparable with each other. However, computed coverages lacked the finer details 
that were observed in ISCCP data. 

January 1999 ISCCP data did not have enough data capture (due to January being a winter 
month) for important contrail coverage regions such as high air traffic regions in North America 
and Northern Europe. Hence, a longer time period is necessary to yield an evaluation that serves the 
purpose of this study. There are also other data sources for cirrus climatology that can be used for 
such a comparison, such as SAGE and HIRS data (well established) and the University of Oxford’s 
MIPAS and GRAPE datasets (under development). However, ISCCP is still the most widely used 
and commonly accepted dataset. 

A sensitivity analysis on Uci showed the importance of this parameter in determining cirrus cov-
erages resulting from the parameterisation. The first step in the next stage of work is to optimize Uci 
for the ERA-40 dataset to match its global high cloud dataset. Then, Uci can be optimized for lati-
tudes with high air traffic and then tested in other regions. Other planned further work includes 
comparison of calculated coverage using this new Uci value; comparisons of different temporal sta-
tistics (diurnal, seasonal and inter-annual variations) and detailed comparisons over specific re-
gions. 
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ABSTRACT: In the vortex regime the contrail development is governed by the wake dynamics. 
The major fraction of the ice crystals is trapped inside the downward travelling vortex pair. For am-
bient supersaturations below a certain threshold, none of the trapped crystals survive the vortex 
phase. Only crystals detrained during the descent form the contrail. The ambient relative humidity 
has a strong impact on the vertical extent of the contrail and on the number of surviving ice crystals, 
especially in the vortex. Contrail development during the vortex regime was modelled with ambient 
supersaturations ranging from 0% to 20%. The computationally cheap 2D-code permits a large 
number of simulations. A realistic vortex decay was ensured using parameterisations of 3D-
simulations. The obtained results give detailed information on initial states for contrail-to-cirrus 
simulations. 

1 INTRODUCTION 

Contrails form when the Schmidt-Appleman criterion is fulfilled (Schumann, 1996). Contrails are 
persistent when the surrounding air is supersaturated with respect to ice. During the vortex phase 
the majority of the ice crystals is trapped in the counter-rotating vortex pair and is transported 
downwards. Inside the descending vortices, adiabatic compression/heating reduces the relative hu-
midity and leading eventually to the sublimation of ice mass (Sussmann and Gierens, 1999; Lewel-
len and Lewellen, 2001). The final vertical displacement depends on the initial strength of the vor-
tex (aircraft parameter) and on its decay (controlled by meteorological parameters like turbulence, 
stratification). We identify the parameters which predominantly control the number and the distri-
bution of ice crystals surviving the vortex phase. The main parameter discussed here is relative hu-
midity. Further important parameters are flight level (i.e. temperature), initial circulation, turbu-
lence, stratification, aircraft parameters (their is effect is not discussed here). 

2 MODEL DESCRIPTION AND SETUP 

The large-eddy simulations have been carried out with the non-hydrostatic anelastic 3D model 
EULAG (Smolarkiewicz and Margolin,1997) which was supplemented with an ice microphysics 
code (Spichtinger, in prep). The parameterised microphysical processes are deposition growth/ con-
densation and sedimentation. The simulations run on a 2D domain. The horizontal direction x is 
along wingspan and z is the vertical coordinate. The domain has an horizontal/vertical extent of 
x_D=256m and z_D=500m with 1m-resolution in each direction. The time step is dt=0.02s. The 
simulations start at the beginning of the vortex phase and end with vortex break-up after 135s. The 
aircraft properties typical of a large aircraft are implemented (initial circulation Γ0 = 650 m²/s, wing 
span bspan=60m). The ice crystals are uniformly distributed in circles (r=20m) around the vortex 
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centres. The total emitted water (1.46 10-2 kg per m flight path) is contained in the ice crystals (3.4 
1012 per m flight path). Furthermore, the nucleation of the ice crystals is assumed to be completed 
during the jet phase and no further nucleation is considered during the vortex phase. The tempera-
ture at cruise altitude is 222K. The pressure is p0=250hPa at the lower boundary. The atmosphere is 
stably stratified (Brunt-Väisälä frequency N=10-2s-1) with an initially constant relative humidity 
with respect to ice. The supersaturation si ranges from 0% to 20%. The eddy dissipation rate is 3.5 
10-5 m2 s-3 

3 VORTEX DYNAMICS 

The decay of the vortex pair depends on meteorological parameters (stratification and eddy dissipa-
tion rate) as well as on aircraft parameters (initial circulation Γ0 and initial vortex separation b0). 
The vortex decay can be divided into two regimes. During the diffusion phase the vortex weakens 
independently of the latter parameters. After a certain onset time T2 the rapid decay phase sets in.  
Generally, time T2 is smaller and the rapid decay is faster for higher turbulence and for stronger 
stratification. The temporal evolution of Γ in dependence of the parameters mentioned above is 
given in Holzäpfel, 2003 (see Fig. 1, solid line). 
In 2D-simulations the vortex decay is generally too slow as the Crow instability (the most efficient 
destructive process) is not resolved (see Fig. 1, dashed line). The diffusion coefficient in the simula-
tions is artificially increased around the vortex cores and adapted each second in order to assure a 
realistic decay. The simulated circulation (see Fig. 1, dotted line) is in good agreement with the val-
ues given in Holzäpfel, 2003. 

Figure 1: Temporal evolution of the circulation Γ 

4 RESULTS 

The total ice mass per flight path tIWC [kg/m] is computed with the following integral. 

∫∫= dxdzzxIWCtIWC ),(  

In order to determine the ice mass contained in the primary wake pIWC, the integral is restricted to 
40m-circles around the vortex centres. The area of the secondary wake is one 50m-circle centred at 
the flight altitude in the middle of the domain (i.e the position that was crossed by the body of the 
aircraft). The according integral quantity is called sIWC. Analogously, the number of ice crystals in 
the different areas (tN,pN,sN) is determined. In some figures, the latter quantities are normalised by 
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the initial ice mass or crystal number, resp. These quantities tell us which fraction of ice mass and 
crystals is still present after a certain time. In general, the contrail loses a major part of its crystals 
in the primary wake. At the beginning of the simulation, the areas of the primary and the secondary 
wake overlap. At later times, there is a vertical gap, as the vortex pair travelled downwards. The 
amount of ice in the so-called curtain (i.e. the vertical stripe between the vertically displaced vortex 
and flight altitude) can be determined by tIWC-pIWc-sIWC. 
The temporal evolution of the normalised quantities is shown in Figure 2. The temperature at cruise 
altitude is TCA= 222K and the relative humidity RHi is 105%.  

Figure 2: left panel: temporal evolution of the number of ice crystals in the total area tN (solid line),in the 
primary wake pN (dashed line) and in the secondary wake sN (dotted line). Right panel: Analogously for ice 
mass. The ambient supersaturation was 5%. 
 
Initially, tIWC increases due to deposition growth of the ice crystals until the excess moisture from 
ambient supersaturation is consumed. During the downward transport the local RHi in the vortices 
decreases due to adiabatic heating and the number of ice crystals declines in the primary wake. 
Later the minor number of crystals in the secondary wake becomes significant, as these crystals 
steadily grow. Figure 3 shows the vertical profiles of ice mass and crystals at vortex break-up time 
t=135s. The profiles are shown for various relative humidities (100%, dotted; 105% dashed; 110% 
dash-dotted; 120% dash-dot-dotted). Again, the temperature is 222K. 
The initial ice crystal distribution was centred around z=400m (solid line). After 135s the vortex 
pair travelled below z=200m. A substantial fraction of the trapped ice crystals survives only for 
high supersaturation (si ≥ 10%). This threshold si-value depends on vortex break-up time, descent 
speed and temperature. It can be concluded that the mean ice crystal mass in the primary wake is 
smaller than in the secondary wake at the end of the vortex phase. The earlier the crystals are de-
trained and mix with ambient air, the larger they are. The moister it is, the larger is the vertical ex-
tent of the contrail and the more ice crystals survive the vortex phase. 
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Figure 3: vertical profiles of ice mass (left) and crystals (right) for various supersaturations si (0%, dotted; 
5% dashed;10% dash-dotted; 20% dash-dot-dotted). 

Figure 4 left panel: Normalised totals of surviving ice crystals tN,pN and sN as a function of RHi. Analo-
gously, the surviving ice mass on the right hand side. 
 
Figure 4 shows the normalised totals of ice mass/crystals at the time of vortex break-up as a func-
tion of RHi. In all cases, the normalised number of surviving crystals is below unity. Not surpris-
ingly, a moister environment is favourable for less ice crystal loss. The normalised tN ranges from 
40% at si =20% to less than 1% at si =0%. The number of ice crystals in the secondary wake sN is 
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weakly dependent of humidity and nearly all crystals which were not trapped inside the initial vor-
tex pair survive, as long as the ambient relative humidity RHi ≥  100. Generally, the fraction of 
crystals in the secondary wake increases relative to the primary wake with decreasing supersatura-
tion. The right panel of Figure 4 shows the normalized value of surviving ice mass. It is apparent, 
that the ice mass in the secondary wake increases with relative humidity, as more excess moisture 
condenses on the crystals. At high supersaturation a major part of the ice mass is inside the secon-
dary wake, although less than 1% of the crystals are detrained in the beginning. 
At vortex breakup time, the total ice mass and number of crystals present as a function of RHi can 
be fitted with a power law ⋅a (RHi –b)α.The exponent α is roughly 3 for the present simulations, but 
it may depend on other meteorological variables. 

5 CONCLUSION/ACKNOWLEDGEMENTS 

Relative humidity was identified as one key parameter for the microphysical properties of a contrail 
at the end of the vortex phase. The number of surviving ice crystals grows with supersaturation. In 
cases with RHi ≤ 110%, the total IWC after 135s was below the initial level. The vertical profile of 
the ice crystal distribution strongly depends on RHi and the concentration and the mass of the crys-
tals is different for the primary and secondary wake. Many more parameters (as given in the intro-
duction) can be studied with the existing code. Especially, the variation of temperature has also an 
major impact on the contrail properties. The presented results will be used as initial states for simu-
lations of the dispersion phase. This will help to understand and simulate the contrail-to-cirrus 
transformation. 
We want to thank Andreas Dörnbrack for help with EuLag and for many fruitful discussions. We 
further acknowledge stimulating discussions with Bernd Kärcher, Thomas Gerz and Frank Hol-
zäpfel. The simulations were carried out on the high computing facilities at the ECMWF (special 
project “Ice supersaturation and cirrus clouds”). 
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ABSTRACT: The numerical code developed by Kärcher and Lohmann [JGR 2002], for the pa-
rametrization of cirrus cloud formation via homogeneous freezing of supercooled aerosols is intro-
duced on-line in the climate-chemistry coupled model of the University of L’Aquila (ULAQ-CCM). 
In this paper we briefly describe the parameterization adopted and the model results for the basic 
quantities (updraft velocities, particle size distributions, top of the atmosphere radiative fluxes). A 
future application will be to calculate the radiative forcing due to ice particle perturbations pro-
duced by aircraft induced changes of the aerosol size distribution. 

1 INTRODUCTION. 

A low resolution climate-chemistry coupled model, including a microphysics code for aerosols 
formation and growth, is used to study ice particle formation in cirrus clouds, including the effects 
of the aerosol size distribution. The parameterization used is that for homogeneous freezing of su-
percooled aerosols of Kärcher and Lohmann [JGR 2002a], extended to include the effects of aero-
sol size on the freezing process in adiabatically rising air particles [Kärcher and Lohmann, JGR 
2002b]. Homogeneous freezing is considered as the most important ice formation mechanism under 
upper tropospheric conditions. The adiabatic cooling due to the vertical ascent rate is the key pa-
rameter determining the population of ice particles (number density and radius). For this reason, in 
order to have a realistic representation of small-scale freezing, the vertical velocities field used in 
the ice-formation code is the sum of the large scale vertical velocity (almost negligible) and a small-
scale term, calculated as a function of the turbulent kinetic energy. Changes of the aerosol size dis-
tribution can modify the homogeneous freezing process when the timescale of the freezing event is 
fast (low temperatures and high vertical velocities).  

We present here the results of the ULAQ-CCM about the feedback of the aerosol size distribu-
tion on the mechanism of formation and growth of ice particles in the UT/LS region, obtained with 
the two parameterizations (with/without impact of theaerosol size distribution). We also show pre-
liminary results on the top of atmosphere radiative fluxes due to ice cloud particles in the UT/LS.  

2 DESCRIPTION OF THE MODEL. 

The ULAQ model is a low-resolution three-dimensional (3D) climate-chemistry coupled model 
(CCM). The chemical-transport module uses a 10°×22.5° grid in latitude-longitude (19 latitudes 
and 16 longitudes) and 26 log pressure levels, from the ground to about 0.04 hPa, with an approxi-
mate spacing of 2.84 km. Dynamical fields (streamfunction, velocity potential and temperature) are 
taken from the output of a spectral general circulation climate model GCM [Pitari et al., JAS 2002], 
which is in turn coupled to the CTM via the radiatively active species (O3, H2O, WMGHGs and 
aerosols). The vertical velocity is calculated from the horizontal divergence. A flux-form Eulerian 
fully explicit advection scheme is used, with 1 h time step, used for both dynamics and chemistry. 
Relative humidity, warm cloud distribution and net precipitation rates are taken from climatological 
data. A vertical diffusion coefficient Kzz is used to simulate those transport processes not explicitly 
included in the model. The scheme adopted for tropospheric deep convection takes inspiration from 
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that described in Muller and Brasseur [JGR 1995]: the rate at which a chemical compound is trans-
ported at a given altitude in the free troposphere is calculated as a function of a convective uplift 
rate and the species mixing ratio in the boundary layer.  

The main removal processes of aerosol particles parameterized in the model are wet deposition, 
dry deposition and sedimentation. ULAQ model includes the major components of tropospheric 
aerosols (sulphates, carbonaceous, soil dust, sea salt). Aerosol particle are divided in size bins and 
each one is separately transported. Surface fluxes of SO2 , DMS, black carbon, organic carbon and 
mechanically generated particles are those provided for Experiment B of the AEROCOM interna-
tional assessment campaign [Textor et al., ACP 2006].  

The parameterization of homogeneous freezing by Kärcher and Lohmann [JGR 2002a and 
2002b], (K & L hereafter) was derived from first principles, based on the supersaturation and ice 
crystal growth equations. In contrast to previous parameterizations, this scheme considers the basic 
physical processes that eventually determine the number of ice crystals Ni forming during an adia-
batic ascent, including the dependences of Ni on temperature and updraft speed. In particular, it was 
found that this dependence is quite insensitive to details of the aerosol size distribution in many 
cases, but increases rapidly with updraft velocity and decreases with temperature. In the reference 
simulation HOM, the number of frozen ice crystals formed via homogeneous freezing, at tempera-
tures below 235 K is obtained as: 
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where mω is the molecular weight of water, ρi is the ice crystal density (=925 kg m-3), Scr is the 
critical supersaturation ratio, where freezing starts, ω is the updraft velocity, τ ∝ 1/ω is the charac-
teristic time scale of the nucleation event and a1, a2=1/Nsi , a3, b1 ∝ Nsi (Scr-1), b2 are temperature-
dependent variables, Nsi denotes the water vapor number density at ice saturation, depending on 
temperature. Note that the nucleation rate is limited by the number of hygroscopic aerosol particles 
Na defined as: 
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If the effects of the aerosol size are not taken into account, one can deduce the approximate scal-
ing relationship :  

2/12/3 −∝ si
HOM
i NN ω  (3) 

The mesoscale updraft velocity ω is obtained as the sum of the large scale vertical velocity and a 
small scale term, calculated as a function of the turbulent kinetic energy TKE [Abdella and 
McFarlane, JGR 1997]:  

TKE7.0+= ωω  (4) 
In deriving (3), K & L argued that aerosol size effects on the homogeneous freezing process are un-
important whenever the initial growth time scale of ice particles is shorter than the time scale of the 
nucleation event (fast growth regime). Here the number of ice crystals is independent of the initial 
aerosol size. 

Aerosol size effects (simulation HOM-Size) are important in the slow growth regime, character-
ized by high vertical velocities and cold temperatures; the freezing growth term becomes consid-
erably more complicated. Assuming a monodisperse aerosol particle size distribution: 
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where Ri,m(r0) is the monodisperse freezing/growth integral explained by K & L, that depends on 
the initial particle radius r0. The parameterization scheme considers a multimodal aerosol size struc-
ture, with four modes, each one characterized by a lognormal distribution curve. Consequently, the 
parameterization is called by the ULAQ model with the mean radius, number density and geometric 
width for each mode.  
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Short wave (SW) top of the atmosphere radiative fluxes are calculated as the top-of-atmosphere 
solar flux changes due to ice crystals, using a multi-layer δ-Eddington approximation. To evaluate 
long wave (IR) fluxes, we use pre-calculated tropopause IR fluxes, scaled with appropriate σT4 for 
absorption/emission, as described in Lacis and Hansen [JRL 1992]). 

3 RESULTS AND DISCUSSION. 

The simulations were conducted over a period of 5 years after an initial spin-up of 5 years using 
climatological sea surface temperature (Hadley Center data). As the reference simulation HOM 
does not take into account the effects of aerosol size, the simulation HOM-Size includes aerosol 
size effects. 

Figure 1: zonally and annually averaged background updraft velocities [cm/s]. 
 

Figure 1 shows the mesoscale updraft velocities calculated in the model as a function of the turbu-
lent kinetic energy: typical values in the upper troposphere are in the 10÷15 cm/s range. As shown 
by K & L [JGR 2002a], the vertical velocities play a critical role for the adiabatic cooling and the 
formation of ice crystals. The expected number density and size of the particles are 0.1÷1 cm-3 and 
3÷20 μm, respectively. This is confirmed by the calculated ice crystal number and mass density size 
distributions shown in Figure 2.  
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Figure 2: ice crystals number density [cm-3] and mass density [mg m-3] size distributions at mid latitudes 
(average of Northern Hemisphere (MLN) and Southern Hemisphere (MLS) values). Solid and dashed lines 
are for HOM and HOM-Size simulations, respectively. 

 
Here we see that the effects of the aerosol size distribution is to increase the number density of par-
ticles smaller than 3 μm. For this reason the difference HOM-Size – HOM gives an increase of the 
total number concentration of ice crystals (1÷5 cm-3), as shown in Figure 3. 
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Figure 3: zonally and annually averaged ice crystals number densities for simulation HOM (top panel) and 
the difference between simulations HOM-Size and HOM (bottom panel), [cm-3].  

 
The key role of the vertical ascent rate for the adiabatic cooling and water vapour freezing is clear 
when comparing Figure 1 and 3a.  

A preliminary calculation of radiative flux changes due to ice particles is presented in Figure 4. 
Additional refinements are needed here for the infrared fluxes (since we use pre-calculated fluxes of 
IR absorption/emission) which are appropriate for H2O-H2SO4 mixtures. 

These radiative calculation will soon be used to estimate the radiative forcing produced by ice 
particle size distribution changes due to aircraft induced aerosol size distribution perturbations. 
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Figure 4. Geographical distribution of annually averaged top of the atmosphere IR fluxes (top panel) and so-
lar fluxes (bottom panel), due to ice particles in the UT/LS [mW/m2]. Results are for the simulation HOM. 
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ABSTRACT: The Edwards-Slingo radiative transfer code has been used to examine the radiative 
forcing that might arise from contrails. A set of conditions as used by Meerkötter et al. (1999) pro-
vided a convenient benchmark for the results. The assumption of a hexagonal cylinder habit was 
tested with the Edwards-Slingo code and compared to Meerkötter et al.’s (1999) spheroidal ap-
proximation to hexagonal cylinders. Overall, a more realistic assumption of hexagonal crystals re-
sulted in a smaller net forcing than if spherical particles or spheroidal approximations are assumed. 

4 INTRODUCTION 

Persistent line-shaped contrails induced by air traffic have been estimated to cover at least 0.5% of 
central Europe’s skies at noon (Mannstein et al., 1999). Under favourable temperature and humidity 
conditions, these clouds can expand in their vertical and horizontal extent to become contrail-cirrus, 
potentially increasing their influence on the planet’s radiative balance (IPCC, 1999; Stordal et al., 
2005). Meerkötter et al. (1999) (hereafter M99) found that in all the relevant study areas contrails 
enhance the “greenhouse effect” because they reduce outward longwave fluxes more than they in-
crease reflected shortwave fluxes. The balance between these opposite effects depends upon the 
characterization of macro- and micro-physical properties of contrails, which represents a significant 
challenge for both measurements and theoretical modelling. 

 
The microphysical properties of young contrails are likely to depend in a non-trivial way on the 

dynamics and thermodynamics of the atmosphere-engine system. Line-shaped contrails, like young 
cirrus, are mostly composed of small particles, which do not deviate largely from a spherical ge-
ometry; but as a persistent contrail ages, its particles may acquire more complex non-spherical hab-
its.  
 

 In this study the Edwards-Slingo (E-S) radiative transfer code (Edwards and Slingo, 1996) was 
used for the first time to study contrails by incorporating into it a new radiative parameterization 
based on the optical properties of hexagonal cylinders. The instantaneous or static radiative forcing 
of a 200 metres contrail layer is presented and compared with M99’s results. 

5 METHODOLOGY 

As a guiding principle, we use the model conditions described by Meerkötter et al. (1999) since 
they used three different radiative transfer codes and provided a useful ‘benchmark’ which includes 
seven cases for the cloud’s microphysics (particle size), macrophysics (cloud ice water content, 
cloud thickness and cloud height) and the environment’s physics (seasonal temperature profile and 
surface albedo). Following M99, the simulations were run to calculate the daily mean (24 h) net 

                                                 
* Corresponding author: Rubén Rodríguez De León, Department of Environmental and Geographical Sciences, 

Faculty of Science and Engineering, John Dalton Building, Chester Street, Manchester, M1 5GD. Email: 
r.deleon@mmu.ac.uk 



296 RODRIGUEZ and LEE: Calculating contrail radiative forcing with the Edwards-Slingo rad... 

 

forcing caused by a 200 metres thick contrail layer. We used hexagonal cylinders as a representa-
tive habit, for which the optical properties were taken from Yang et al. (2000) in the shortwave 
(SW) and from Baran et al. (2002) in the longwave (LW) regions of the spectrum. 

 
In the following section our results for hexagonal cylinders are compared with M99’s results for 

equivalent spheroids and equivalent spheres using his suggested contrail size distribution, corre-
sponding to a generalized size (Fu, 1996) of 29.2 micrometres. 

 

Table 1. Daily mean (24 h) radiative flux changes at the top of the atmosphere (TOA, 50 km) in W m-2 for hexagonal 
cylinders (first entry) integrated over Strauss et al’s (1997) contrail size distribution. For comparative purposes the cal-
culations from Meerkötter et al. (1999) for spheroids and spherical particles are also presented (second and third en-
tries). 

Region Al-
bedo 

IW
C 

Cloud 
Top 
(km) 

Shape Effective 
size 
(microns) 

SW 
Wm-2 

LW 
Wm-2 

NET 
Wm-2 

a) Midlatitude summer conti-
nent 
45°N 

0.2 21 11 Hex-cyl 
Sphe-
roids 
Spheres 

29.2 
29.2 
29.2 

-18.7 
-22.0 
-13.4 

38.4 
51.5 
51.6 

19.7 
29.5 
38.2 

b) Midlatitude winter continent 
45°N 

0.2 7.2 11 Hex-cyl 
Sphe-
roids 
Spheres 

29.2 
29.2 
29.2 

-5.5 
-4.6 
-4.2 

9.6 
18.3 
18.4 

4.0 
13.7 
14.2 

c) Midlatitude winter continent 
with snow, 45°N 

0.7 7.2 11 Hex-cyl 
Sphe-
roids 
Spheres 

29.2 
29.2 
29.2 

-2.6 
-2.0 
-2.3 

9.6 
18.3 
18.4 

7.0 
16.3 
16.1 

d) North Atlantic summer ocean 
 55°N 

0.05 21 11 Hex-cyl 
Sphe-
roids 
Spheres 

29.2 
29.2 
29.2 

-21.1 
-32.7 
-21.5 

38.4 
50.9 
53.3 

17.2 
18.2 
31.8 

e) Tropical ocean 
 (Equator, June) 

0.05 23 11 Hex-cyl 
Sphe-
roids 
Spheres 

29.2 
29.2 
29.2 

-27.6 
-25.9 
-16.0 

51.8 
57.4 
63.0 

24.2 
31.5 
47.0 

f) Subarctic summer ocean 
 62°N 

0.05 28.2 9 Hex-cyl 
Sphe-
roids 
Spheres 

29.2 
29.2 
29.2 

-45.8 
-45.3 
-30.8 

38.6 
49.1 
55.7 

-7.2 
3.7 
24.9 

f) Subarctic winter ocean ice 
 62°N 

0.7 7.2 9 Hex-cyl 
Sphe-
roids 
Spheres 

29.2 
29.2 
29.2 

-0.7 
-0.7 
-0.6 

8.9 
13.2 
14.6 

8.2 
12.5 
14.0 

 

6 RESULTS 

The calculated shortwave (SW), longwave (LW) and net (SW+LW) radiative forcings arising 
from a 200 metres thick contrail layer represented by hexagonal cylinders are presented in Table 1 
(top entry of each row) together with M99’s results for spheroids and spheres (second and third en-
tries, respectively). All cases were calculated using the contrail particle size distribution suggested 
by M99 (e.g. Strauss et al., 1997) corresponding to a generalized size (Fu, 1996) of 29.2 microns. 
The differences are only linked to the particle shape adopted and show that the LW forcing is pro-
portional to the particle’s sphericity. Given this proportionality and the fact that any other shape 
will represent an intermediate case between a sphere and a column, it is understood that any other 
habit used as a representative shape to model contrails will produce net forcings between the values 
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given by our hexagonal cylinder and M99’s spherical calculations. The spherical case was chosen 
by M99 as their best estimate, but given that the purpose of our study is to find representative forc-
ings for persistent contrails, it seem sensible to consider values closer to the hexagonal case than to 
the spherical one. 

  
The contrail RF is influenced by the latitude in various ways, in the SW through the daytime 

length, in the LW through the humidity profile and the temperature difference between the surface, 
and in both cases through the altitude at which the necessary conditions for contrail formation are 
met. Taking into account all these factors it is not unexpected to obtain differences in the net RF be-
tween cases d) and f), both with summer-ocean conditions but with different latitude profiles, cloud 
heights and ice water contents. These differences are important because for the hexagonal calcula-
tions they produce a negative net forcing in the subarctic region, which was not predicted when ap-
plying the other habits. Using an IWC value equal to 21 mg m-3 in case f) produces 30.4 (LW), -
36.2 (SW) and –5.8 (NET) Wm-2 forcings, showing that the height of the contrail and atmospheric 
profile in which we place it have a larger influence on the sign of the net forcing than the IWC.  

7 CONCLUSIONS 

The E-S radiative transfer code has been shown to be suitable for undertaking calculations of con-
trail radiative forcing. The results are sensitive to the assumptions about the representative shape 
and size distribution of contrail particles, which may depend on the contrail’s age.  Hexagonal cyl-
inders present smaller LW forcings, which translate in smaller net forcings, and may become nega-
tive at high latitudes with small albedos  

 
On balance, it would seem more realistic to use the hexagonal parameterization facilitated by the 

E-S model in both SW and LW domains; the results obtained here would indicate a smaller net 
forcing than if spherical particles are assumed. 

Future work will focus on integrating these results into a global model of the impact of contrails 
on the planet’s radiative balance. 
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ABSTRACT: This paper analyses pedestrian exposure to vehicle emissions and the role played by 
signal timings. A simple junction is coded in a micro-simulation model and time series data on ve-
hicle performance, i.e., speed and acceleration is generated for various signal time settings. This 
data is then used to calculate vehicle emissions with a modal emissions model. The effects of these 
emissions on the pedestrian paths and crossings adjacent to the traffic junction are then estimated 
using an air dispersion model. The suitability of various traffic signal plans in terms of pedestrian 
exposure to harmful vehicular emissions is discussed. 

1 INTRODUCTION 

The present work is an endeavour to measure Carbon Monoxide (CO) exposure of waiting pedestri-
ans at pedestrian crossings on a traffic intersection and the effect of different signal timings. The 
objective is to relate signal timings to pedestrian exposure in addition to pedestrian delay and is a 
continuation of research work by the authors analysing various MOE (measures of effectiveness) 
trade offs between vehicular and pedestrian traffic from changing traffic management policies. Pre-
vious work has shown that the signal timings designed to facilitate vehicle flow, minimising vehicle 
delay and providing only minimum time for pedestrians might not be the optimal solution when 
relative values of time are taken into account and pedestrian volumes are high (Ishaque and Noland, 
2005a; 2005b). That work, however, did not consider vehicle emissions, to which pedestrians are 
exposed, as a measure of effectiveness and this paper attempts to fill that gap in the previous re-
search. 

This work relies heavily on various simulation models for experimenting with signal timings un-
der controlled conditions and for estimation of emissions and dispersion of pollutants. The simula-
tion models used are all well known models that have been repeatedly used, validated and docu-
mented. VISSIM is used for traffic simulations for generating vehicle performance data, CMEM is 
used for generating vehicle emissions and CAL3QHC for CO dispersion. 

2 METHODOLOGY 

Vehicle flow data was collected in 15 min. increments for the morning peak hour in October, 2005 
at a busy traffic intersection (Baker Street and Marylebone Road) in London. The layout of the in-
tersection is shown in Figure 1. Simulations were carried out for a comprehensive range of wind 
speed and headings. Data was also collected on traffic composition by mode, signal timings, inter-
section geometry, queue discharge rate and crossing pedestrian flows. The intersection was coded 
in VISSIM micro-simulation software as an isolated traffic intersection. The signal timings were 
changed in increments of 10 sec. The signal changes consisted of changing the times available to 
traffic on the Marylebone Road (except for right turning traffic in the eastbound direction). Timings 
for Baker Street were constant for all signal cycles. The traffic flow was also kept constant. 
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The coded model was calibrated to result in the same mean queue discharge rate as was observed 
in the field. An initial simulation run was carried out with a signal cycle length of 96 sec. as was 
observed during high flow rates on site. Based on changes in vehicle velocity and acceleration, the 
journey distance was divided into five zones. 

Pedestrian crossings were stretched to 4 m beyond the curb to include pedestrian waiting time in 
the road crossing travel time. Pedestrians were coded with default VISSIM pedestrian parameters as 
no-interaction type; where pedestrian movements are not influenced by the presence of other pedes-
trians. The pedestrian speed range was coded as 50 to 100 percentile speed for adult pedestrians on 
road crossings as given by Sjostedt (1967) to give a minimum speed of 1.4 m/s which corresponded 
to the pedestrian behaviour observed in the morning peak hour. Pedestrian compliance to traffic 
signals was also coded in line with field observations and the simulated pedestrian phase was ex-
tended to 1 sec. before and half the clearance interval after the actual pedestrian green phase on all 
pedestrian crossings. 

Figure 1. Layout of the Marylebone Road and the Baker Street intersection with the location of stop lines 
and pedestrian crossings. Receptor locations, as defined in CAL3QHC, are marked with arrows for receptors 
REC 1 to REC 8. For receptors REC 9 to REC 16 the arrows indicate the direction in which the labelled re-
ceptor is located, 60 m further away from their neighbour near-junction receptor. 

3 ANALYSIS 

All simulations were carried out for a duration of one hour at the maximum possible simulation 
resolution of 10 simulation-seconds per second. That means 10 data points were generated for every 
second of simulation run. The high simulation resolution eliminated unexpected accelera-
tion/deceleration surges that may result with low resolution simulations. Vehicle performance data 
was generated for vehicle speed, acceleration and distance travelled. For pedestrians, data was gen-
erated on pedestrian travel times to cross the road. The pedestrian path consisted of actual pedes-
trian crossings across the vehicle carriageway, the staggered median refuges (on the Marylebone 
Road) and a 4 m stretch on the curb on either end of the crossing. Pedestrian travel paths were di-
vided into two halves and travel time was recorded separately for each half. Exposure to CO at a 
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particular crossing x travelling from point a to point b was then expressed by the CO Exposure In-
dex CEI which was calculated as follows 

bxaxbaxCEI ςτςτ 21)( +=−  
where x1τ = the travel time on the first half of the crossing x (sec); aς = the CO concentration meas-
ured at the nearest receptor to a (ppm: parts per million); x2τ = the travel time on the second half of 
the crossing x (sec); and bς = the CO concentration measured at the nearest receptor to b (ppm). The 
CMEM output was used to generate emissions for CO for each of the 15 datasets. CAL3QHC re-
quires two separate emission values for each link defined in it (15 links in our case). The first value 
is based on emissions from all the vehicles for their whole journey (per unit distance) while the sec-
ond value is based on emissions only for the idling state of the vehicles (per unit time). Emissions 
for idling vehicles were obtained when the vehicle speeds were zero. These emission values ob-
tained from the CMEM were then used as input to the CAL3CQH pollutant dispersion model along 
with data on signal timings, network coordinates, receptor locations, meteorological data and traffic 
data. Traffic and signal timings data was obtained from the VISSIM simulations while for the me-
teorological data wind speeds from 1 m/s to 20 m/s and headings from 1 to 360 degrees (1 degree 
increments) were employed.  

Background concentrations in CAL3QHC were assumed to be zero. Sixteen receptors were 
coded as shown in Figure 1. These are receptors 1 to 8 (REC 1 to REC 8 in Figure 1) at 3 m from 
the curb at each end of the pedestrian crossing, and receptors 9 to 16 (REC 9 to REC 16) at a dis-
tance of 60 m (away from the intersection) and from the receptors at the pedestrian crossing ends. 
No receptor was placed on the pedestrian crossings across the carriageway or on the pedestrian ref-
uge in the staggered pedestrian crossings. This was because CAL3QHC defines a mixing zone for 
pollutants (CO in this case) that extends to 3 m on either side of the vehicle carriageway. 

4 RESULTS 

Carbon monoxide concentrations were estimated at the receptors for a one hour simulation period. 
The worst case scenarios in terms of wind speed and headings are discussed. Wind speed of 1 m/s 
invariably resulted in the maximum observed concentrations while different receptors experienced 
maximum concentrations at different wind headings. For each receptor the highest concentration 
out of all 360 results for the wind headings is used. Results show that CO concentration drops rap-
idly with increasing wind speed until about 4 m/s after which the change is more gradual.  
Analyzing results for changes in wind headings along the Marylebone Road it is observed that 
higher concentrations take place when wind is blowing somewhat parallel to the road along which 
the receptor is located, although the peaks do not occur at exact parallel headings. Low concentra-
tions result when winds are blowing perpendicular to the road direction. However for receptors 
along Baker Street, these results hold only for receptors REC 11 and REC 14 which are located 
away from the intersection. Receptors near the pedestrian crossings on the intersection show a more 
complex variation as a large proportion of emissions actually come from traffic on the Marylebone 
Road.  

The change in CO concentration at various receptors with changes in signal cycle length is illus-
trated by the bar charts in Figure 2 for a soak time of zero (i.e., optimal emissions control perform-
ance). The results from each receptor can be broadly separated into three categories. 
- CO concentrations decrease with increasing signal cycle length along Marylebone Road. Repre-

sentative results from this group are shown for receptors REC 1 and REC 5 which are located 
near pedestrian crossings in front of stop lines for approaching traffic from either direction of the 
Marylebone Road. Other receptors located along the Marylebone Road display similar trends, 
though the magnitude of CO concentrations is smaller on the discharge roads in comparison to 
the approach roads. These results reflect the increased green time available to traffic on the 
Marylebone Road with increasing signal cycle resulting in less idling and subsequent accelerat-
ing vehicles. However there is a draw back and that is pedestrians have to wait longer on the 
curbside. Hence, even if the emissions decrease per unit time pedestrian exposures increase es-
pecially as pedestrians cross north to south (see Figure 3).  



ISHAQUE and NOLAND: Pedestrian exposure to vehicle emissions: the role of traffic ... 301  

 

- CO concentrations decrease with increasing signal cycle length on Baker Street approaches. Re-
sults representative of this group are shown for receptors REC 2 and REC 3 both of which are 
located near the pedestrian crossings in front of stop lines for the approaching Baker Street traf-
fic. As the signal cycle increases the green time available to traffic on the Baker Street remains 
constant which results in an increase in idling vehicles waiting for longer times on the stop line. 
The receptors would have recorded increasing CO concentrations with an increase in signal cy-
cle lengths if only emissions from Baker Street were considered in isolation. These receptors are, 
however, also exposed to emissions from the nearby eastbound Marylebone Road which not only 
offsets any expected increase but, shows a decrease in emissions with increasing signal cycle du-
rations. Receptors on the discharge arm of Baker Street also show similar results but in their case 
the results are due to comparatively lower traffic flow and large available green times for the ve-
hicular traffic.  

- An increase in CO concentrations with increases in signal cycle length. Two receptors show this 
trend; REC 10 and REC 11. These receptors are located away from the intersection on the ap-
proach arm of the Baker Street and are somewhat immune to the emissions generated by traffic 
at the Marylebone Road hence they are able to pick up the increased emissions resulting from 
increasing traffic queues forming on Baker Street as the green time available for cross traffic 
falls, in parallel with reduced pedestrian green time.  

Figure 2. Change in CO concentrations with change in signal cycle length for 1 m/s of wind speed and worst 
case scenario for wind direction. 
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In terms of magnitudes the receptors nearer the intersection record higher concentrations than those 
further away. This difference is, however, small when the more distant receptors are located on the 
approach arm of the road on which traffic is queuing. 

Pedestrian exposure is shown graphically in Figure 3 based on the CO Exposure Index defined 
above. Pedestrians crossing the Marylebone Road north to south face the largest levels of exposure 
to CO in magnitude and face the largest increase with increasing signal cycle lengths. This is be-
cause they have the shortest pedestrian green phase of all the pedestrian crossings in the intersection 
and must cross the path of the heaviest traffic flow. While waiting on the curbside pedestrians on 
these crossings are also exposed to the idling traffic on the inbound Baker Street further increasing 
their exposure levels. For pedestrians crossing the Marylebone Road from south to north the expo-
sure is less mainly because they have to stay on the staggered pedestrian refuge for a shorter dura-
tion compared to those crossing from north to south. This is due to the sequence of changes in sig-
nal phases which provide better coordination for pedestrians crossing from south to north. 

Pedestrians crossing the Baker Street inbound arm benefit from increased signal cycle lengths as 
the length of the pedestrian phase also increases correspondingly. For the pedestrians crossing on 
the outbound arm of Baker Street the pedestrian phase remains constant and hence the available 
time for pedestrians to cross the road decreases in real terms as the signal cycle increases. 

Figure 3. Pedestrian CO exposure for the four pedestrian crossings (both directions). CO Exposure Index is 
the multiplicative factor of mean pedestrian crossing time (including waiting time at the curb) and the CO 
concentrations recorded at the nearest receptors.  

5 CONCLUSIONS 

This work has illustrated how changes in signal cycle timings result in changes in pollutant expo-
sure of pedestrians at pedestrian crossings. There is clearly a trade-off between pedestrian exposure 
and the reduction in emissions as a result of smooth traffic flow, achieved usually by employing 
longer signal cycle lengths. Long signal cycles, resulting in less total vehicle emissions, cause in-
creased pedestrian delay and longer exposure to slightly reduced emission levels. Measuring this 
trade-off would require devising values of time for pedestrians in terms of exposure to harmful pol-
lutants such as CO in addition to delays in terms of lost time. No such work is currently available 
and this is clearly an area open for further research.  
This work has also highlighted a number of intersection traffic control measures that allow smooth 
traffic flows and reduce vehicle delays but increase pedestrian exposure to vehicle emissions. The 
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first is the use of long signal cycle times which has already been discussed. The second is the use of 
a parallel pedestrian phase where pedestrians cross the road only when the vehicular traffic on the 
parallel road is also moving. This technique further allows for dividing a single road crossing into 
two multiple arms and pedestrians have to wait twice to cross a single road; once at the curb and 
again at the refuge while also increasing their geometric delay through staggering of the median 
refuge and hence further increasing their exposure. As shown in the results the pedestrians who 
cross the staggered crossing with some measure of coordination between the two legs are less ex-
posed to pollutants than those who have to spend greater time on the refuge. 
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ABSTRACT: The European Commission has expressed a preference that for future inclusion of 
aviation into the European Emissions Trading Scheme, non-CO2 effects should be accounted for. 
Three scenarios are outlined here: utilizing some ‘multiplier’ on CO2 emissions; accounting for 
non-CO2 effects on a flight-by-flight using an approach that would be compatible with GWPs; and 
utilizing alternative policy instruments for the non-CO2 effects. All approaches had serious difficul-
ties in terms of their scientific integrity. A multiplier approach using radiative forcing, or its direct 
derivatives was shown not to be robust. There are difficulties with formulating GWPs for ozone and 
contrails. Other policy instruments such as a NOx landing charge and cruise NOx charges were con-
sidered: NOx landing charges may not be a good proxy for cruise NOx, whereas NOx en-route 
charges were technically robust, relatively straightforward but have difficulties with their political 
acceptability. 

6 INTRODUCTION 

Aviation contributes to climate change through its carbon dioxide (CO2) and other emissions/effects 
(IPCC, 1999). In 2002, international civil aviation accounted for 2.8% of the total national CO2 
emissions across the 25 Member States of the European Union and increased by 60% over the last 
decade. This increase is a result of demand for air transport which has outpaced improvements in 
fuel efficiency arising from engine/aircraft technology and in the air traffic control system. Thus, 
without any policy intervention, the growth of global CO2 emissions from aviation is expected to 
double in the coming decades. 

In addition to emissions of CO2, aviation contributes to climate change through emissions of ni-
trogen oxides (NOx), which are particularly effective in forming the greenhouse gas ozone (O3) 
when emitted at subsonic aircraft cruise altitudes. Aircraft also trigger the formation of contrails in 
certain conditions and may enhance the formation of cirrus clouds, both of which add to the overall 
global warming effect. In 1999 the Intergovernmental Panel on Climate Change (IPCC) estimated 
that the total radiative forcing (RF) from aviation was 2.7 times that of its CO2 RF alone in 1992 
(this ratio was termed the Radiative Forcing Index, or RFI), excluding potential cirrus cloud en-
hancement. More recent data on aviation’s radiative impact for 2000 (Sausen et al., 2005) imply an 
RFI of 1.9, once again excluding cirrus cloud enhancement. This means the environmental effec-
tiveness of any mitigation policy will depend on the extent to which these non-CO2 effects are also 
taken into account and the time-frame over which ‘effects’ are considered and quantified. 

The European Commission has stated a preference for the inclusion of all aviation’s climate im-
pacts into the European Emissions Trading Scheme (E-ETS). In this work, three potential scenarios 
by which this might be achieved were examined where the scientific/technical integrity was a pre-
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requisite. They are: firstly, by utilizing a ‘multiplier’; secondly, by considering an individual ‘ef-
fects-based’ approach; and lastly a CO2 approach with so-called ‘flanking instruments’ (i.e. addi-
tional policies or measures) to cover non-CO2 effects (Wit et al., 2005). This work and its other 
economic and policy impacts are documented in greater detail elsewhere (Wit et al., 2005). 

7 THE ‘MULTIPLIER’ APPROACH 

In this approach, CO2 is traded but some multiplier is used to capture the non-CO2 effects. The 
IPCC (1999) introduced the radiative forcing index (RFI) as a means of comparing the total radia-
tive effects from aviation to its CO2 RF over some emissions scenario. Usage of the RFI as a multi-
plier for emissions is unsuitable as it does not take into account future effects of CO2 in the way that 
the Global Warming Potential (GWP) does since RF is essentially a backward looking metric (since 
it includes CO2’s history). Moreover, the value of the RFI is not a constant and is entirely depend-
ent upon the emissions scenario adopted – the close agreement found the between ‘present day’ 
value of 2.7 and 2.6 for 2050 for scenario Fa1 by the IPCC (1999) was entirely fortuitous. This was 
demonstrated by Wit et al. (2005). If a hypothetical scenario is conceived whereby emissions re-
main constant after 2000, it can be seen that RFI damps and CO2 forcing increases over time (see 
Fig. 1). 

Figure 1. Modelled RFI and RF for aviation using constant 2000 emissions, model tuned to Sausen et al. 
(2005) forcings. 

 
The Global Temperature Potential (GTP) (Shine et al., 2005) has been shown to be close to 

GWP in that it allows a comparison of a global mean temperature response from some forcing to 
that from CO2 over some arbitrary time horizon. If an RFI is reformulated using GTPs for constant 
emissions (Global Temperature Index – GTI), a linear relationship between CO2 emissions and CO2 
and non-CO2 temperature effects is apparent (note that this calculation assumes efficacies of non-
CO2 forcings of unity). Such an approach is attractive in that it more closely relates the total effect 
to the emissions of CO2 but in progressing further down the cause-effect chain, it introduces more 
complexities and therefore uncertainties. Over a 100 year time-integration for constant emissions, 
non-CO2 effects comprise approximately 30% of the total temperature effect and CO2 represents 
70%: this attribution is clearly different if an actual emission scenario is considered. Currently, the 
underlying GTP has only been used for constant emissions c.f. a pulse, as in the GWP. A pulse re-
sponse is perhaps more useful in terms of determining a response to a marginal emissions change. 
More work is needed to test whether the GTP and derivative GTI can be used to determine an emis-
sions multiplier for aviation CO2 to capture non-CO2 effects but the initial results are promising. 
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Thus, it is concluded that RFI cannot be used with scientific integrity as a multiplier but a GTI 
may be useful but requires more work. 

Figure 2. Modelled temperature response for CO2 (a), non-CO2 (b) and total (c) aviation effects for constant 
CO2 emissions at 2000, 2050 and 2100 for different emission rates. 
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8 ‘EFFECTS-BASED’ APPROACH 

The aim of this approach was to examine whether individual non-CO2 effects of aviation could be 
addressed using different metrics that might be compatible with the GWP under an emissions trad-
ing scheme. This approach requires a consideration of effects on an individual flight basis.  

A flight-based approach for non-CO2 effects requires sophisticated modelling to account for 
O3/CH4 changes from NOx emissions, and contrails/cirrus. Such models are still in the research do-
main and it is not possible to recommend one over another. Moreover, the aircraft impact depends 
upon the background conditions and these conditions – and the ultimate effect – are time and space 
dependent. If it were possible to agree a model and it was accepted that globally, aggregated emis-
sions produce a certain global production rate of O3, then under such assumptions it might be rea-
sonable to disaggregate an O3 (mass) production rate per unit mass NOx. However, to take such dis-
aggregation to the next level, i.e. RF, and disaggregate to individual flights, involves more 
assumptions that are difficult to justify at such a level of detail.  

For contrails, similar difficulties arise: there are uncertainties in the calculation of both contrail 
coverage and the RF. Again, to attribute an effect down to an individual flight level cannot cur-
rently be done robustly since environmental conditions dictate whether a contrail is formed or not 
and the RF effect depends inter alia on time of day. 

For calculating both O3 and contrail effects on a flight-by-flight basis, this would only be possi-
ble on a statistical basis or by accepting an approach of scaling a global estimation of the effects to 
a flight km basis assuming a linear relationship. 

It is, in principle, possible to formulate a GWP for O3 but this is a contentious issue, vigorously 
debated in the literature; for contrails, it is not possible to derive a GWP since a contrail cannot be 
easily related to a mass emission. Therefore, this approach cannot be recommended.  

9 FLANKING INSTRUMENTS 

In this approach, CO2 is covered by the E-ETS and ‘flanking instruments’ would be used to tackle 
non-CO2 effects – i.e. by using more than one policy instrument. A critical question with a CO2-
only scheme is whether any negative tradeoffs will occur as a result. Historically, the overall emis-
sions index of the fleet for NOx (EINOx – g NOx/kg fuel) has increased as a result of higher com-
bustor temperatures and pressures that have resulted from increases in the fuel efficiency of gas tur-
bine engines. But, under this approach, the question is whether the EINOx increase would proceed 
at a faster rate if aviation were incorporated into the E-ETS because of an increased impetus to re-
duced CO2? Engine manufacturers claim that this would not be the case but this remains uncertain 
with increasing fuel prices. In addition, modern engines have a higher propensity to cause contrails 
over a greater depth of the atmosphere than was the case with older technology (Schumann et al., 
2000). This is expected to increase in the future, based upon assumptions over the increase in pro-
pulsive efficiency (η). It has been suggested that values of η for 2050 will result in 20% greater 
contrail coverage over today’s global estimation of η (Gierens et al., 1999). Thus, it is concluded 
that negative tradeoffs are more likely than not to occur under the scenario of aviation being incor-
porated into a CO2-only emissions trading scheme, without flanking instruments. However, for con-
trails and contrail-cirrus, the magnitude of the RF effect is still rather uncertain. 

The current ICAO landing/take-off cycle (LTO) NOx Certification regime provides one potential 
flanking instrument. The EINOx over the LTO cycle has been claimed by industry and an ICAO 
Working Group to correlate with cruise EINOx although no formal statistical correlation has been 
presented. The disadvantage to this approach is that Certification limits engine NOx (amongst other 
things), according to overall pressure ratio of the engine. Since the EINOx has increased as a result 
of moving to higher overall pressure ratios, this approach would leave open the possibility of NOx 
actually increasing if the EINOx increased at a rate greater than fuel consumption decreased. 

Alternatively, an airport NOx landing charge might be employed. If a landing charge were intro-
duced, this could be done independently of ICAO and if implemented on a mass NOx/landing 
charge (using ICAO NOx Certification data), this would bring pressure to utilize lower-NOx tech-
nologies that would have a co-benefit for local air quality. This approach, whilst crude, and only 



308 LEE and Wit: Potential methods to include the full climate impact of aviation emissions into ... 
 

 

tackling NOx, is critically dependent upon the claim of a ‘correlation’ between LTO EINOx and 
cruise EINOx. 

Perhaps the most effective flanking instrument that has the fewest uncertainties would be to for-
mulate a cruise NOx charge. Emissions of NOx can be calculated within an uncertainty of ±10% 
from fuel consumption (which is known accurately and could be reported by the airline on a flight-
by-flight basis) and the industry could calculate this with much more accuracy from engine per-
formance models. Unfortunately, the concept of emissions charges has proved to be very conten-
tious, particularly within the ICAO forum and the potential political acceptability is low. 

10 CONCLUSIONS 

Formulating a scientifically robust metric for dealing with non-CO2 effects of aviation on cli-
mate that can be incorporated into an emission trading regime is represents a challenge.  

Multiplying CO2 emissions by an RFI is inherently unsuitable although a temperature-based 
metric under development over an integration time-period (similar to a GWP) appears promising. 

No suitable metrics have been found for non-CO2 effects that can be applied on a flight-by-flight 
basis that are readily compatible with a GWP. 
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