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ABSTRACT: This study compares trends in man-made and natural cirrus clouds with aviation
flown distance and with trends in natural parameters over the tropical and middle latitudes i.e., over
regions dominated by dynamics in comparison with regions where microphysics explains most of
the variance in cirrus cloud cover. Results presented in this study generally confirm earlier findings
on possible effects of aviation on cirrus cloud positive trends over congested air traffic regions.
More specifically, the longitudinal distribution of cirrus cloud trends from 1984 to 2004 is posi-
tively correlated (+0.6) with the spatial distribution of aviation flown distance over the northern
middle latitudes and not over the tropics. In the tropics it is shown that cirrus cloud trends are corre-
lated with trends in vertical velocities and with trends in relative humidity.

1 INTRODUCTION

Aircraft flying at high altitudes may form contrails. Contrails are line shaped clouds forming behind
an aircraft if the ambient air is cold enough (Schumann, 1996). In dry air the contrails dissipate
quickly, and their impact is of minor importance, but in moist air which is super-saturated with re-
spect to ice, the contrails spread and grow with the uptake of ambient water vapour, and become
contrail-cirrus (Schumann, 2005). Contrail-cirrus would not exist without the prior formation of
contrails (i.e., Gierens, 2006). Figure 1 shows some examples of linear persistent contrails and con-
trail-cirrus in the atmosphere based on observations from ground. This kind of cirrus formation oc-
curs in regions with high air traffic (i.e., North America, North Atlantic, Europe).

Recent studies (i.e., Minnis et al., 2001; Zerefos et al., 2003; Minnis et al., 2004; Stubenrauch
and Schumann, 2005; Stordal et al., 2005; Mannstein and Schumann, 2005; Krebs, 2006) have ex-
amined the possible influence of air traffic emissions on cirrus cloud positive trends using various
methods and different datasets for different periods of records. Major findings of those studies were
summarized in Gierens (2006). For example, in central Europe it was found that the observed
positive trends in cirrus due to aircraft are about 1-2% cover per decade. Mannstein and Schumann
(2005) had estimated ~3% additional cloud coverage due to aircraft over Europe, which is about ten
times higher than the coverage by linear contrails (~0.3%) alone. However, their conclusion that the
coverage by additional cirrus clouds in Europe is about 10 times higher than by linear contrails is no
longer supported (Mannstein and Schumann, 2007).

As air traffic increases (~5% per year), manmade (aviation) cirrus clouds are expected to
increase. These additional clouds contribute to the greenhouse effect (i.e., Minnis et al., 2004;
Sausen et al., 2005). However, present knowledge of the coverage and radiative forcing of
manmade cirrus clouds is still poor. This kind of cirrus cloud might responsible for up to a doubling
of the present estimate of aviation radiative forcing. If this is true, then the contribution of aviation
to the total anthropogenic radiative forcing (which is ~3.5% for 1992 aircraft operations) might be
doubled.
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Figure 1. Examples of linear persistent contrails and contrail-cirrus in the atmosphere.

This study compares changes in contrail-cirrus and natural cirrus clouds with aviation travelled
distance and with changes in natural parameters. Correlations are sought over the tropical and mid-
dle latitudes i.e., over regions dominated by dynamics in comparison with regions where micro-
physics explains most of the variance in cirrus cloud cover. The main purpose is to relate and to at-
tribute long-term changes in cirrus cloud cover to natural and anthropogenic (aviation-related)
sources. The natural parameters used in this study are vertical velocities and relative humidity at
300 hPa. The level of 300 hPa was considered in this study as a standard level for highflying air
traffic in the northern middle latitudes.

2 DATA SOURCES

The cloud data set analysed in this study was produced by the International Satellite Cloud Clima-
tology Project (Rossow and Schiffer, 1999). The data are based on observations from a suite of op-
erational geostationary and polar orbiting satellites. Visible radiances are used to retrieve the optical
thickness of clouds and infrared radiances to retrieve cloud top temperature and pressure. The D2
dataset used in this study has a spatial resolution of 280 km (2.5° at the equator) and provides
monthly averages of cloud properties of fifteen different cloud types. The cloud types are derived
based on radiometric definitions that rely on cloud optical thickness and cloud top pressure. Cirrus
clouds are defined as those with optical thickness less than 3.6 and cloud top pressure less than 440
hPa. In this study we made use of the cirrus cloud data for the period 1984-2004.

The ISCCP cloud properties have been tested extensively both against other satellite cloud re-
trievals and against surface cloud observations (Rossow and Schiffer, 1999). In the latest (D-series)
version of the ISCCP dataset, changes in the retrieval thresholds and the inclusion of an ice micro-
physics model for retrieval of optical thicknesses and top temperatures of cold clouds, have im-
proved the agreement of cirrus cloud amounts with both surface observations (Rossow and Schiffer,
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1999) and High-Resolution Infrared Sounder (HIRS) data (Stubenrauch et al., 1999). An underesti-
mate of ISCCP cirrus clouds amounts (~5% at northern middle latitudes) compared to HIRS results
is caused by missed detection of very thin clouds (Stubenrauch et al., 1999; Rossow and Schiffer,
1999). Moreover, high cloud amounts from this data set have been compared with those from
SAGE II (Liao et al., 1995). It has been shown that the frequency of high-level clouds from SAGE
I is about 3 times higher than the cloud amount from ISCCP with little seasonal variation. Despite
this large systematic difference it was noted that the correlation between the zonal mean curves is
high, 0.88 (99.99% confidence level) for July and 0.82 (99.99% confidence level) for January,
which strengthens our results.

Vertical velocities and relative humidity at 300 hPa were analysed using the NCEP Reanalysis
datasets for the period 1984-2004. NCEP provides mean monthly gridded values of various atmos-
pheric and surface parameters on 2.5°x2.5° grid boxes and on global scale. We made use of the
monthly daily means which are monthly means from base times 0000, 0600, 1200 and 1800 UTC
(http://www.cdc.noaa.gov/data/gridded/data.ncep.reanalysis.html).

To overcome the effect of seasonal variations in the estimated trends, all trends were calculated
after removing variations related to the seasonal cycle of the data. Cirrus cloud data were deseason-
alized by subtracting the long-term monthly mean (1984-2004) pertaining to the same calendar
month. All trends were evaluated as to their statistical significance by applying the t-test of each
trend against the null hypothesis of no-trend for the appropriate number of degrees of freedom.
CCC data for the years 1991 and 1992 were not used in our analysis in order to minimize artificial
satellite cloud retrievals after the eruption of Mt. Pinatubo in 1991 (Rossow and Schiffer 1999; Luo
et al., 2002).

3 RESULTS AND DISCUSSION

Figure 2 shows the spatial distribution of aviation travelled distance at 9760—11590 m height in the
wintertime (January, February and March) (in km). Regions with heavy air traffic (more than
40.000 travelled km) are shown by dark grey and black colours while regions with lower air traffic
(Iess than 40.000 km) are shown by light grey colours. In the northern middles latitudes (35°-55°N),
congested air traffic regions are found over the US, Europe, and Japan, and over the North Atlantic
and North Pacific Oceans. In the tropics (5°-25°N), regions with high air traffic are mainly observed
over the Southeast Asia air traffic corridors and over the Caribbean Sea.
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Figure 2. Travelled distance by aviation at 9760—11590 m height in 2000 in the wintertime (January, Febru-
ary and March) (in km/month).
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In order to investigate whether cirrus cloud trends are correlated with air traffic, aiming at quan-
tifying changes in cirrus cloudiness due to contrail formation by aviation, we have spatially corre-
lated the cirrus cloud trends with travelled distance by aviation over areas that correspond to differ-
ent air traffic load: (a) over the high air traffic northern middle latitudes (35°-55°N) and (b) over
low air traffic tropical regions between (5°-25°N). Cirrus cloud trends could also be related to dy-
namical and thermo-dynamical variability. As a tracer of dynamics (convective activity) in the up-
per troposphere we made use of the monthly vertical velocities at 300 hPa (VV300). As a tracer of
thermo-dynamical variability over the studied areas we analysed trends in relative humidity at 300
hPa (RH300). Figure 3 (upper panel) shows the longitudinal distributions of cirrus cloud trends
from 1984 to 2004 and of aviation travelled distance in 2000 for the cold period (January, February
and March).

As can be seen from Fig. 3a the longitudinal distribution of CCC trends over the northern middle
latitudes is well correlated with travelled distance by highflying air traffic (correlation coefficient,
R=+0.6), which agrees with the results presented by Zerefos et al. (2003). The positive correlation
between the two variables suggests that the apparent increase of thin cirrus coverage, about 1.4%
over North America and 0.5% over Europe, could be possibly related to contrail formation by avia-
tion. Over East Asia on the other hand, there are negative trends in CCC which are related to nega-
tive trends seen in relative humidity (Zerefos et al., 2007). Negative trends over East Asia were also
found by Minnis et al. (2004) who analysed cirrus/high clouds from ground-based data. For the
summertime we note that the largest increases in CCC are found over the North Atlantic flight cor-
ridor (~2.1% per decade) (not shown here).

At lower latitudes (5°-25°N), where air traffic density is lower, the correlation between cirrus
trends and aviation is insignificant (Fig. 3b). However the longitudinal variability of CCC is as high
as that over the middle latitudes. This is not a paradox and can be explained by the fact that in tropi-
cal latitudes, cirrus clouds are formed primarily from vertical water vapour transport by convective
processes (Zerefos et al., 2003). As a result, tropical cirrus amounts are controlled by local tempera-
ture conditions and moisture sources and any trend in those conditions would leave a signature on
the cirrus cloud field. Therefore, the tropical cirrus trends could reflect trends in the local tempera-
ture and moisture field. In the middle latitudes, on the other hand, cirrus cloud formation is largely
controlled by baroclinic processes that are to a great extent independent of local conditions and de-
pend on global wave patterns. Therefore, any localized modulation of middle latitude cirrus cloud
properties would be related more strongly to microphysical rather than dynamical condition changes
(Zerefos et al., 2003). The results are shown in Figs. 3¢, 3d, and in Figs. 3e, 3f where it appears that
the observed trends in cirrus clouds are significantly correlated with corresponding trends in VV300
and RH300 over the tropics (—0.4 and +0.8, respectively) but not over the middle latitudes.

Our findings on the positive trends in cirrus clouds over the US, North Atlantic and Europe due
to air traffic are consistent with those published by Zerefos et al. (2003), Minnis et al. (2004), Stor-
dal et al. (2005), Stubenrauch and Schumann (2005) and Eleftheratos et al. (2007) even though
there are considerable differences among the examined datasets and periods of records.
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Figure 3. (Upper left panel) Longitudinal distribution of cirrus trends from 1984 to 2004 in the wintertime
(Jan, Feb, Mar) versus the spatial distribution of aviation travelled distance in 2000 over: (a) heavy air traffic
regions (35°-55°N), and (b) over low air traffic regions (5°-25°N). (Upper right panel) Same as in upper left
panel but for cirrus trends and VV300 trends, respectively. (Lower left panel) Same as in upper left panel but
for cirrus trends and RH300 trends, respectively.

4 CONCLUSIONS

Long-term changes in cirrus cloud cover from ISCCP satellite data have been correlated with
aviation flown distance and compared with changes in natural parameters (vertical velocities and
relative humidity at 300 hPa) over the middle and tropical latitudes. Results presented in this study
generally confirmed earlier findings on possible effects of aviation on cirrus cloud positive trends
over congested air traffic regions. More specifically, the longitudinal distribution of cirrus cloud
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trends from 1984 to 2004 was found to be positively correlated (+0.6) with the spatial distribution
of aviation flown distance over the northern middle latitudes and not over the tropics. In the tropics
over the regions studied, trends in cirrus cloud cover were found to be significantly correlated with
trends in the vertical winds (—0.4) and with trends in relative humidity (+0.8).
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ABSTRACT: Laboratory studies of water uptake and ice nucleation (for temperatures < -40°C) are
presented for combustion particles of a wide range of physico-chemical properties, from hydropho-
bic through a range of hydrophilicity, to hygroscopic ones. Different mechanisms of water interac-
tions with aircraft-generated soot aerosols of various compositions are considered for contrail and
cirrus formation conditions. The findings generally confirm that heterogeneous ice nucleation is a
function of surface oxidation of hydrophilic soot, hydrophobic soot initiates the ice phase from wa-
ter vapor only at water supersaturated conditions while hygroscopic soot behaves in a manner re-
flecting homogeneous freezing with particles containing soluble matter.

1 INTRODUCTION

The climate impacts of aircraft particulate emission is highly uncertain because of the poor knowl-
edge of soot aerosols ability to influence cloud formation and thus soot lifetime with respect to nu-
cleation scavenging and precipitation removal, as well as to affect cloud optical properties and ra-
diative balance. Contrail observations supported by theoretical estimates based on simple models of
plume evolution suggest that contrails only form at high relative humidities, when liquid saturation
with respect to water is reached in the plume (Karcher et al., 1998). The specific ice nucleation ac-
tivity of aircraft-generated soot particles and their impact on threshold contrail formation conditions
is still an important open question. An estimate of the maximum number concentration contribution
of aircraft—generated soot particles results in an increase of the potential ice nuclei (IN) number
concentration of up to 50 % at the main aircraft flight altitude (Hendricks et al., 2005). A potentially
strong soot indirect effect has also been inferred when including such additional numbers of hetero-
geneous freezing ice nuclei along with the predominant sulfate homogeneous freezing process in
microphysical models of cirrus clouds (DeMott et al., 1997). However, the state of scientific under-
standing of microphysical and chemical processes at the surface of soot aerosols that cause ice nu-
cleation is still poor. Contrail formation models assume ice nucleation on initially hydrophobic soot
particles which require the activation by plume processing while hygroscopic properties are consid-
ered for BC aerosols in the global simulations (Hendricks et al., 2005). Long-term research progress
requires the development of new concepts and laboratory approaches with respect to aviation-
emitted aerosol impacts on ice cloud formation.

Advanced QUANTIFY (Popovicheva et al., 2008a) and previous PartEmis (Petzold et al., 2005)
studies have proven the highly heterogeneous nature of aircraft-generated soot aerosols with respect
to both physical (size, morphology, porosity) and chemical (composition, impurities) properties, in
dependence on engine design, operation conditions, and fuel content. Data of different characteriza-
tion campaigns shows the dominant mass of BC over organic and sulfates especially at high engine
power (Herndon et al., 2007), H,SO4 coverage of a few monolayer at high fuel sulfur content, non-
volatile OC at low combustion temperature (Petzold et al., 2005), and the high water soluble frac-
tion (WSF) and many surface functionalities responsible for water interactions (Popovicheva et al.,
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2004). Moreover, examination of characteristics of soot collected at background testing facilities for
typical engines showed a main fraction of soot with low O, S content, probably relating to hydro-
phobic particles, and a fraction containing impurities with high O,S, Fe content which may be as-
signed to hydrophilic or even hygroscopic particles (Popovicheva et al., 2004). Therefore we may
conclude that aircraft engine generates soot aerosols with properties which may vary from hydro-
phobic, through hydrophilic to hygroscopic, in dependence on surface chemistry and amount of hy-
drophilic impurities.

This work reports the laboratory measurements of water uptake and ice nucleation on various
characterized soots with a wide range of physico-chemical properties. Different ice nucleation be-
haviors depending on temperature and soot particle hydrophilicity reflect a variety of particle inter-
actions with water at low temperatures. These studies contribute toward clarifying the relationship
between the extent of soot hydrophilicity and IN activated fraction at atmospheric conditions. Frac-
tions of hydrophobic, hydrophilic and hygroscopic soot particles predicted to activate within a
plume at contrail formation conditions are reported with the purpose of relating these to general ob-
servations of the contrail formation conditions. Also, the apparent range of soot hydrophilicity that
is most favorable for heterogeneous ice nucleation at the cirrus formation conditions is proposed.

2 WATER UPTAKE QUANTIFICATION

Quantification of atmospheric impacts stemming from water interactions with soot particles of vari-
ous origin, including emitted from aircraft engines, requires identification of hydrophobic and hy-
drophilic soots. Therefore, water uptake measurements are performed in laboratory on well-
characterized soots available for atmospheric studies (Popovicheva et al., 2008a). Differing charac-
teristics were achieved through generation by three different combustion sources; three soots from
natural gas pyrolysis and soot from a turbulent diffusion flame in an aircraft engine combustor.
Comparative analysis of water adsorption isotherms on soots of various compositions allows sug-
gesting a concept of quantification (Popovicheva et al., 2008b). Systematic analysis demonstrates
two mechanisms of water/soot interaction, namely, the bulk dissolution into soot water soluble cov-
erage (absorption mechanism) and the water molecule adsorption on surface active sites (adsorption
mechanism). Water uptake on hygroscopic soot takes place by the absorption mechanism: it signifi-
cantly exceeds the formation of many surface layers. If soot particles are made mostly from elemen-
tal carbon and/or have a water insoluble organic coverage, they are classified as non-hygroscopic.
Low water adsorption on some active sites following cluster formation is a typical mechanism of
water interaction with hydrophobic soot. If the water film extending over the surface is formed due
to cluster confluence it is suggested that soot is hydrophilic.

Thermal soot (TS) particles produced from natural gas combustion are classified as hydrophobic
with a surface of low polarity. Graphitized Thermal soot (GTS) particles are proposed for compari-
son as extremely hydrophobic and of very low surface polarity. In contrast, oxidation of TS soot
leads to an increase in the density of active water adsorption sites and the extent of surface polarity,
thus to production of hydrophilic Thermal Oxidized soot (TOS). Aircraft engine soot (AEC), pro-
duced from burning TC1 kerosene in a gas turbine engine combustor, exhibit hygroscopic proper-
ties. Due to the presence of water soluble organic and inorganic material (near 3.5% sulfates) many
AEC particles can be covered by water layers even below water saturation conditions.

3 ICE NUCLEATION ON SOOT

The present study seeks direct evidence for IN activity at environmentally-relevant water supersatu-
rations and for ice nucleation behaviours at contrail and cirrus formation conditions, using this set
of soots of varying and well-characterized physical and chemical characteristics. Laboratory meas-
urements of ice nucleation were performed at conditions that simulate those in the atmosphere; a
continuous flow diffusion chamber (CFDC) was used to scan the relative humidity conditions
needed for IN activation at temperatures typical for the upper troposphere (down to -600C)
(Koehler et al., 2009). Soot was dispersed using a fluidized bed generator and then size-selected by
the DMA prior to being introduced to the CFDC.
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Hydrophobic TS soot particles, having some active sites for water adsorption, may activate ice
nucleation at -40 °C only in the water supersaturated regime (see for details Koehler et al., 2009). A
strong increase in the nucleated fraction, up to 10% of the particles frozen, occurred only above
~102% RH,,. At -57 °C, ice nucleation occurs on a small fraction (<1 in 1000) of TS soot starting at
RH,, < RHKoop. Heterogeneous freezing appears as the most likely explanation for small ice nucle-
ated fraction at RH,, well below water saturation. Larger proportions of the 200 nm than the 100 nm
particles are typically activated for the same 7 and RH,, conditions.

Extremely hydrophobic GTS soot particles with limited active sites are observed to initiate the
ice phase only at water supersaturated conditions, RH,>102%, at both -40 and -51.5 °C . Ice nuclea-
tion did not occur until the particles were exposed to water supersaturations approaching presuma-
bly those high enough to condense water onto the particles. Ice formation was observed only on
~1% of the particles at up to several percent water supersaturation. Although onset of detectable ice
formation was observed at a slightly lower RH,, at -51 °C than at -40 °C, similar activated fractions
were observed at both temperatures.

The fraction of particles initiating ice formation is shown in Figures 1,2 for hydrophilic and hy-
groscopic soot particles, respectively. The sizes of dry particles and the scheme of specific water
interaction (at left) are included in the figures. The “Koop lines (KL)” in each figure indicate the
conditions for which homogeneous freezing of 200 nm ammonium sulfate particles is predicted for
the CFDC residence times. Hydrophilic TOS particles have many active sites which may grow wa-
ter clusters and form the water film on the surface; 200 nm TOS particles display onset ice nuclea-
tion conditions close to RHy,0p at -40 °C (see Fig.1). By 101% RH,,, the frozen fraction exceeds
20%. At -51.5 °C, 10 of the TOS particles activated by RH,, = 85%. More efficient ice nucleation
occurring in this lower-RH regime, up to ~RH,,, must proceed via a heterogeneous mechanism. In
contrast to the behaviors of TS soot, however, ice formation on TOS particles displayed a steep in-
crease in the region RHy,,,<RH, <100%, leading to activated fractions of TOS exceeding 10% by
RH,,= 100%.
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Figure 1. Ice nucleation of hydrophilic TOS soot particles at a) -40°C, b) -51.5°C.

Hygroscopic AEC soot activates ice formation at -40 °C near the predicted point for homogene-
ous freezing of pure dissolved solute (see Fig.2). More than 10% of the particles froze for RH,, =
102%. Similarly, at -57 °C, both 250 nm size-selected particles and the polydisperse particle distri-
bution showed significant increases in ice nucleated fraction near the homogeneous freezing nuclea-
tion threshold. In comparison to the non-hygroscopic soot particles, the AEC particles nucleated ice
several to ten times more efficiently at -40 and -57 °C for RH,, > RHx,op, With ~4% of particles fro-
zen at water saturation and 10% frozen at 102% RH,, in both cases. These observations appear at
least consistent with the dissolution of water in the soluble coverage of a large fraction of these par-
ticles, leading to homogeneous freezing, while the other fraction may be less hydrophobic.
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Figure 2. Ice nucleation of hygroscopic AEC soot particles at a) -40°C, b) -57°C.

4 CONTRAIL AND CIRRUS FORMATION

Experimental results suggest that the ability of soot particles of various physico-chemical properties
to act as freezing nuclei in the atmosphere is related to their mechanism of interaction with water
vapor. Specifically, processes that promote water uptake can facilitate ice nucleation at cirrus tem-
peratures. This finding may be applied for aircraft contrail and cirrus formation with the hypotheti-
cal assumption that aircraft engines generate and emit into the atmosphere soot particles with a
spectrum of hygroscopic properties.

Thus, we apply the obtained data for an aircraft plume situation assuming three different type of
soot particle emitted and the CFDC RH uncertainty of 3%: hydrophobic, hydrophilic and hygro-
scopic as schematically shown in Figure 3. In the plume soot particles with different extents of hy-
drophilicity interact with water in accord with their water absorbability, and at the moment water
saturation is exceeded we may conclude that about 10 to 50% of hydrophilic particles can freeze
heterogeneously, at least 4 to 20% of hygroscopic particles (taking into account the example of
AEC soot) may homogeneously freeze, and virtually no ice nucleation would occur on hydrophobic
particles. At least 10% water supersaturation is needed to activate all hydrophilic particles and pos-
sibly more to freeze high proportions of hydrophobic aerosols. In general, this scenario is in accord
with previously observations indicating that water saturation is needed for contrail formation when-
ever ice crystals are formed on exhaust soot (Karcher et al., 1998). Below water saturation very
small numbers of soot particles may act as IN but significantly above water saturation all emitted
soot aerosols of any surface properties have to serve as nuclei for contrail formation.

Water-soot interactions in plume: e
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Figure 3. Scheme of pathways of ice nucleation on soot emitted in aircraft plume.
If we consider the effects of the possible physico-chemical nature of soot aerosols and order of
magnitude number concentration estimates of BC in the atmosphere we can assume that hydropho-
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bic soot particles should not alter cirrus cloud formation due to requiring high water supersatura-
tions for ice nucleation at temperatures below -40 °C. For soot particles that have developed a sur-
face coverage of significant amounts of water soluble material, ice nucleation may be limited to oc-
curring only at relative humidities near to or exceeding values required for homogeneous freezing
of similar sizes of soluble particles in the upper troposphere. Their freezing is then indistinguishable
from that of other particles containing water soluble species and they must compete with these other
particles. Only special circumstances could allow hygroscopic soot particles to alter cirrus proper-
ties by acting as centres for homogeneous freezing. This could occur in situations where soot parti-
cles dominate aerosol numbers overall or especially at larger particle sizes. In this case, they would
be the first ones to freeze in the homogeneous freezing regime, but cloud microphysical and radia-
tive properties might not be altered.

A greater impact on cirrus formation and properties is expected if soot particles act as heteroge-
neous ice nuclei at lower RH,, than required for homogeneous freezing. In this case, the number
concentration of ice nuclei required to dominate ice formation in competition with homogeneous
freezing depends on the dynamics (updraft) driving cirrus formation. Below -40 °C and below
RHgo,0p, ice formation occurred within 1 in 100 oxidized soot particles. Considering previous parcel
modehng studies (DeMott et al., 1997), background upper tropospheric soot concentrations of 0.1 to
1 cm would be predicted to have no impact to very modest impacts on natural cirrus formation if
10" to 107 fractions of the particles serve as freezing nuclei at RH,, < RHk,o,. These impacts would
be restricted to cloud formation in the synoptic scale regime of vertical motions (under several cm s

", and are not expected for the stronger mesoscale motions present in cirrus generating cells. How-
ever, depending on the type of soot present or its transformation through oxidative processing, the
impact of heterogeneous freezing nuclei on cirrus formation could be quite significant for higher
soot concentration scenarios, such as those that occur when cirrus form in air masses affected by
aged aircraft exhaust plumes or biomass smoke plumes.

5 CONCLUSIONS

Ice nucleation behaviors in relation to water uptake were investigated for soots whose properties
ranged from hydrophobic to hygroscopic at the conditions of contrail and cirrus formation. It is
found that hydrophobic soot initiates the ice phase from water vapor only at water supersaturated
conditions while hydrophilic soot with oxidized surface and hygroscopic soot with a soluble cover-
age display ice nucleation onset at slightly lower conditions, in general agreement with with contrail
formation observations. Based on current results, hydrophobic soot may not impact ice nucleation
in atmosphere, while highly hygroscopic soot should mimic the homogeneous ice nucleation behav-
iors of any other hygroscopic particles in the upper troposphere. Surface polarity of hydrophilic
soots from various combustion sources (including aircraft) is considered to support the most effec-
tive heterogeneous ice nucleation mechanism by ice germ growth on hydrophilic nucleation sites in
cirrus clouds forming below water saturation.
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ABSTRACT: Large uncertainties remain in estimating the climate impact from contrails. In particu-
lar it is unknown, whether the aircraft type has an influence on contrail properties. Therefore,
microphysical and radiative properties of contrails were detected with the DLR research aircraft
Falcon during the CONCERT campaign in October/ November 2008. During 12 mission flights
over Western Europe 22 contrails from 11 different aircraft were probed and the ice particle number
density, size, extinction, contrail dimension as well as trace gas fields were measured. Here we fo-
cus on the 14 minutes sampling of the contrail of an A319. The 1 to 3 min old contrail was detected
in the vortex regime. It was observed at an altitude of 10.6km and a temperature of 216K in ice sub-
saturated air (82%<RHI<98%). Particle concentration, extinction, and ice water content decrease
within the sampling period due to contrail ageing and dilution. A vertical contrail depth of 122m
has been estimated from the measurements and agrees with vortex descent simulations. Micro- and
macro-physical contrail observations allow for the quantification of the contrail optical depth, play-
ing a crucial role for the estimate of contrail radiative forcing.

1 INTRODUCTION

Contrails are produced through mixing of the hot and humid aircraft exhaust with the cold ambient
air when saturation with respect to liquid water is reached. Ice may nucleate in the aerosol below
the contrail formation threshold temperature (Schumann, 1996), whereby liquid plume particles
compete with the exhaust soot for the formation of contrail ice crystals. If the ambient air is ice-
supersaturated, the initially line shaped contrail will develop into a persistent contrail cirrus deck.
Atmospheric and plume specific processes acting on different scales result in a variability of con-
trail properties that can be quantified using probability distribution functions (Kércher et al., 2009).
Lee at al., (2009) present a first attempt to include such a variability of contrail properties in global
climate simulations. Including aircraft induced cloudiness, they derive a net median aviation radi-
tive forcing in 2005 of 4.9% (2—-14%, 90% likelihood range) of the total anthropogenic radiative
forcing. Thereby, the key parameter in determining the climate impact from contrails is the contrail
optical depth.

* Corresponding author: Christiane Voigt, Deutsches Zentrum fiir Luft- und Raumfahrt (DLR) — Institut fiir Physik
der Atmosphére, Oberpfaffenhofen, D-82234 Wessling, Germany. Email: Christiane.Voigt@dlr.de
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The contrail optical depth t can be calculated from the effective ice crystal radii, the number den-
sity, the ice water content (IWC) and the contrail depth. Still, in situ and remote sensing data on
these micro- and macro-physical contrail properties in the vortex regime are sparse. Reasons for the
lack of contrail data are that the detection of numerous small aerosol and ice particles with different
refractive indices poses a challenge for accurate in situ measurements. Further, the resolution of sat-
ellite instruments often inhibits the observation of young contrails with ages of few minutes from
space.

Few studies investigate microphysical properties of young contrails. Mean ice crystal effective radii
derived from in situ data show values of 0.5 to 1um initially (Heymsfield et al., 1998), increasing
due to condensation to values of up to Sum at 30min contrail age (Schrdder et al., 2000). Mean ice
crystal concentrations larger than 1000cm™ have been detected in 5 and 8s old contrails decreasing
by dilution to concentrations of a few 100cm™ (Schrdder et al., 2000) or less than 100cm™ (Febvre
et al., 2009) over the first 3min of age. The ice water content in a range of 1 to 6mg m™ in young
contrails has occasionally been probed at temperatures near 218K (Schroder et al., 2000; Febvre et
al., 2009). Arbitrary sampling of contrails in thin cirrus clouds at temperatures near 217K leads to
IWC values of 1 to 3mg m™ (Schiuble et al., 2009). Another study reports values of up to 18mg m™
at 236K (Gayet et al., 1996). Contrail widths of 1 to 3km have been derived for less than 30min old
contrails from Lidar measurements above Germany (Freudenthaler et al., 1995).

Given the sparsity of in situ measurements of contrail microphysical properties, here we report on a
new set of contrail observations. The measurements were performed in November 2008 with the
DLR research aircraft Falcon. During the CONCERT campaign (CONtrail and Cirrus ExpeRi-
menT) numerous contrails were sampled in ice sub- and supersaturated air (S0<RHI<130%). In to-
tal 22 contrails from 11 different commercial airliners were probed, including an A380, several
A340 and B737 and a number of smaller aircraft such as an A319. As the data evaluation is still on-
going, we focus here exemplarily on a 14 minutes sampling event of the contrail of an A319 above
Northern Germany, which is suitable for statistical data analysis. We derive particle concentrations,
ice water content, and contrail depth from our data and compare them to results from vortex descent
simulations.

2 FALCON INSTRUMENTATION

Figure 1. Deployment of the DLR research aircraft Falcon during the CONCERT — campaign (CONtail and
Cirrus ExpeRimenT) in October/November 2008.

During the CONCERT campaign a set of particle and trace gas instruments was deployed on the
DLR research aircraft Falcon. The particle size distribution of large particles (20um - Imm) was de-
tected with a 2DC probe, the particle shape (2.3um pixel size) with a cloud particle imager (CPI)
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and the scattering phase function of cloud particles (3um - ~Imm) using a polar nephelometer
(Gayet et al., 2006, Febvre et al., 2009). A forward scattering spectrometer (FSSP 300) probe de-
tected the particle number density and size distribution of small particles in the size range 0.3 to 20
um diameter (Petzold et al., 1997). The particle size distribution was evaluated assuming spherical
particles and a refractive index of 1.33 for ice. During the first phase of the CONCERT campaign,
an aerosol mass spectrometer (Schneider et al., 2006) was integrated in the Falcon instead of the
FSSP.

The trace gas instrumentation consisted of a Lyman-a fluorescence Fast In situ Stratospheric
Hgrometer FISH (Schiller et al., 2008) with a backward-facing inlet sampling water vapour with an
uncertainty of 8%. In addition, nitric oxide and the sum of reactive nitrogen species NO, were
measured with a chemiluminescence instrument (Schlager et al, 1997) with an uncertainty of 8§%. A
chemical ionization ion trap mass spectrometer was operated to detect sulfur dioxide (SO,) and ni-
trous acid HONO with an uncertainty of 30%. Contrails from different source aircraft were fre-
quently probed with this instrumentation during the CONCERT campaign. Below we investigate
data from a flight on 19 November 2008, where microphysical and chemical properties of the con-
trail of an A319 were measured for 14 minutes.

3 DETECTION OF CONTRAILS

Contrails were mainly probed above optically visible cirrus clouds, as this sampling strategy was
found to be very effective. Predictions for high clouds or of the IWC from ECMWF analyses were
used to send the aircraft into a cirrus region and the flight altitude was then adjusted based on con-
trail observations of the pilots. The contrail formation altitude was communicated to German Air
Traffic Control, and commercial airliners flying in that region were asked to change their flight alti-
tude to contrail formation altitudes. Then the Falcon was directed behind the airliners and contrails
were detected at 5 to 85 nautical miles distance corresponding to contrail ages of 55 to 600s.
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Figure 2, left panel. Flight path of the Falcon on 19 November 2009 (gray). Contrails are marked in red.

Figure 2, right panel. Photo of the contrail of the A319 which was probed by the instruments on the Falcon.
The primary and the secondary wake, other contrails, and the nose boom of the Falcon can be seen.

On 19 November 2008 the Falcon five times probed the contrail of an A319, which was operat-
ing on that day exclusively as a contrail producing source aircraft. The Falcon took off in Oberpfaf-
fenhofen, performed measurements within contrails above Northern Germany at altitudes between




60 VOIGT et al.: Detection of contrails from various aircraft - Overview of the CONCERT ...

10.1 and 10.8km and landed in Hamburg. The Falcon flight track, 5 contrail encounters of the A319
and contrail samplings of other aircraft are shown in Figure 2. Some contrail segments formed
above cirrus clouds as seen on the photo in the right panel of Figure 2. Note that the primary and
secondary wakes of the A319, contrails from other aircraft, and the nose boom of the Falcon are
shown.

Measurements during the longest contrail penetration of 14 minutes from 53°N, 8°W to 54°N,
9°W are presented in Figure 3. Simultaneous peaks in the concentrations of reactive nitrogen, sul-
phur dioxide and particle number density are indications for a contrail encounter.
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Figure 3. Sequence of 14 minutes of measurements in the contrail of an A319 performed on 19 November
2008 above Northern Germany. Temperature, altitude, trace gas mixing ratios of NOy, SO, and RHI are
shown in the upper three panels. The lower panels show contrail particle properties, i.e. the ice water content,
the extinction of particles >3um, and the particle concentrations in the cloud mode (3um<d<20um) and the
haze mode (0.65um<d<3um). The contrail age increases from 77 to 184 s within the sampling sequence.

The contrail sequence was measured at an altitude of 10.6km and a temperature of 217.6K. Up to
27nmol/mol NOy were observed in the contrail with average NO, concentrations of 6nmol/mol.
Such concentrations have been detected previously in the primary and secondary wake of aircraft
(Schlager et al., 1997). SO, mixing ratios up to 2nmol/mol were measured with an average of
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290pmol/mol and background concentrations of about 80pmol/mol. The air was slightly sub-
saturated with respect to ice (98>RHI1>82%), suggestmg that the contrail was evaporating.

Total ambient particle concentrations of up to 546cm™ for particles in the size range 0.65<d<20um
have been detected by the FSSP. The particle concentration shows a substantial varlablllty within
the contrail and decreases within the measurement period due to dilution of the aging contrail. Par-
ticles >3um exhibit an extlnctlon up to 170km™ decreasing with contrail age. The ice water content
in the range of 7 to 1mg m™ has been derived from a combination of FSSP and CIP data.

We calculated the age of the contrail from the positions of the Falcon and the A319 and meteoro-
logical parameters by matching the advected contrail with the Falcon flight path. The contrail was
77s old at the beginning of the sampling and 184s at the sampling end. Contrail dynamics for con-
trail with ages of 1 to 3min is described by the vortex regime.

Besides microphysical contrail properties such as particle number density, size and ice water
content, we also evaluate contrail profiles and estimate the vertical contrail depth from our
measurements. The data will allow us to derive the contrail optical depth.

4 CONTRAIL PROFILE

Engine emissions are captured by the wake vortices forming behind the aircraft. Due to momentum
conservation, the primary vortices descent within the first 1 to 3min transporting a large fraction of
the emissions including particles downwards. The air is adiabatically heated during its downward
transport, which can result in a (partial) evaporation of ice particles in subsaturated conditions with
respect to ice. A small fraction of the emissions including particles remains near its emission
altitude in the secondary wake. Depending on ambient saturation ratios and descent depths, the
primary and/or the secondary wake might survive the vortex phase and evolve into a persistent
contrail. A profile taken in the A319 contrail near 33420s UT (101s contrail age) is shown in Figure
4.
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Figure 4. Profile of the NOy mixing ratios, particle concentrations of the haze mode (0.65pm<d<3um), the
cloud mode (3um<d<20um), and RHI in the contrail of an A319 measured on 19 November 2008 at 33420 s
UT. Thick lines are averages of the individual measurements (gray lines) in 10 m altitude intervals.

From the contrail profile, we estimate a vertical contrail depth of 122m, which is in agreement
with simulations of the wake vortex descent of an A319 of 124m using the P2P model under
standard ambient conditions (Holzé&pfel et al., 2003).
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5 CONCLUSIONS AND OUTLOOK

The CONCERT campaign provides an extensive and detailed data set on microphysical and optical
contrail properties from 11 different aircraft, amongst them an A380, four A340, several B737,
A319 and smaller aircraft. The data have been used for model validation (Schumann, 2009) The
measurements of particle number density, size and contrail dimensions of the A319 will be used to
derive contrail optical depths. Long sampling times in the contrail will allow for a statistical data
analysis. The next step is to compare the contrail optical depths of the A319 to contrail samplings
from other aircraft with the aim to investigate the the impact of aircraft type on contrail properties.
The results including a statistical data analysis will appear soon in a refereed journal.
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ABSTRACT: A complex methodic and quantitative model were developed for quantitative valua-
tion and forecast of formation conditions and characteristics of contrails, in cruise flights of civil
airplanes with different types of jet engines using specially equipped flying testbed Tu-154
prober/generator. The methodic uses uniform and 2D mixing of the exhaust engine jet and atmos-
phere. The data, obtained during the flight experiments proved the reliability of the methodic.

1 MOTIVATION

Influence of aviation on the environment is not limited only by the greenhouse gases. Contrail for-
mation according to some researches can at least as important as CO,. But in previous researches of
contrails there were several aspects preventing us from clear understanding of the subject. First of
all, characteristics of engine exhaust jet are appreciated by total heat equivalent and their values for
given engines and airplanes are determined approximately. Then, peculiarities of bypass engines
without mixing chamber and turboprop engines are not considered at all. Moreover, contrail forma-
tion conditions are considered only qualitatively, that prevents from direct influence estimation of
deviations of engine and atmosphere characteristics on contrail characteristics and formation condi-
tions.
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Figure 1. Radiative forcing from aircraft.
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1.1 The model

Complex quantitative model was proposed. As a criteria of contrail formation and existence, index
of maximum humidity supersaturation hy is used, consisting of two parts: hy = hy + €amp , Where hy,
= maximum supersaturation towards water while mixing exhaust jet with dry atmosphere, depend-
ing practically from engine characteristics, ambient temperature and pressure; and €,mp = atmos-
phere humidity on the flight altitude. The methodic, developed by the GFRI specialists differs in
facts that engine exhaust jet characteristics are estimated directly from results of a special experi-
ment or calculation and exhaust jet and atmosphere mixing is estimated with consideration of pecu-
liarities of bypass engines and possible influence of engine flow-around at 2D mixing on equivalent
mixing line while assuming uniform mixing of engine jet and atmosphere.
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Figure 2. Quantitative supersaturation index.

1.2 The testbed

To prove the validity of the criteria and to adjust the methodic, flying testbed Tu-154 was used. It
was equipped with special measuring means to measure cloud and contrail characteristics. The em-
phasis was done on the humidity of the air. It was measured by an aircraft condensation hygrometer
(SKG) and by an on-board sorption hygrometer (BSIV). Water content of atmosphere and contrails
was measured by the measurer of water content (IVOKS). Temperature values came from the resis-
tance temperature detector (ET-17). For in-flight observation of condensation trail formation a peri-
scope (TS-27AMSh) and a video camera were installed. For registration of formation borders and
lifetime of condensation trails in solo and twin flights following devises are used: videotheodolitic
system “Opal”, “Jantar” and also specialized camera for video and photo recording from earth.



Dedesh et al.: Quantitative forecast model of contrail formation and prospects of its application 65

Figure 3. Sensors on the flying testbed Tu-154M.
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Figure 4. Calculation results for the D-30KU engine.

On the heights H = 7...8 km scatter of characteristics can be caused by higher temperatures of am-
bient air and their greater deviations from ISA standard or by greater range of margin values of hu-
midity (partial pressure) between its saturations over water and ice. Above mentioned factors give
more favourable conditions for carrying out experiments aimed at identification of the forecast
model with supersaturation index hy = hp, + e,mp, on formation and existence of contrails.

1.3 The 2D model

For examination of contrail formation processes of mixing of a jet from a modern bypass engine
with concurrent flow a calculation methodic was developed. This methodic is based on solution of
full system of gas dynamic equations considering turbulence. Main geometric and gas dynamic pa-
rameters are pointed out, physical and mathematical models of current are determined, calculation
model is developed, technology of quantitative modelling is worked out.
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Figure 5. Uniform mixing line, calculated using 2D model.

Basing on these results, specification is done of quantitative forecast model of contrail formation
conditions at uniform mixing of engine exhaust jet with atmosphere. Method of calculation mixing
line gradient values is also proposed, considering both full and static temperatures of engine exhaust
jet. Method of uniform mixing and methodic of calculation mixing line gradient values were used to
calculate values of sum supersaturation index over water and ice considering both full and static
temperatures of engine exhaust jet after engine mixing chamber.

B = Bo(Tmi) + By (T (1)
’ 2

The conducted comparison showed that quantitative humidity supersaturation index calculated bas-
ing on the improved methodic, where average temperature in the mixing chamber (Tuixay) 1S used,
is more adequate to contrail formation conditions according to saturation curves over water and ice
in comparison with the previous methodic (Tmix.abs) used up to the present.

According to engines without mixing chamber investigations of contrail formation conditions
were also done. Research carried out using the developed model showed that averaged mixing line
exists for engine with open fan.

Figure 6. 2D calculation for engine with open fan.
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2 RESULTS

The forecast model allows estimating characteristic and equivalent influence on hy of engine char-
acteristics and atmospheric pressure (flight altitudes); temperature and humidity on steady contrail
formation conditions. Calculations of humidity supersaturation indexes hy and its identification
with experimental results showed that: two altitude borders of formation of steady contrails are pos-
sible for aircrafts flying in various air conditions. These borders depend from engine characteristics,
temperature deviations from ISA temperatures +10°C; evaluation of equivalent influence in border
region on high altitude can show change of the borders, where steady contrails can be formed, at
changes of T,mb, ambient humidity and engine mode; in number of cases steady contrail formation
was observed at hy< hypoundary at Ahy = hypoundary - hy, corresponding to the interval between satura-
tion curves over water and ice (Ae = eyater — Cice), that can be explained by presence of crystallisation
centres (soot ,etc.)

Methodic of 2D mixing of engine jet and atmosphere is developed and tested on different engine
types. It allows to estimate characteristics of mixing, including geometrical, averaging parameters,
temperature Tmix and humidity in cross-sections.

Method is shown of calculating values of mixing line gradient (that can be used for calculating
hy) basing on the analysis of calculation of contrail formation conditions done for bypass jet en-
gines with mixing chamber and open fan.

Using both T4 and Tag. of jet engines with mixing chambers for estimation humidity supersatu-
ration index is more adequate to contrail (ice particles) formation conditions and saturation curves
over water and ice, than using only T, . Calculations of humidity supersaturation indexes hy using
Tmia for bypass engines with mixing chamber and its identifications with results of experiment on
the Tu-154 FTB with D-30KU engines showed that for these engines at boarder hy > 0 contrails are
steady.

*

< Vot Tagaic. (2)
mid ~ > (3)
B _ BO (Tmix ) + BO (Tmix )
o 2

3 CONCLUSION

The performed works and obtained results, when applied and developed, can essentially amplify
works done in this field by specialists of European organisations. They are of great interest for eco-
logical estimations of emission influence of specific aircrafts with different engines on contrail for-
mation in cruise flights and possible influence on Earth climate, as well as for development of rec-
ommendations on flight organization on different routes (local, regional and international) with the
object of reducing of this effect, considering peculiarities of atmosphere in specific regions, on spe-
cific air routes and in different seasons.

In case if characteristics of alternative fuels are available, it is also possible to use the methods
developed to estimate their effect on contrail formation and existence during airplane cruise flights.

Conducted researches show that it is efficient to use the experience of complex researches and
handling of jobs by different specialists according to consistent schedule in order to improve the ef-
ficiency of the further work.
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A Contrail Cirrus Prediction Tool
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ABSTRACT: An new “Contrail Cirrus Prediction Tool” (CoCiP) has been developed to simulate
contrail cirrus resulting from a single flight as well as from a fleet of cruising aircraft, flight by
flight, regionally or globally. The method predicts contrail cirrus for given air traffic and weather
prediction data. The method describes the life cycle of each contrail individually using a Lagrangian
Gaussian plume model with simple bulk contrail ice properties, without feedback to meteorology.
Contrails are initiated when the Schmidt-Appleman criterion is satisfied and when the ambient at-
mosphere is humid enough to allow for contrail persistence. The initial plume properties reflect
properties of the originating aircraft. The evolution of individual contrails of cruising aircraft is
computed using wind, temperature, humidity, and ice water content from numerical weather predic-
tion (NWP) output. The plume trajectory follows horizontal and vertical wind. The model simulates
shear and turbulence driven spreading, ice water content as a function of ice supersaturation, and
some ice particle loss processes (turbulent mixing, aggregation and sedimentation). Radiative cloud
forcing is estimated for the sum of all contrails using radiative fluxes without contrails from NWP
output. The tool is kept simple to allow for efficient contrail simulations. The method has been
tested for case studies with some comparisons to observations. The most critical input parameter is
the NWP humidity field. The results compare favourably with observations and support interpreta-
tions of insitu, satellite and lidar observed aviation impact on cirrus clouds. CoCiP can be used to
predict and minimize the climate impact of contrails.

1 INTRODUCTION

Because of the general awareness of climate change and the growth of traffic, aviation caused envi-
ronmental concerns which were discussed with respect to the fleet of civil aviation since the early
1990’ (Schumann, 1994; IPCC, 1999). Despite considerable scientific progress in predicting the
climate impact of aviation, still major uncertainties remain, in particular with respect to contrail cir-
rus (IPCC, 2007; Lee et al., 2009). The range of radiative forcing form present aviation induced
contrails scatter by a factor of larger ten (from 3 to 120 W/m?). Observed increases in cloudiness
may be attributed to aviation, but the observations miss physical explanation and other explanations
cannot be ruled out. Contrail and cirrus formation is a highly nonlinear process. The contrail cirrus
formation depends strongly on the scale transition from the plumes with fresh soot and young con-
trails into spread cirrus layers. Early studies concentrated on line-shaped contrails, but contrails de-
velop dynamically into cirrus at time scales of hours during which the line-shaped structure is lost.
This scale transition requires a model that follows the history of all the contrails from the global
fleet of aircraft from origin shortly after engine exit until the end of their lifetime due to sublimation
or sedimentation. This paper describes a recently developed model for this purpose. The model is
based on a Gaussian plume model as suggested a long time ago (Schumann and Konopka, 1994).

* Corresponding author: Ulrich Schumann, Deutsches Zentrum fiir Luft- und Raumfahrt (DLR) — Institut fiir Physik
der Atmosphére, D-82234 Oberpfaffenhofen, Germany. Email: ulrich.schumann @dlr.de.
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2 THE MODEL

The contrail cirrus prediction (CoCiP) model is designed to analyze and predict contrail cirrus cover
and the related radiative forcing from air traffic. The model simulates contrail cirrus resulting from
a fleet of cruising aircraft, flight by flight, regionally or globally. The concept is illustrated by an
example, see Figure 1.

Oct 18, 2008, 12-15 UTC, 1426 flights Oct 18, 2008, 15:00 UTC, ECMWF 12, Age < 6 h
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Figure 1. Example CoCiP output: Contrail pattern as computed for a 8°x4.2° (680x470 km?2) region over
Germany, for a case study (Oct 18, 2008, 15 UTC), for which contrails were observed visually and by lidar
measurements with the Falcon research aircraft (flight path shown as blue or white dashed curve). Top left:
flight paths of air traffic from all 1426 flights above 7.3 km altitude (FL 240) over Germany between 13 and
15 UTC that day. Top right: Flight segments causing contrails during recent 6 h which contribute to contrail
cover at 15 UTC (black), and contrail plumes centre line (full red) together with their left and right bounda-
ries (dashed red; closely near the centre lines). Bottom left: solar optical depth of these contrails (from Co-
CiP) superposed on cirrus (from ECMWF output). Bottom right: Cirrus cloud cover (white) computed by K.
Graf with the MeCiDa algorithm (Krebs et al., 2007) from Meteosat data at the given time.
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The method computes the contrail cirrus cover for a given time instant for given weather data
and for given data of air traffic for the past covering all contrails with life times of up to six hours
(in Fig 1) or about a day (for larger domains). The model requires input in terms of wind vector,
temperature, humidity, and ice water content fields as available from numerical weather prediction
(NWP) or climate model output, as a function of time and three dimensions (3d) in space (typical
time intervals: 1-3 h; typical spatial resolution: 0.25-1 degree horizontally, 20 levels vertically from
120-500 hPa for Gemany). In addition, the model requires the irradiances for outgoing longwave
radiation (OLR) and short-wave reflected radiation (RSR) at top of the atmosphere (TOA) as a
function of horizontal coordinates and time. The traffic data need to be provided, flight by flight, as
waypoint sequences (3 space coordinates and time) together with the aircraft type. The tool is kept
simple to allow for efficient global contrail simulations. The example requires about 10 s computing
time on a single processor Laptop.

The model treats each exhaust plume as a Gaussian plume (Konopka, 1995; Schumann et al.,
1995; Diirbeck and Gerz, 1996). The model assumes that any mass specific concentration c in the
plume has the distribution c(x,y,z,t)= (Co/A) exp(—(1/2)xTc'lx), where Cy is the mass per unit length
in the contrail, A is the plume cross-section area, x is the vector of space coordinates relative to the
plume centre (x=(x,y,z), x in flight direction, y cross-flight direction, z vertical direction), and &(x,t)
is the positive definite symmetric concentration-covariance matrix with matrix diagonal elements
oyy and o, and diagonal elements 6y,= 6,y. A = [] exp[-(1/2)x"6'x]dy dz = 2= [det(6)]"%. The ini-
tial plume has an elliptical cross-section with effective width B and depth D, o,y = B“/8, 6.,=D*8,
so that the initial cross-section area is A = (n/4) B D.

The model distinguishes 3 model phases: Phase 0: initial plume conditions just after engine exit;
phase 1: initial plume conditions at the end of the wake vortex period (accounting for wake vortex
downwash); Phase 2: plume evolution until dry-out because of ambient subsaturation or until sedi-
mentation of the particles below the lower boundary of the computational domain (typically at 5 km
altitude).

In phase 0, contrails form when the Schmidt-Appleman criterion is satisfied, i.e. when the ambi-
ent temperature T is below a critical temperature Trc (Schumann, 1996) which is a function of fuel
properties and the overall propulsion efficiency n = (V F)/(mr Q), with thrust F, true air speed V,
fuel consumption per unit distance mg and combustion heat Q, and ambient temperature T, absolute
ambient humidity q, and pressure p as computed for the given time t and position x by bilinear in-
terpolation in the NWP output fields. Contrails are assumed to persist when the relative humidity
over ice (RHi) is larger than a critical value RHigi;, which should be 100 % for good NWP input
data. The ECMWF model output predicts supersaturated air masses fairly realistically (Tompkins et
al., 2007). The COSMO-DE model output shows practically no supersaturation. Therefore, we run
the model for this example with both input data with RHicj; = 0.9.

The initial contrail depth is assumed to be proportional to the wake vortex maximum downwash
Az,,. This downwash is determined from a parameterization of P2P model results (Holzépfel, 2006).
The parameterization is a function of aircraft parameters (mass, speed, span width) and atmospheric
parameters (Brunt Vaisaila frequency, density, and turbulent dissipation rate). The aircraft parame-
ter values are taken from the BADA data set of EUROCONTROL.

For microphysics, we assume saturation inside the contrail plume. The initial ice water content
IWC in the plume at stage 0 is set to the amount of water mass per volume in the ambient air above
ice saturation. The specific water mass in the plume is the sum of ambient humidity and the amount
of water emitted from the engine and mixed over the plume cross-section. During the wake vortex
phase, the plume sinks and heats up adiabatically. This leads to a reduction of the saturation water
mass and hence to a loss of IWC, which is computed within CoCiP accordingly.

The initial number of ice particles N per unit length is assumed to be determined by fuel con-
sumption mg and the soot number emission index Elgo; this is consistent with recent model results
(Kércher and Yu, 2009) and the few available measurements (Schumann et al., 2002). The soot
emission index is estimated according to earlier studies (Petzold et al., 1999; Eyers et al., 2005).
During the wake vortex period, part of the ice particles sublimate because of the adiabatic warming
and turbulent mixing with ambient air (Sussmann and Gierens, 1999). Loss factors have been com-
puted by large eddy simulations (Kércher et al., 2009). However, from comparisons to observed
data, we got the impression that these factors are too low. Therefore we instead assume that the ra-
tio of N in phase 1 relative to N in phase 0 is proportional to corresponding ratio of IWC.
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In the evolution phase (2) of the contrails we follow the plumes in a Lagrangian manner. The
plume position follows horizontal and vertical wind as analysed from the NWP data. In addition,
the vertical position changes with the mean sedimentation speed of the bulk of the ice particles. We
also have foreseen a rising motion component due to radiative heating. For given winds from NWP,
advection is computed using a second-order Runge-Kutta scheme.

The change in plume cross-section with time as a function of vertical velocity shear S, and verti-
cal and horizontal diffusivities Dy, and D,, is integrated analytically (Konopka, 1995). The diffu-
sivities are functions of plume scales, total shear St and stratlﬁcatlon Ngv (D= 0.4 w*/Ngy; w=0.1
m/s as the vertical turbulent velocity fluctuations), Dy, = 0.1 D* St. The shear diffusivity Dy, is set
to zero. The shear value S (perpendicular to the plume axis ) and St (total) are computed from dif-
ferences of the corresponding wind speeds at the next available levels above and below the contrail.
Since the grid spacing Az is often large compared to the contrail depth D, we allow for an enhance-
ment factor f(Az/D) (Adelfang, 1971), where f(r) = (1/2)(1+r™). The exponent m is close to 2/3 for
Kolmogorov type turbulence (dependence on wavenumber k as k™) and close to 0 for 2d turbu-
lence (k™). Here, we assume m= %. We also have foreseen enhanced turbulent diffusivities due to
radiative heating.

During integration we assume that any ice supersaturation within the air mass entrained with
growing cross-section A(t) into the contrail plume gets converted to ice water content IWCq(t) im-
mediately, leaving saturated (RHi = RHi;) humidity inside the contrail. Accordingly, we integrate
the ice water content such that the plume ice water budget is conserved except for mixing with the
humidity from ambient air. The volume mean ice particle radius r is computed locally from IWC
and number N of ice partlcles per unit length, or n per unit volume n= N/A, so that (4/3) 1’ n Pice =
IWC (pice = 917 kg/m’ as ice bulk density). We assume that the number of ice particles remains
constant unless specific particle loss processes like agglomeration or turbulent phase changes re-
duce the number of particles. Hence the number of ice particles follows from dN/dt = (dN/dt),ge +
(dN/dt)eyrp. Further we use the assumptlons (dN/dt)age = -Ea 8 1 Vi N 2/A and (dN/dt)ww = -Er
(Dyy/max(D, B) + DZZ/deff ) N, where V. is the sedimentation velocity of particles with radius r, and
desr = A/B, and E, and Er are free model parameters of order unity. These relationships are justified
by dimensional analysis.

The solar optical depth t of the contrail is computed from T = 3 Qcxi IWC def/(4 Pice Tefr), With ex-
tinction coefficient Q=2 and optically effective radius rer = C; r. The factor C;=0.9 depends on the
particle habits and the particle size distribution function; its value is quite uncertain. The values of t
and res form the input to a radiative forcing (RF) model which computes the RF from contrails for
given OLR and RSR at TOA fit to forward calculations with libRadtran (Schumann et al., 2009).

3 APPLICATION EXAMPLES

The model has been applied to weather and traffic conditions over Germany and the North Atlantic
(first global tests have also been performed) for the following case studies: 1) comparison to insitu
measurements of NOy, ice and soot particle concentrations in the contrails of six (small and large)
different aircraft, at plume ages of 60 to 600 s, during the experiment CONCERT, Nov 19, 2008
(Voigt et al., 2009); 2) comparison to lidar measurements of the extinction coefficient of cirrus and
contrail cirrus particles at altitudes 6-11 km along a flight path of the Falcon over Germany on Oct
18, 2008 (Schumann and Wirth, 2009); and 3) comparisons to cirrus cover and outgoing longwave
radiation data obtained from Meteosat for Germany (see Fig 1) or the North Atlantic in the time pe-
riod August 11-14 2005. The results show: CoCiP computes a dilution with time which agrees fa-
vourable with the NOy measurements (Voigt et al., 2009) and with previous data (Schumann et al.,
1998). The number of ice particles and soot particles computed by CoCiP compares reasonably with
insitu measurements during CONCERT. The results do fit only after taking the specific aircraft
properties into account. There are no indications of additional ice formation after the initial soot-
controlled contrail formation. The diurnal cycle of cirrus cover and OLR computed for 3 days in the
NAR shows the order of magnitude with respect to the amplitudes of cirrus cover and of OLR as
derived from Meteosat (Graf et al., 2009). Also the delay time between traffic maximum and cirrus
cover maximum is in the same range of 3 to 5 h as observed. Parameter studies indicate that
changes of most model parameters have less than linear impact on integral results like net radiative
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forcing. A somewhat larger sensitivity is found for the critical relative humidity, and the parameters
limiting the plume life time. The SW RF is strongly sensitive to the assumed particle habits.

For example, Figure 1 shows the 848 contrails (1069 contrail segments) that are computed to ex-
ist in the region shown at 15 UTC this day. The contrails formed from 2816 flights during the 6 h
before this time. The average contrail age is 2.25 h. About 38 % of all flights (628626 flight km) in
that period formed contrails. The mean fuel flow rate of contrail forming aircraft was 3.8 kg/km.
The mean contrail width is 3180 m, the mean contrail length 134 km. More than 92 % of the con-
trails formed inside the thin cirrus, i.e. in air masses containing positive ice water content, according
to ECMWE. Contrails contained 5.3x10''/m ice particles per unit plume length. The mean optical
depth t was 0.054. One contrail reached t = 1.1. Not accounting for overlap of the various contrails,
the cover with thin contrail cirrus would be 110 %, mostly optical thin (t<0.03). The fraction of cir-
rus with optical depth larger 0.4 (larger 0.05) was 4.5 % (35.5 %) without contrails and 9 % (50.6
%) with contrails, i.e. 15 % of the sky was covered with contrail cirrus of t>0.05. The contrail in-
duced RF is 3.8 W/m? in the LW, -4.5 W/m? in the SW, and -0.64 W/m?® net. Hence, contrails were
cooling in this case. The computed contrail cover agrees - not ideally but qualitatively - with the cir-
rus cover derived from Meteosat (see Fig. 1). The remaining differences are mainly because of de-
viations of the computed RHi from the NWP data compared to reality. Best performance was ob-
tained with ECMWF forecasts from 12 UTC that day.

4 CONCLUSIONS

A new Contrail Cirrus Prediction Tool (CoCiP) has been developed to simulate and predict contrail
cirrus from a fleet of aircraft, flight by flight, regionally or globally. The model has been developed
in the last year and parts are still under development. So far, the model has been tested in parameter
studies in comparison with insitu, lidar, and satellite data. The most critical parameters concern the
NWP humidity and the life time of contrails (sedimentation, turbulent particle loss). The results in-
dicate that most contrails occur inside thin cirrus in the upper troposphere. The radiative forcing by
contrail cirrus is far larger than estimated from line shaped contrails and may be negative at least
regionally. Contrail climate impact can be reduced by proper air traffic management. The model
will next be used for global evaluation of contrail cirrus RF. We plan to run it for several years and
compare it with Meteosat observations. Moreover we plan for tests with research aircraft (HALO
and Falcon) in a cirrus experiment “ML-CIRRUS”. The model will also be applied within the pro-
ject UFO (Mannstein and al., 2009). In the future, the model may be coupled to other global models
(with aerosols & chemistry) to assess the total aviation climate impact. For example it may be used
to study renucleation effects from contrail-processed soot emissions. The model may be extended
with plume chemistry to compute the effective chemical emissions. Higher order microphysics
cloud physics may be included. The same principle approach may be used to simulate ship trails.
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ABSTRACT: Two years (January 1999 — January 2001) of data from the Along-Track Scanning
Radiometer 2 (ATSR-2) aboard the satellite ERS-2 have been processed with an automatic ship
track detection algorithm. The distribution of detected tracks shows similar patterns and magnitudes
to another satellite-derived dataset and is consistent with locations of shipping lanes. Most tracks
are detected in the North Pacific and North Atlantic, between March and August. The derived track
masks have been used with ATSR-2 data from the Oxford-RAL Aerosol and Clouds (ORAC) re-
trieval scheme to reveal differences between track and non-track clouds. Water clouds which are
part of a ship track show an approximate 50% increase in optical depth as compared to background
cloud conditions (30 km or more from tracks), and a decrease in effective radius of similar magni-
tude. This is consistent with the first aerosol indirect (Twomey) effect.

1 INTRODUCTION

The aerosol present in the exhaust of ships can act as cloud condensation nuclei (CCN) and seed
clouds in clear-sky situations, or alternatively the increase in CCN can modify the properties of ex-
isting clouds. Such resulting ship tracks are easily visible in aerial or satellite imagery, although
their global spatial extent and impact on cloud properties are less well-known. Hence it is of interest
to be able to quantify them.

In this work the application of an algorithm for the automatic detection of ship tracks from near-
infrared Along-Track Scanning Radiometer 2 (ATSR-2) imagery, combined with retrievals of cloud
microphysical properties derived from the same instrument, is discussed. The ATSR-2 instrument
was launched in 1995 on the satellite ERS-2 and measures radiance at 7 wavelengths in the visible
and infrared; nadir-view measurements from the 0.67, 0.87, 1.6, 10.8 and 12.0 um channels are
used in the track detection and cloud retrieval algorithms. At present, data from January 1999 to
January 2001 have been processed with the ship track detection algorithm.

2 TRACK DETECTION AND FILTERING

The automated ship-track detection algorithm is described in detail by Campmany et al., (2009). It
uses ATSR-2 1.6 pm data gridded to 3 km by 4 km pixels to find straight ‘ridgelets’ of higher in-
tensity than their neighbours. These ridgelets are then connected via a set of connectivity rules, and
are deemed to be ship tracks if sufficiently long. Additional constraints, such as the absolute 1.6 um
intensity of the pixels and their infrared brightness temperatures, are employed to ensure that the de-
tected ridgelets represent low-lying cloud.

Detected tracks are then filtered using data from the Oxford-RAL Aerosol and Clouds (ORAC)
retrieval scheme, processed under the framework of the Global Retrieval of ATSR Cloud Parame-
ters and Evaluation (GRAPE) project (Poulsen et al., in prep., Sayer et al., in prep.). The ORAC
data provides (with associated uncertainty estimates and quality control information) for each
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cloudy pixel estimates of the cloud optical depth, effective radius, water path, and cloud-top pres-
sure (also converted to height and temperature), along with information on whether the cloud con-
sists of water droplets or ice crystals. The track detection is performed at 3 km by 4 km resolution
as the retrieval of cloud properties is performed at this scale. The ORAC algorithm has been applied
to the whole ATSR-2 dataset and is currently being applied to the similar Advanced ATSR
(AATSR) instrument, launched in 2002 as the successor instrument to ATSR-2.

Pixels flagged as potential tracks by the automatic algorithm are then confirmed as track pixels if
they correspond to successful water cloud retrievals with a cloud-top height lower than 1 km. This
extra step helps to remove false positives from the detections.

3 DISTRIBUTION OF DETECTED TRACKS

The annual mean fractional coverage of ship tracks is shown in Figure 1. Tracks are most frequently
detected in the Northern Atlantic and Pacific oceans, where annual mean coverage may reach 0.3 %
in some regions. This distribution of tracks is consistent with known heavy shipping traffic in these
regions (Endrensen et al., 2003) although shipping lanes elsewhere in the world without track detec-
tions are a consequence of the meteorology, with track formation requiring low warm, moist air.
The distribution is also consistent with the results of Schreier et al., (2007) who detected ship tracks
in AATSR data for the year 2004.

Track frequency was found to exhibit a seasonal cycle, with more tracks detected in the Summer
hemisphere (particularly in the Northern Hemisphere between March and August). This is again
consistent with Schreier et al., (2007); as shipping traffic does not show this seasonal behaviour,
this is further evidence for the meteorological dependence of ship track occurrence.

Annual mean filtered percentage cover of ship track

0 0.1 0.2 >{0.3

Figure 1. Annual mean percentage cover of ship tracks determined for the period January 1999-January
2001, after the automated detection algorithm and ORAC cloud retrieval filter have been applied.

4 PROPERTIES OF TRACK AND NEAR-TRACK CLOUDS

Together with the track mask, the ORAC cloud retrieval data enable the comparison of ship track
properties with those of nearby cloud. This allows the assessment of the impact of shipping on ex-
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isting cloud decks (although does not directly inform about the properties of new clouds seeded in
otherwise cloud-free conditions).

For each orbit containing ship tracks, the mean cloud optical depth, effective radius, and liquid
water path are calculated for retrievals flagged as being parts of tracks. Then, the same calculation
is done for water cloud retrievals at increasing distances from the nearest pixel flagged as a track, in
4 km distance increments (e.g. 0-4 km, 4-8 km). Finally the ratio between the mean cloud property
for track pixels and that for cloud properties for each distance increment are found. As ship tracks
tend to be geographically clustered and so subject to similar background meteorological conditions,
calculating these means on an orbit basis, rather than the more difficult task of by individual tracks,
is not expected to influence the comparison.

This process is repeated for each orbit containing tracks to form a mean distance profile; Figure
2 shows the relative cloud optical depth moving away from tracks, Figure 3 the relative cloud effec-
tive radius, and Figure 4 the relative cloud water path. These figures show that the tracks have a
higher cloud optical depth and lower effective radius than background conditions (where the back-
ground, taken at the point at which the curves flatten, is approximately 30 km from the nearest track
pixel). The tracks show an enhancement of the order of 50 % in optical depth and decrease of a
similar amount (although not quite as pronounced) in effective radius as compared to these back-
ground values. This result is consistent with the first aerosol indirect effect (also called the Twomey
effect or cloud albedo effect) that the aerosol from the ship’s exhaust leads to a higher number of
smaller cloud droplets.

The liquid water path, shown in Figure 4, is approximately constant but shows a hint of en-
hancement near tracks. Liquid water path is calculated from the product of optical depth and effec-
tive radius and this enhancement is an indicator of the stronger response of cloud optical depth than
effective radius. It is not clear whether the enhancement is real, which could be due to increased
water content from convective rising of air in the ship’s path, or a retrieval artefact.
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Figure 2. Relative cloud optical depth as a function of distance from nearest track pixel. The error bars indi-
cate the standard error on each distance increment. The solid grey line indicates a ratio of 1.
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Figure 3. Relative cloud effective radius as a function of distance from nearest track pixel. The error bars
indicate the standard error on each distance increment. The solid grey line indicates a ratio of 1.
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Figure 4. Relative cloud liquid water path as a function of distance from nearest track pixel. The er-
ror bars indicate the standard error on each distance increment. The solid grey line indicates a ratio

of 1.

5 CONCLUSIONS

An automatic algorithm for the detection of ship tracks has been applied to two years of data from
ATSR-2. The distribution of detected tracks is consistent with known patterns of shipping, and an-
other satellite dataset of ship track frequency.

The change of cloud optical depth, effective radius and liquid water path has been examined as a
function of distance from ship tracks. This revealed an approximate 50 % increased of optical depth
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and a decrease of effective radius of slightly smaller magnitude as compared to background condi-
tions 30 km or more away. This is a signature of the first aerosol indirect effect on clouds. Liquid
water path showed signs of a small enhancement in and near tracks although the reasons for this are
not certain.

Although at an early stage, this work demonstrates the capability to monitor ship track occur-
rence and properties from space. In the future this algorithm will be improved and applied to the
whole (A)ATSR record to give a 13-year or longer record of ship tracks, which could be used to
further investigate aerosol indirect effects, examine trends in shipping and ship-induced cloudiness
and estimate the radiative forcing of ship tracks.
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