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1.

EXECUTIVE SUMMARY

Contract n°

EVK2-1999-00039

Project Duration:

Title

Interhemispheric differences in cirrus properties from anthropogenic
emissions

24 months

Objectives:
Recent assessments of anthropogenic impacts on the environment stress the importance
of a better understanding about atmospheric particles and the role aerosols have in
directly or indirectly influencing climate forcing and ozone chemistry.
In this context the expected increase in use of aviation fuel may have substantial effects
on coverage, thickness, and frequency of occurrence of cirrus clouds. Because cirrus
clouds are an important component of Earth’s energy budget, even small changes in the
cloud properties may be of relevance for the climate. A perturbed cirrus field due to
anthropogenic emissions may affect atmospheric chemistry in the upper troposphere and
lower stratosphere through heterogeneous processes. There is a concern that the
emissions from aircraft may influence the thermodynamic threshold of cirrus formation
and dissipation, and since the surface area in cirrus clouds are several orders of
magnitude larger than background values the presence or non-presence of cirrus clouds
is critical.
Because there exists an uneven geographical distribution in anthropogenic emissions this
could result in a geographical difference of the effect on aerosols and clouds. Therefore,
the objectives of the INCA project are to:
§ Determine the difference in cirrus properties, which are of importance for
climate and ozone distribution in the upper troposphere and lower stratosphere, in
air masses with low and high aerosol loading.
§ Provide a first set of data of the microphysical and morphological properties of
young cirrus clouds at southern and northern mid-latitudes, in relatively clean and
polluted air masses, under otherwise comparable conditions.
Scientific achievements:
The INCA project has provided the first set of data of aerosol and cirrus cloud properties
in the southern hemisphere mid-latitudes. By performing a second observation campaign
in the northern hemisphere, at equal latitudes, at equivalent season, using the same
equipment and conducting both campaigns within one year, the INCA project has also
provided a unique set of data that allow for a direct comparison of pristine and polluted
environments.
Recent assessments on anthropogenic impacts on the environment stress the
importance of a better understanding about atmospheric particles and the role aerosols
have in directly or indirectly influencing climate forcing and ozone chemistry. The INCA
project has brought new important insights to these issues
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Main deliverables:
Within the first year of the project, two measurement campaigns were performed; one
campaign in the Southern Hemisphere and one in the Northern Hemisphere midlatitudes.
During the second year, a database containing a very large and unique set of
measurements to address cirrus related questions have been established. Data from the
two campaigns represent observations that cover a very large range of pollution levels
and ambient conditions.
The INCA database contains an important and extensive data set to study the possible
impact of anthropogenic emissions on cirrus, in that it is the first set of data of the
microphysical and morphological properties of young cirrus clouds at southern and
northern mid-latitudes, in relatively clean and polluted air masses, sampled under
otherwise comparable conditions.
Socio-economic relevance and policy implications:
Scientific assessments are used by policy makers to base long-term decisions that affect
a large number of people. In recent assessments dealing with the atmosphere and the
climate system it is repeatedly emphasized that crucial understanding about the aerosolcloud-climate interaction is missing. The contribution of new understanding provided by
INCA in an area poorly understood will undoubtedly have an important part in future
assessments on the human impact up on the atmosphere.
Conclusions:
Conclusions drawn from the analysis of INCA data are many in details, but can be
summarised in two major topics.
1) We can conclude that the levels of pollution in the tropopause region of the Southernand Northern hemisphere mid-latitudes are distinctly different. The Northern hemisphere
shows several times higher loading of trace gases and aerosols.
2) We can conclude that a difference in cloud related properties are evident in the data.
The relative humidity associated with cirrus clouds is higher in the Southern Hemisphere.
The fraction of non-volatile particles found in crystals is higher in the Southern
Hemisphere. The ice crystals are fewer and larger in the Southern Hemisphere.
The sensitivity of the system in the sense of a quantitative relation between an
anthropogenic perturbation and a response in the cloud properties require more in-depth
analysis of the data, since in-situ observations simply provide a statistical sample of the
atmosphere.
Dissemination of results:
Trace gas data, aerosol data, microphysical data, cloud residual data, and atmospheric
state data are available through the INCA web page http://www.pa.op.dlr.de/inca/.
Keywords:
Cirrus, aerosols, aircraft, emissions, contrails, ozone, climate, tropopause
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2.

BACKGROUND

Changes in coverage, thickness, and frequency of occurrence of cirrus clouds
and changes in crystal surface area may affect the atmospheric composition through
heterogeneous chemical processes in the upper troposphere and lower stratosphere.
The potential impact on ozone has been studied in a few singular studies but the
results are yet inclusive partly because of limited knowledge about the properties of
cirrus clouds and their dependence on aerosols (WMO, 1999).
Aerosol particles from anthropogenic emissions at the Earth surface or from air
traffic influence the Earth radiation budget and climate through direct and indirect
changes in aerosol properties and cloudiness. Aerosols directly affect climate by
scattering and absorbing solar- and longwave-radiation, and indirectly affect climate
by modifying the formation and radiative properties of clouds. Recent climate
assessments have stressed the importance of natural and anthropogenic changes in
aerosols on direct and indirect radiative forcing (IPCC, 1996).
While at least some insight is available about the impact of aerosol on the
properties of warm (liquid) clouds, very little is known about the impact of aerosols
on cold (ice) clouds (IPCC 1996, 1999). Ice particle nucleation occurs, either
through freezing of solution droplets (homogeneous nucleation) or through freezing
initiated by a solid particle (heterogeneous nucleation). Both processes strongly
depend on temperature, relative humidity and aerosol type (e.g., Heymsfield and
Miloshevich, 1995; Jensen and Toon, 1997). Aerosol particles that are suitable to act
as ice nuclei (IN) may consist of soot, sulphate, minerals, clay, or even bacteria in
particular when sharing the morphology of ice crystals (Bigg, 1990).
It is presently unknown which nuclei control most of the ice formation in high
cirrus clouds (IPCC, 1999). Since ice nucleation tends to be self-limiting, cirrus cloud
properties are expected to change only slightly if the number of aerosol particles is
increased while maintaining the size distribution and composition of the aerosol
(Jensen et al., 1994; Lin et al., 1998). On the other hand, a change in size or
composition may have large effects (DeMott et al. 1994; Levkov et al. 1995). Large
sulphate particles induced by the Mt. Pinatubo volcanic cloud, lead to a measurable
increase in the number of ice crystals, optical depth, and radiative forcing of cirrus
clouds, as witnessed by Lidar, satellite, and in-situ data (Sassen et al., 1995; Wang
et al., 1995).
A possible impact by aircraft emissions on cirrus properties is suggested by insitu measurements in cirrus conducted in a region with high air traffic density. The
observations revealed a strong correlation between absorbing particles (presumably
engine soot) and the number of ice particles in cirrus (Ström and Ohlsson, 1998).
Aircraft emissions may have caused observed long-term increases in cirrus
occurrence frequency and amounts (Boucher, 1999) with possibly large impact on
radiative forcing (IPCC, 1999).
Our knowledge about cirrus, to a large extent, results from the FIRE and
SUCCESS experiments in the USA, and ICE, EUCREX, AEROCONTRAIL, and
INTACC experiments in Europe. Experiments with cirrus related objectives are
presented in Figure 1. The distribution of experiments show that prior to the INCA
experiment no study had been performed in the Southern Hemisphere midlatitudes.
Thus, treating cirrus cloud as having identical properties in both hemispheres is not
based on observations. We may actually be faced with the fact that previous studies
always have been conducted in more or less perturbed air masses. It is easy to
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convince one self of this by simply overlaying the patter of use of aviation fuel also
presented in Figure 1.

Figure 1. Left: Geographic distribution of projects involving cirrus related research (courtesy of
Andrew Heymsfield). The green squares indicate the operation areas of the INCA experiment. Right:
The global use of aviation fuel.

Satellite data clearly show a higher aerosol loading (about factor 2 to 4 in SAGE
satellite limb transmission measurements at 1 µm) in the NH Hemisphere. The
background atmosphere is also much cleaner in the South than in the North, where
trace gases in the South are lower, e.g. by a factor of 10 for SO2 and 3 for HNO3
(Thornton et al., 1999). Satellite data show less difference in high cloud cover and
properties in the two hemispheres (see, e.g., the ISCCP-data from geostationary
satellites and the HIRS data from polar orbiting satellites). Some of the difference
might be caused by differences in meteorological conditions, but it is not known if any
of the interhemispheric differences in aerosol loading also translate into different
cloud properties.
Because of the uneven geographical distribution of anthropogenic emissions, a
regional but above all an interhemispheric difference is bound to exist in the
indirect aerosol effect. Such indirect effects are of particular importance in assessing
the impact of aircraft induced aerosols and contrails on cirrus properties. The lack
of data from pristine environments prevents us from making firm conclusions on the
possible influence by anthropgenic emissions on cirrus clouds. Due to non-linear
relationships between cloud optical and microphysical properties, a subtle but
systematic change in the microphysical properties caused by human activities can be
climatically important (IPCC, 1996, 1999).
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3.

SCIENTIFIC/TECHNOLOGICAL AND SOCIO-ECONOMIC OBJECTIVES

Cirrus clouds form mainly in the upper troposphere but thin cirrus clouds
(sometimes subvisible) have been detected also in the lower-most stratosphere up to
a few kilometers above the tropopause. Cirrus clouds consist mainly of ice particles,
at least at ambient temperatures below about -40°C, but may also contain small
liquid particles. Properties that are of importance for climate and air chemistry include
the radiative properties of cirrus clouds and the specific particle surface area within
cirrus. Both of these depend on the morphology (formation conditions, evolution,
structure, cover, thickness, cloud water content) and the microphysical properties
(phase, composition, shape, number density versus size of the particles).
Industry, domestic heating/cooling, and (air)traffic cause large emissions of
aerosols and aerosol forming precursors. At present very little is known about the
impact of these emissions on the very sensitive atmosphere near the tropopause.
One goal of the INCA project is to determine the background composition of the
atmosphere in one of the cleanest and in one of the most polluted tropopause
regions of the world. By contrasting these results a better insight about the influence
of anthropogenic emissions on the change of atmospheric composition can be
acquired. Besides observing aerosol and cloud properties, measurements of NOy,
CO, O3, H2O, and temperature allow us to identify the air masses and their degree of
pollution from surface sources or from air traffic. The NOx and NOy measurements
contribute to identify the nitrogen oxide sources from the stratosphere, which is the
only essential source near the tropopause in the Southern mid-latitudes. Nitric acid is
discussed as an important parameter during cirrus formation. Hence the atmospheric
composition of trace gases may influence cloud microphysical properties.
Cirrus clouds may in turn influence trace gases in the tropopause region. This
topic is of top priority for stratospheric ozone research, for Montreal-follow-on
activities, and for assessments of the impact by present subsonic and potential future
supersonic aircraft emissions on ozone near the tropopause. Recently, it has been
hypothesised that high contents of water vapour in combination with low
temperatures and large heterogeneous reactive uptake coefficients make cirrus
clouds potentially very important in converting reservoir species to active chlorine in
the midlatitude tropopause region. For analysis of such processes, one needs to
know the frequency of occurrence of cirrus clouds and the ice surface area available
for heterogeneous chemistry. Past studies used parameter relations with very little
data to constraint the simulations. One goal of the INCA project is to provide statistics
on microphysical properties from clean and polluted environments, to be used as
model input and for validation.
Cirrus clouds modulate the radiative forcing of the atmosphere. They are one of
the key players studied within the World Climate Research Programme (GEWEX)
and important for assessments of anthropogenic climate changes. Currently there is
no scientific consensus on many of the fundamental properties of cirrus clouds. With
the improvement of existing instrumentation and the development of new devices,
the “typical” properties of cirrus clouds have a tendency to change. Not even the
preferred mode of nucleation (homogeneous or heterogeneous) has been
determined experimentally, and the present view is based on theoretical grounds and
not verified by atmospheric measurements.
By deploying an unprecedented aircraft payload and conducting observations in
two very different environments, the INCA project provides a new set of data that
offers a unique possibility to study the anthropogenic effect on cirrus clouds.
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Contrasting the polluted Northern Hemisphere and the much cleaner Southern
Hemisphere, provide the necessary data to confirm an already present modulation of
cloud properties caused by anthropogenic emissions. Comparing the difference
between clouds formed in a pristine remote location with those in a perturbed
atmosphere over Europe will provide the calibrations points necessary to achieve the
global perspective required to assess the impact from future changes in emission
patterns.
The two main objectives of the INCA project are:
•

Determine the difference in cirrus properties, which are of importance for
climate and ozone distribution in the upper troposphere and lower
stratosphere, in air masses with low and high aerosol loading.

•

Provide a first set of data of the microphysical and morphological
properties of young cirrus clouds at southern and northern mid-latitudes, in
relatively clean and polluted air masses under otherwise comparable
conditions.
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4.

APPLIED METHODOLOGY, SCIENTIFIC ACHIEVEMENTS AND MAIN DELIVERABLES

INCA campaigns and instrumentations
To meet the objectives of the INCA project, the first in-situ measurements ever
of cirrus and concurrent aerosol properties in the Southern Hemisphere midlatitudes
were performed. Because the goal is to compare observations made during two field
campaigns conducted in regions with different pollution levels the strategy was to
perform the missions:

•
•
•
•

at equal relative latitudes
in equivalent season
using the same set of instruments
using the same observation strategy
• within the same year
The measurements were performed using the research aircraft Falcon, which
covers the altitude range up to 13 km. The two measurement campaigns were based
in Punta Arenas, Chile at 53ºS, and in Prestwick, Scottland at 55ºN, respectively. The
location of these bases and the ferry flight to Punta Arenas are shown in Figure 2.

Figure 2. The ferry flights to (via North America) and from Punta Arenas. The two campaign bases are
indicated with white arrows (Punta Arenas to the south and Prestwick to the north).

In total 19 scientific missions were flown with an average duration of 3 hours
and 45 minutes. Over 130 flight hours was used for the entire project (see Table 1 for
a summary of the flight activities). Some 30 people from the INCA partners have
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been involved in the aircraft activities. In addition associated groups and institutes
have contributed significantly to the success of the INCA project. Particularly we
acknowledge the group of Prof. Patrik Minnis (NASA) for contributing satellite
products, the group of Prof. Otto Schrems (AWI) for participating with their Lidar
MARL during both field phases, and the trajectory and model analysis provided by
Dr. Peter van Velthoven (KNMI).
Table 1. Flight activities within the INCA project.

Campaign
Punta Arenas, Chile

Flight activity

Time (hhh:mm)

Test flight
Transfer to Chile
2 technical flights
10 mission flights
Transfer back
First campign total

1:30
30:00
3:25
39:40
21:50
96:25

Test flight
Transfer to Prestwick
9 mission flights
Transfer back
Second campaign
total

2:05
2:25
30:35
2:20
37:25

Prestwick, Scotland

INCA project Total

133:50

The two bases of the INCA project (Punta Arenas, Chile, and Prestwick, Scotland)
poses two rather different challenges in terms of operations. Besides being far away,
which require a lot of extra spare parts to be shipped in advance etc., the South
American tip is a politically sensitive region. After two technical flights with a Chilean
air force official the INCA team had the permission to operate more or less freely in
Chile air space. However, the INCA project was never given the permission to enter
Argentinean air space. At the end this did not affect the outcome of the project.
Prestwick, on the other hand, is situated right next to the main flight routes for
traffic between Europe and North America. The Air Traffic Control Center (ATC) in
Prestwick provided the INCA team with forecasted traffic pattern for use in our flight
planning. Hence, a close collaboration with the local ATC was necessary and had to
be established in advance of the field phase. During all our flights at least one person
from the INCA team was present at the ATC to provide support, both to the ATC as
well as a relay link between the INCA operation centre and the aircraft. One other
task was to document the radar screen for post flight analysis of aircraft emission
patterns.
Daily briefings were held, except for a few occasions when flight operations
where on hold. The main purpose of these briefings was to update everyone on the
weather conditions and coordinate potential missions or other practical issues. In
planning of the mission flights a team consisting of representatives from each
partner, the project meteorologist, pilots and whoever in the INCA team that found an
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interest to participate, came together to discuss how to make best use of the flight
hours. The decisions were based on a multitude of sources for information, where
satellite imagery, weather forecasts, chemical tracer forecast, instrument status, air
traffic patterns, represents the main sources of information. After the missions postflight briefings were held to review the findings and instrument status. A day or two
after the flight, quick-plots of the measurements were available for most parameters,
which were presented during data meetings. The information and knowledge gained
from previous measurements were fed back to the decision making of new
deployments of the aircraft.
One of the tools used for flight planning was the output from the 3D NILU-CTM.
Forecasted fields of chemical species and aerosols where provided via a web page
based interface. The model used for this purpose is driven by meteorological data
from a numerical weather prediction model using global meteorological analyses and
forecast from ECMWF (European Centre for Medium Range Weather Forecasts) as
initial and boundary conditions. The model includes full tropospheric O3, NOy, CO
and VOC chemistry. The model is self-nesting and can be used on horizontal grid
resolutions from 150 to 20 km. In the vertical, 10-30 unequally spaced levels with a
model top at 50-100 hPa can be used. Surface emissions are specified for NOx, CO,
VOC and SO2. The 3D NILU-CTM is documented in Flatøy et al. (1995), Flatøy and
Hov (1996a, b) and Flatøy and Hov (1997). An example of one output is provided
below in Figure 3.

-1

Figure 3. 18 hour forecasts of total dust and sea salt concentration in air (µg kg ) at the surface on
the SH on 04.04.00. The chart is centred over Antarctica with Punta Arenas to the left in the figure.

The main philosophy behind the design of the Falcon payload was to study the phase
partitioning of aerosols. By comparing properties of particles that became
incorporated into the crystals with those that remained as interstitial aerosol, we can
derive a nucleating efficiency as a function of different aerosol properties (e.g.
number density, size distribution, composition). The microphysical response due to
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variations in aerosol and air mass properties is given by concurrent measurements of
cloud properties and trace gas concentrations.
The payload can be divided into four instrument packages measuring:
1)
2)
3)
4)

Cloud micropysical properties
Interstitial/out-of-cloud aerosol properties
Crystal residual properties (particles remaining after evaporating the
condensed water)
Trace gas concentrations

Table 2. INCA aircraft payload
Instrument
Measurement
Cloud microphysical
properties
PMS-FSSP-300
Aerosol/Crystal size
distribution
PMS-2DC
Crystal size distribution
Polar
Scattering phase function
nephelometer
Hygrometer
Cloud water content
Interstitial/out-of-cloud
aerosol properties
UCN
Aerosol number density
CPC 1
Aerosol number density
CPC 2
Aerosol number density
DMPS
Aerosol size distribution
PMS-PCASP
Aerosol size distribution
Filter samples
Particle composition
Black carbon
Differential absorption
TCPC1
Thermodenuder 125ºC,
number density
TCPC2
Thermodenuder 250ºC,
number density
Crystal residual properties
CPC 1
Residual number density
CPC 2
Residual number density
DMPS
Residual number density
PMS-PCASP
Residual number density
Filter samples
Residual particle composition
Black carbon
Differential absorption
TCPC1
Thermodenuder 125ºC,
number density
TCPC2
Thermodenuder 250ºC,
number density
NOy
Particle NOy/by differentiation
Trace gas concentrations
Hygrometer
Water vapour mixing ratios
NO
Nitrogen oxide mixing ratio
NOy
Total reactive nitrogen gases
Ozone monitor
Stratospheric tracer
Carbon monoxide Tropospheric tracer

Range

Inlet

Partner

0.3-30 µm

Wing mount

DLR

50-800 µm
1-500 µm

Wing mount
Wing mount

UBP
UBP

0.1-30mg/kg

CVI probe

SU

D>3 nm
D>5 nm
D>14 nm
0.02-0.15 µm
0.1-1 µm
D>0.2 µm
-3
>0.1?
µg m
D>10 nm

Aerosol probe
Aerosol probe
Aerosol probe
Aerosol probe
Wing mount
Aerosol probe
Aerosol probe
Aerosol probe

DLR
DLR
DLR
SU
DLR
DLR/SU
DLR
DLR

D>10 nm

Aerosol probe DLR/SU

D>10 nm
D>15 nm
0.02-0.15 µm
0.12-3.5 µm
D>0.2 µm
-3
>0.1 µg m
D>18 nm

CVI probe
CVI probe
CVI probe
CVI probe
CVI probe
CVI probe
CVI probe

SU
SU
SU
SU
SU/DLR
SU
SU/DLR

D>18 nm

CVI probe

SU/DLR

0.5-250 ppt

Gas inlet

DLR

3-5000 ppm
0.005-25 ppb
0.05-25 ppb
10-1500 ppb
5-500 ppm

Gas inlet
Gas inlet
Gas inlet
Gas inlet
Gas inlet

LMD
DLR
DLR
DLR
DLR

Because the aerosol particle size-distribution ranges over many orders in
magnitude, a combination of different instrument techniques are required. The
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smallest aerosol particles are measured using condensation particle counters (CPC).
Size distributions of Aitken mode particles, D<0.1 µm diameter, are measured using
a differential mobility analyser combined with a CPC (DMPS). Aerosol particles and
crystals larger than about 0.1 µm diameter are measured using different optical
instruments. The instrumentation is listed in Table 2.
To sample and analyse the aerosol particles incorporated into the crystals
(crystal residual particles), a counterflow virtual impactor (CVI) probe is used. This
device inertially separates the crystals from the ambient air into a dry and particle
free carrier gas. The condensed water is evaporated and the residues are analysed
using sensors according to Table 2.
An anthropogenic signal in cloud properties caused by a modulation of aerosol
properties is expected to be small in relation to the natural variability in clouds. For
this reason, the instrumentation to measure the aerosol particles and crystal residues
are purposely made as identical as possible. This way, uncertainties that arise from
using different techniques are avoided. Although several of the instruments in the
payload have participated in previous campaigns, the combination of consistent
instrumentation presented in Table 2 is an unprecedented and unique set of sensors
never before probed cirrus in any experiment prior to the INCA project.
Ambient aerosols and trace gases
-60

-40

-20

0

20

40

60

Latitudinal aerosol distribution
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(averaging based on 4° latitude bins)
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-3
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Total accumulation mode particles
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Figure 4. Meridional concentration distribution of ambient particles in the upper troposphere. Data
points are based on averages over four degrees of latitude. The figure show the southbound and
northbound ferry flights and campaign averages. See figure label for details

During the ferry flight some of the payloads were operational and the latitudinal
cross section southbound and northbound gave the first observational evidence of
the contrast between the two hemispheres. Figure 4 shows the variation in the
aerosol number density as a function of latitude. The Northern Hemisphere (NH)
midlatitude shows approximately a factor two to three higher number density than the
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counterpart in the Southern Hemsiphere (SH). The enhanced aerosol number
densities found at tropical latitudes (10ºN-20ºS during the southbound flight and 5ºS30ºS during the northbound flight) clearly mark the inter tropical convergence zone
(ITCZ). The normally east-west orientation of the ITCZ over ocean is perturbed over
continents where the area of intense convection can be found further south. This
causes the ITCZ to have a north-south orientation near the edges of the continents.
Since the ferry flights took place in these regions of a meandering ITCZ (c.f. Figure
2), the falcon was not crossing the ITCZ perpendicular. Hence the latitudinal width of
the ITCZ indicated in Figures 4 and 5 is much larger than if the flights would have
been conducted over open oceans.
The aircraft fly at the same altitude in the ITCZ as in the midlatitudes, but
because the tropopause is located at a higher altitude in the tropics the data cannot
be directly compared between these regions. The factor 2-3 number density
differences refers strictly speaking to the campaign averages (medians). The
differences are mainly found for Aitken sized particles, the larger particles in the
accumulation mode and for the non-volatile particles fraction. As for the latitudinal
transects the comparison is done for NH spring and SH fall. Still the difference agree
well with the factor 2-3 given by the campaign averages (which compare the same
season).

200

INCA Ozone
INCA CO
MOZART Ozone
MOZART CO

Ozone, CO [nmol/mol]

180
160
140
120
100
80
60
40
20
0
-60

-40

-20

0

20
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Latitude [ °]
Figure 5. Comparison between measurements during the ferry flight between Punta Arenas and
Oberpfafenhoffen, and simulation from MOZART model. Collaboration with Louisa Emmons at NCAR
– Atmospheric Chemistry Division in Boulder.

The usefulness of these extended transects is illustrated in Figure 5. Here the
observed CO and O3 values (solid lines) are compared with model-calculated values
(dashed lines). The higher levels of CO and O3 in the NH are evident as is the effect
of measuring within the ITCZ. In the tropical region CO is significantly enhanced from
convective transport.For the same reason ozone poor air from the boundary layer is
lifted to the free troposphere. The model calculations capture the latitudinal variation
-13-
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in CO very well, which indicate that processes are well understood. However, ozone
is systematically overestimated and the deviations increase with decreasing latitude.
Comparisons such as the one presented in Figure 5 is of great help in identifying
where more understanding about processes are needed.
Data suitable for comparison with the INCA – Punta Arenas data set are sparse.
During STRATOZ III (Stratospheric Ozone Experiment) in June 1984 and TROPOZ II
(Tropospheric Ozone Experiment) in January 1991 aircraft measurements were
performed with a similar flight track between Europe and Chile as INCA. While the
NOx measurements performed during STRATOZ III compare reasonable well with
the INCA NOx profiles obtained in Punta Arenas, significantly higher NOx and NOy
values were measured during TROPOZ II. A reasonable good agreement for CO and
ozone was observed between all three campaigns
Vertical profiles of aerosols (presented in Figure 6) and trace gases (presented
in Figure 7) obtained from the ascents and descents conducted during the mission
flights illustrate even better than the latitudinal transect the clear difference in
ambient conditions in which the two campaigns where performed.

NORTHERN HEMISPHERE
pressure altitude (m)
normalized to TP height
SOUTHERN HEMISPHERE
pressure altitude (m)
normalized to TP height
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Figure 6. Mean vertical profiles of aerosol number concentrations (Aitken, accumulation mode and
non-volatile aerosol particles) for the INCA Prestwick (a-c) and the INCA Punta Arenas (d-f)
campaigns. To facilitate the comparison of each flight's data, the pressure altitude scale of each flight
was normalized in order to match the actual tropopause (TP) heights to the mean TP height of 10500
m (valid for both INCA campaigns). Number concentrations have been calculated to represent
standard conditions. The thick lines refer to the median, the thin lines to the 25- and 75-percentiles of
the data binned into 500 m altitude intervals.

Aerosol components in the SH show relatively weak vertical gradients indicating
that the troposphere of the SH is relatively well mixed, that is, surface sources are of
minor importance, and that aerosol on average will be relatively aged due to long
transport times. The situation in the NH is much more complex due to a greater
variety of air masses with different source regions that carry different levels of
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pollutants. In particular the accumulation mode and the non-volatile aerosol (the latter
partly constituting the accumulation mode aerosol particles) show in the NH a
pronounced and steady decrease from the surface towards the upper troposphere.
Approximately 50% of the accumulation mode size range would be explained by the
non-volatile fraction if all non-volatile particles where of that size range. Although the
absolute amounts are different between the two hemispheres this fraction is about
the same for the two campaigns.
However, in spite of this strong vertical gradient the aerosol concentrations even
in the tropopause region remain higher than that observed in the SH. Why the
accumulation mode and non-volatile aerosol is slightly enhanced just above the
tropopause (in both hemispheres) is not yet explained. (One has to take into account
that data of the TP region are less representative, because the Falcon did not fly this
high very often during INCA.) The overall vertical gradients observed in the NH
indicate the large-scale importance of anthropogenic and, to a minor degree, natural
surface sources for the NH middle and upper tropospheric aerosol budget
The measurements of NO, NOx, NOy, CO, O3 performed during the INCA
project contribute to global trace gas climatology. Several aircraft campaigns were
performed in the region of the North Atlantic flight corridor and in the Pacific region in
recent years. However, trace gas measurements in remote regions of the SH are
sparse as mentioned above. Altitude profiles obtained during the POLINAT 2
campaign in September and October 1997 in the region of the North Atlantic flight
corridor (Shannon, Ireland) is plotted together with the INCA data in Figure 7.
Overall, a good agreement was found between the INCA – Prestwick and the
POLINAT 2 data set.
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Figure 7. Altitude profiles of trace gases from INCA and POLINAT 2 campaigns. The amount of all the
considered trace gases is clearly higher in NH than in SH. Also higher in NH is the variability of these
amounts.

The trace gas levels of NO, NOy, NOx O3, CO, observed at Prestwick
significantly exceed the concentrations found at Punta Arenas indicating the higher
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pollution level at northern midlatitudes. However it is interesting to note that the CO
concentration increase with altitude and reach almost the same value as in the NH at
the top level. This indicates the importance of long-range transport in characterizing
the tropopause region of the SH mid latitudes.
Water vapor
The most important tracer concerning clouds is water vapour. The primary
measurement of frost-point temperature has been converted to relative humidity by
using the ambient temperature measured by the aircraft instrumentation.

Figure 8. Relation between the Relative humidity with respect to ice (RHi) and the air temperature,
outside and inside cirrus clouds for both hemispheres. On each plate, the level for saturation with
liquid water is displayed as line A, and the homogeneous ice nucleation level from Koop is displayed
as line B (from Koop et al, Nature, 406, 611-614, 2000)

The preferred nucleation mode (heterogeneous or homogeneous) of cirrus
clouds is still very uncertain, and as a consequence the humidity threshold of cirrus
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formation is not determined. Based on theory, homogeneous nucleation would
dominate at temperatures below –40ºC. At warmer temperatures nucleation could be
either heterogeneous or homogeneous.
Figure 8 shows a scatter plot of relative humidity as a function of temperature.
The data is further divided into in-cloud or out-of-cloud measurements based on the
0.05 km-1 extinction threshold observed by the Polar nephelometer. Furthermore, in
order to be considered as in- or out-of-cloud data, the observed extinction coefficient
must remain below or above the threshold for at least 4 consecutive seconds. This is
done to take into account the response time of the hygrometer.
In Figure 8 the lines for liquid water saturation and the homogeneous ice
nucleation level using the relation derived from Koop et al (2000) are included:
RHi = 338.7 – 0.398 T

(RHi in %; T in K)

Both campaigns show frequent occurrences of humidity that exceed the ice
saturation level both inside and outside of clouds. However, out-of-cloud data never
exceed the homogeneous threshold level suggested by Koop et. al. (2000). On a few
occasions (less than one percent) the in-cloud data points even exceed liquid water
saturation at temperature below –40ºC.These events are not consistent with existing
theories, and artifacts cannot be excluded. Since strong perturbations are also seen
in other parameters at these occasions, the data have not been removed from the
data set. In Figure 9 the data is presented as frequency distributions of relative
humidity. In clouds, the most frequent relative humidity is approximately 100% RHi,
which is the equilibrium for ice particles. However, the SH in-cloud distribution is
shifted towards higher humidities, where 51% of the in-cloud data is above 105% and
the corresponding fraction for Prestwick is only 31%. The shift is statistically
significantly. Hence, the histograms suggest a significant difference in the typical
humidities in cirrus between the two campaigns.

Figure 9. Histograms of RHi measurement from Punta-Arenas and Prestwick, inside and outside
cirrus clouds. Inside clouds there are 51% of the data with RHi >105% at Punta Arenas compared to
31% at Prestwick. For each location, the frequency is with respect to total number of data, inside and
outside cirrus respectively.

Out-of-cloud data are presented for completeness since the manoeuvring of the
aircraft ferrying to reach the cloud may bias these data. As an example, a
systematically lower tropopause during either campaign could introduce measured
differences if the clouds where always approached from above resulting in different
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amount of time spent in the stratosphere by the aircraft. According to the
Nephelometer criteria 58% of the time was spent inside clouds during the Punta
Arenas campaign, and 41% during the Prestwick campaign.
If the data is plotted in yet a third way a new and very interesting feature
appears. In Figure 10 the fraction of in-cloud data points have been plotted as a
function of humidity. This way any dependence on the time spent at different
humidities is normalized away (given sufficient amount of data to start with). The lines
in the figure represent the fraction of data points that at a given humidity was
classified as cloud. At relative humidities above 150% all measurements where
performed in cloudy air. At 100% RHi both data sets are close to 70% in-cloud data
points. Below 100%RHi the fraction drops off rapidly with decreasing humidity, as
expected. Between 100% and 150% RHi both data sets present a local minimum,
marked by the two arrows in the figure. Because ice clouds cannot evaporate at
humidities above 100% and because “what goes up must come down”, the minimum
should not be there.

Figure 10. Frequency of in-cloud data points for the two campaigns, respectively. The shaded are
indicate the homogeneous nucleation threshold for the most typical temperature in the data set (the
temperatures are below –40ºC with a very similar frequency distribution for the two campaigns). The
two arrows mark the second minimum discussed in the text.

If a cloud reaches humidities of 150% or more and this humidity also is the
threshold for cloud nucleation, the same cloud must still go through all the humidities
below the threshold and 100% RHi while the excess water vapour is consumed by
growing crystals. Let us assume that cirrus clouds form at 150% RHi, then the
fraction of in-cloud data points at 140% RHI is given by the ratio of air parcels that
reach 150% divided by those that only reach 140%. The fraction of in-cloud data
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points at 130% is analogous to the fraction at 140%, but it can never be larger
because air parcel that reached 140% also had to pass 130%. Therefore, the
fractions in Figure 10 should not present a second minimum as shown.
The only possibility is that the measuring technique is less sensitive to very
young recently formed clouds and that the cloud quickly influences the humidity once
formed. The 0.05 km-1 threshold used by the Nephelometer represent approximately
a few hundred 5 µm diameter crystals per litre. It is therefore possible that the cloud
is invisible for the cloud probe when the cloud is just appearing, but as the cloud
grows out of the formation threshold it becomes optically more opaque and the cloud
is sensed by the probe. If the updraft is strong enough, humidities above the
threshold level are possible. We note that in Figure 10 the minumum appears directly
prior to a sharp increase to a fraction of 100% in-cloud data, which would be
consistent with the hypothesis presented above.
The data in Figure 10 represents more than a single temperature but most of
the data is around –45ºC. The homogeneous threshold level for the typical
temperature in the data set is shaded in the figure. Clearly the Punta Arenas data
coincide with the homogeneous threshold, whereas the Prestwick minimum is
located at lower humidities and is wider. The much more well defined minima in the
SH data may reflect a more homogenous aerosol. We interpret these differences in
Figure 10 as a suggestion that cirrus clouds in the NH and the SH have different
thresholds for formation.
Crystal residual particles
A probe sensitive to low crystal number densities is the counterflow virtual
impactor (CVI). This device separates the crystals from the ambient air by their
inertia. The condensed water on the crystals is evaporated and the residue, the
residual particle, is analysed by various sensor working down stream of the probe. By
counting the residual particles the crystal number density Ncvi can be inferred by
assuming a one-to-one relation between crystals and residual particles. That this
assumption is valid is presented later in the report. The cut-off size of the CVI is
about 5 µm aerodynamic diameter.
In Figure 11 the frequency of observations is plotted as a function of Ncvi and
RHi. This plot can be viewed as a probability plot for finding a specific combination of
crystal number density and relative humidity. Because there is a very large range in
probability the surface is plotted on a logarithmic scale. Nevertheless, a maximum in
the observations is located around Ncvi=3 cm-3 and RHi =100%, which is the most
probable combination to observe in a cloud.
However, plotting the same data but after normalizing to the maximum number
of observations at a given humidity, a new pattern appears in the right panel of
Figure 11. In this plot the information about the number of observations is lost and
each humidity interval is given the same weight. If neighbouring cells or combinations
of Ncvi and RHi were uncorrelated, a stochastic mosaic would be displayed in Figure
11. Therefore, a pattern in the figure indicates preferred pathways, assuming the
cloud appears at high humidities and disappears at low humidities. Prior to the cloud
formation the conditions are below the Ncvi-scale and above 100% RHI. Once the
cloud forms crystals appear quickly without changing the ambient humidity very
much. As the crystals grow they begin to deplete excess water vapour at a rate faster
than it is supplied and the humidity is starting to decrease. This also marks the
maximum crystal number density achieved in that particular cloud. After this point is
reached the crystals in the cloud simply grows until the humidity have relaxed down
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to 100% RHi. As the ambient humidity drops below 100% RHi, the crystals begin to
evaporate and the number density drops quickly with decreasing RHi.

Log Ncvi(cm-3
)

Log Ncvi(cm-3)

Prestwick

RHi (%)

RHi (%)

Figure 11. Left, the frequency distribution of observations as function of RHi and Ncvi. The colour
scale is logarithmic. Right, same data as in the left figure but normalised to the maximum value for
each given RHi. Data from the Prestwick campaign at temperatures below 235K. The dashed line in
-1
the figure to the right corresponds approximately to the 0.05 km extinction threshold used in the
analysis of the humidity data in Figure 10.

The green ridge in the right panel of Figure 11, at roughly 130% RHi, would be
the preferred pathway for young clouds if it followed the scenario described above.
This would also be consistent with observations in Figure 10. The approximate
threshold used for the Polar Nephelometer is indicated in Figure 11 by the horizontal
dashed black line. Data points below this line are classified as out-of-cloud data
points in Figure 10. Thus the green area around 130% RHi represents an enhanced
underestimation of in-cloud data points at that humidity, because the crystal number
density is below the threshold limit used by the Nephelometer in Figure 10.

Prestwick

LogNcvi
Ncvi(cm
(cm-3-3))

-3
Log Ncvi
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(cm-3
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Punta Arenas
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Figure 12. The average vertical wind as function of RHi and Ncvi. Panel to the left is data from Punta
arenas and panel to the right is data from Prestwick. The data only comprises data at temperatures
below 235K. The colour scale is in m/s. The large green areas to the left of the blue regions and to the
right of the main red regions represent no data.

If the data points on the right hand side of 100% RHi in Figure 11 (right figure) is
associated with cloud formation and the opposite is true for data points to the left of
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100% RHi, it is conceivable that a relation with updraft velocity between formation
and dissipation regions would be found. In Figure 12 the average vertical wind is
calculated for each combination of Ncvi and RHi. The message in Figure 12 is clear.
Humidities above 100% are associated with up-drafts and humidities below 100% is
associated with down-drafts. There is also a gradient in the average vertical wind as
a function of humidity. At around 100% RHi the wind is close to 0. This pattern
suggests that wave motions are very important in cirrus formation. It is actually
possible that with a very simple phenomenological model, where cloud formation is
driven by gravity waves, to reproduce the pattern seen in Figure 11. However, this
will not be discussed in this report. The two campaigns, Punta Arenas and Preswick,
display similar patterns with respect to the vertical wind in Figure 12, which say
something about the reproducibility in observed property.The unique feature with the
CVI probe is that the content in the crystals can be analysed in real-time. By
observing the different thermal stability by particles a distinction in volatile, semivolatile and non-volatile particles can be made. The sample air from the CVI is
divided into three separate branches. The air is heated to three different
temperatures 25, 125, and 250ºC. If a residual particle disappears after being heated
to 125ºC it is termed volatile. If it remains after heating to 250ºC it is termed nonvolatile. Particles remaining in between these temperatures are termed semi-volatile.
The fractions of volatile particles observed in the two campaigns are presented in
Figure 13.

Prestwick

Log Ncvi (cm-3)

Log Ncvi (cm-3)

Punta Arenas

RHi (%)

RHi (%)

Figure 13. Average volatile fraction in residual particles as function of RHi and Ncvi.

It is obvious that the colour patterns in the two plots are significantly different.
The fraction of volatile particles in the SH-data is less than the NH-data by 10 to 20
percent units. Both data sets show a smaller fraction of volatile particles with
increasing Ncvi and increasing RHi. The data in figures 11, 12 and 13 consists only
of data collected at temperatures below 235K. According to theory this temperature
range should be dominated by homogeneous nucleation. At least for Punta Arenas
data this is also indicated in Figure 10. The category semi-volatile was typically only
a few percent and therfore the complement to the fractions in Figure 13 is the
category non-volatile particles.
It is therefore surprising that as much as 30 to 40 % of the particles in cirrus
crystals, sampled at temperatures below 235K, remain after heating the sample air to
250ºC. Why the Prestwick data is showing a larger fraction of volatile particles and at
the same time nucleate clouds at a lower relative humidity, in comparison to the
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Punta Arenas data, is not altogether straight forward. Given the similar fractions of
non volatile particles in the ambient/interstitial air, the SH residual particles are
significantly enriched with respect to the non-volatile fraction.
One other feature that is different between the two data sets is the very high
fraction of volatile particles in the Prestwick data at relatively high crystal number
densities and low humidities.This combination of high number densities (several
crystals per cm-3) and low humidity (40 to 50% RHi) is not present in the SH. It is
possible that this is a signature of aircraft exhaust or convective transport. Ström et al
(1992) concluded that an event of cirrus clouds found in very dry air had its origin
from convective out flow. Impurities (present in the boundary layer) that are
deposited on the crystals may influence the evaporation rate, which could cause the
crystals to remain for some time even in very dry air. If contrails are formed in cold
but relatively dry air it is possible that the geometric scales of the plumes are to small
for the hygrometer to fully respond to a local increase in the moisture and hence
underestimates relative humidity.
It is possible that ice nucleation in the SH is still homogeneous despite the large
fraction of non-volatile particles. The observations of aerosol properties showed less
particles in the SH compared to the NH, and much less variability in the SH with a
very small pool of ultrafine particles. This points toward the aerosol in the SH being
mainly characterized by long-range transport. It is therefore likely that the aerosol in
the SH is more internally mixed than the aerosol in the NH and that non-volatile or
non-soluble particles have had a chance to acquire a significant coating of soluble
material. When the humidity increases the mixed particle take up water and become
a dilute droplet with an insoluble core inside. The core particle is not an active ice
nuclei and the droplet nucleates homogeneously.
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Figure 14. Size distribution of particles contained in cirrus crystals, where red lines are SH data and
blue lines are NH data. The two curves at the top are averages for crystal number densities in the
-3
range between 3 and 10 cm . The two curves at the bottom is averages for crystal number densities
-3
in the range between 0.3 to 1 cm .

If one compares the size distributions of particles incorporated in the crystals
presented in Figure 14, the Punta Arenas data show a shift towards larger sizes,
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which become more important with increasing crystal number densities. Hence, a
larger fraction of accumulation mode particles is scavenged by cloud formation in the
SH, which could be a result of the more aged aerosol (i.e. internally mixed). For
information about the chemical composition of the aerosols we turn to the single
particle analysis. However, this technique does not give information about particles
smaller than approximately 200 nm. At the time of writing of this report only filters
from the SH campaign was analysed, as part of a collaboration between DLR, SU
and Institute of Hydrochemistry, Technical University Munich, Germany. Samples
from the NH campaign will be analysed in the near future.
Sixteen samples of cloud residuals from 6 different flights were collected on 0.4
µm pore size polycarbonate Nuclepore filters during the SH campaign based in Punta
Arenas, Chile. The samples were analysed using Scanning Electron Microscope
(SEM) equipped with Energy Dispersive Analysis of X-rays (EDAX). The number of
particles per sample analysed varied between 30 and 45. Based on the SEM
analysis, cloud residuals were divided into 4 major groups: crustal origin, sea-salt,
anthropogenic origin, and not determined. Their relative fractions are listed in
Table 3.
Table 3. Summary of the abundance of the four major groups of cirrus cloud residuals from SH
campaign based on the SEM single particle analysis.

Type
Fraction (%)

Crustal

ND

Sea-salt

Anthropogenic

53

43

3

1

The last category are the type particles that can be seen on the filter but are
composed of a light element (atomic number less than Na), composed of the same
elements as the substrate (C and O) or contain the same material as the coating
used (Ag). These particles cannot chemically be separated from the background
signal. Often this type of particle is referred to as the organic fraction. Here we term
them ND (Not Determined). The crustal category can be further subdivided by the
element that is most dominant, such as Al-rich, Si-rich, or Fe-rich. The last category
is the largest and represents almost 80%. These iron particles often contain Si, Cr,
Mn, and Ni as well. An example is presented in Figure 15

Figure 15. A crustal type particle present in cirrus crystal. Sample from Punta Arenas Campaign in
Chile. The particle is approximately 2 µm across. Pores are 0.4 µm in diameter.
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Approximately half of the crustal particles and 15 % of the ND-particles contain
detectable amounts of sulphur. Occasionally, the sulphur appears together with Na,
Cl and Mg, which might be reminiscence from liquid cloud processes, where the
droplets formed on sea-salt. Pure sea-salt particles (Na-Mg-S-Cl) and anthropogenic
particles (V-Fe-Ni, chain aggregates) only make up ca 4% of the analysed particles.
Based on the particle morphology, about 15 % of the cloud residuals may be
attributed to plant fragments or pollen.
We note that approximately 15% of the particles showed significant amounts of
sulphur. Unless the non-determined-composition particles are soot particles coated
with a hygroscopic organic material, the hypothesis about the internal mixing
explaining the larger fraction of non-volatile residual particles in the SH does not
hold. The other possibility is that the soluble and hygroscopic material mixed with the
crystal particles is volatile and evaporate during the SEM/EDX measurements.
Evidently, we do not fully understand the processes that control what particles are
incorporated into cirrus crystals.
However, there clearly exists a difference in the ambient conditions regarding
aerosols and trace gases in the two data sets; there clearly exists a difference in the
humidity conditions in cirrus between the two data sets; there clearly exists a
difference in physical and chemical characteristics of the particles incorporated into
cirrus when comparing the SH- and NH-campaigns. The question is: will all this
translates into a difference in the microphysical properties as well?
Cirrus microphysical properties
During the two campaigns several different types of cirrus have been sampled
including: cirrostratus, jetstream-cirrus, cold and warm frontal cirrus, cirrocumulus
orographic-wave cirrus, anvil-cirrus. For additional information about particular flights
we refer to flight logs that can be found at: http://www.pa.op.dlr.de/inca/.
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Figure 16. Frequency distributions of in-cloud temperatures above 6 km altitude. Number densities
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larger than 0.001 cm as measured by the CVI was used a in-cloud criteria.
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Only cirrus-clouds observed at temperature below –35°C have been considered
in this analysis. The in-cloud criterion has been defined using the extinction
coefficient from the Polar Nephelometer with values larger than a threshold of 0.2 km1
, which roughly corresponds to a concentration of ice particles of 0.2 cm-3 with a
diameter of 5 µm. Hence, the analysis does not include the thin cirrus clouds as
mentioned in connection to the humidity. The frequency distribution of the in-cloud
temperature for the two campaigns show very similar temperature feature for both the
two data sets with a mode near – 46°C and extended down to below –60°C. Figure
16 shows the normalized frequencies distributions of in-cloud data (defined by the
CVI threshold 0.001 cm-3). The two campaigns display very similar distributions and
there is only a small fraction of cold temperatures that is significantly more frequent in
the Punta Arenas campaign. The difference is exaggerated when using the
logarithmic scale and the difference seen in Figure 16 only marginally influence the
average temperatures, which is –46°C for the Punta Arenas campaign and – 45°C for
the Prestwick campaign. As a consequence, a bias from different thermodynamical
conditions is considerably reduced. Nevertheless, it should be noticed that the
number of data points are larger for the SH experiment than for the NH campaign
(about 5:3).

Figure 17. Ice particle concentration (upper figure) and effective diameter (lower figure) versus the
relative humidity with respect to ice for the cirrus clouds sampled in the southern and northern
hemispheres. The hatched region represents the range between the 25% and 75% percentiles. The
lines within these regions are the median values.
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Most of the results which concern the parameters comparison between the two
hemispheres has been discussed as a function of the relative humidity with respect
to ice (RHi). The representative statistical parameters used in our analysis are the
median values and the 25 and 75 percentiles. These parameters have been
considered instead of the mean value and the standard deviation because of the
non-Gaussian frequency distribution of each considered parameters. Statistical
significance levels of the results are satisfied (< 1%) for RHi values larger than 85%
and lower than about 130%. For RHi < 85% and RHi > 130% the number of data
points are insufficient with rather large dispersion of the parameter values.
Figure 17 shows the number density and the effective crystals size as a function
of RHi. At any given humidity the median number density is higher in the Prestwick
campaign. Often the lower quartile of the Prestwick data corresponds to the median
of the Punta Arenas data. With an unchanged ice water content, the higher number
densities in the NH would translate into a smaller mean crystal size. This is exactly
what can be seen in the lower panel of Figure 17. At almost every given humidity the
mean crystal size is smaller in the Prestwick data compared to Punta Arenas data.
This difference in size is more pronounced if one only considers larger ice crystals
(i.e. > 50 µm). Independent measurements of the asymmetry factor by the Polar
Nephelometer confirm this difference.
These results clearly show systematic and significant differences in
microphysical and optical properties of cirrus clouds sampled during the Punta
Arenas and Prestwick campaigns. These differences cannot be generalized to the
Northern and Southern hemispheres cirrus properties as a whole, but would
represent a polluted and a clean environment. Compared to the properties of cirrus
clouds in the Punta Arenas, the cirrus sampled from Prestwick are characterized by
higher crystal number densities (ratio of about 1.5 to 2) and a smaller effective
diameter (about 20%, see Figure 2). Our results are in qualitative agreement with the
observations presented by Ström and Ohlsson (1998) who observed enhanced
crystal number densities in regions where the cloud particles contained elevated
levels of absorbing material taken as a proxy for anthropogenic influence.
Kristensson et al. (2000) showed that this influence caused a reduction of the
effective diameter by 10-30% in the polluted cirrus. A more detailed discussion about
these results can be found in in Gayet et al. (2002). Comparing data between two
data sets from two different campaigns as have been shown above, puts a lot of
demand on the analytic techniques used. Cirrus clouds are difficult to measure
because they are made up of non-spherical ice particles. When single techniques
has been used in experiments the results have many times been questioned due to
different potential sampling problems inherent to the technique or to the particular
probe used. Because of the presence of small ice crystals in cirrus clouds have been
a topic of discussion, and still is, it was particularly important to overcome the limited
accuracy of sensors used in experiments for cloud microphysical measurements.
In the INCA project several different independent techniques were used
concurrently, which together span over a range of typically a few micrometers to 800
µm. The systems used were the CVI, FSSP-300, 2D-C and the Polar Nephelometer.
The reliability of the microphysical cirrus measurements by the different probes
listed above was assessed from systematic probe comparisons and the results were
discussed in (Gayet et al., 2002). Because ice particles normally are not spherical (a
typical asymmetry parameter of 0.77 was measured during INCA with the Polar
Nephelometer), an FSSP-300 size calibration for non-spherical particles was used.
Therefore the upper size limit of the FSSP-300 for cirrus measurements is 15.8 µm
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compared to 20 µm nominally used. The PMS 2D-C probe data have also been reevaluated in order to take into account the sensitivity of the probe to small particles
that decrease with the airspeed (i.e. ~ 170 m/s with the Falcon aircraft). Therefore,
the six-first channels (up to 150 µm) have been corrected. The results show a
reasonable agreement between the two size distributions measured by the FSSP300 and the 2D-C probes by considering the updated FSSP-300 size calibration and
the airspeed corrections on the first 2D-C channels. An example is shown in Figure
18.

Figure 18. Average ice crystal size spectra measured by the PMS FSSP-300 and 2D-C probes during
a cloud sequence between 17:46 and 17:48 UTC at 9600mMSL/-46°C. Are also reported mean values
of the ice particle concentration (N), extinction coefficient (σ), ice water content (IWC), effective
diameter (Deff) and asymmetry factor (g).

Time series of the primary measurements and the derived parameters PMSIWC and PMS-EXT are shown in Figure 19. The temporal variation as well as the
magnitude agrees well. The consistency in the observations despite the different
analytic techniques used, give the necessary confidence in the measurements of
numerous small particles in cirrus even in moderate vertical velocities of typically less
than ± 0.2 m s-1.
The importance of small crystals for the optical properties of cirrus clouds is
illustrated in Figure 20. The three panels are the calculated extinction based on the
FSSP-300 measurements as a function of the measured extinction by the Polar
Nephelometer, the calculated extinction based on the 2D-C probe measurements as
a function of the measured extinction by the Polar Nephelometer, and the sum of the
extinction calculated by the FSSP-300 and the 2D-C as a function of the measured
extinction. The first panel represents the contribution by small particles and the
second panel the contribution by larger particles. In clouds that have extinction
coefficients larger than approximately 4 km-1, the contribution by the small particles is
as important as the contribution by larger particles. The measurements of cirrus
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microphysical properties clearly manifest the ubiquitous presence of numerous small
ice crystals in cirrus clouds. The optical properties presented in Figure 20 emphasise
the importance by the small crystals in simulations of the radiative impact by cirrus
clouds.

Figure 19. Example of time series (1Hz) of the following parameters : FSSP particle concentration
(CFssp), CVI particle concentration (NCVI), Ice water content from PMS probes (IWC PMS), Ice water
content from the CVI (IWC CVI), Extinction coefficient inferred from both the PMS probes (Ext PMS),
Extinction coefficient derived from the Polar Nephelometer (Ext NP). These results have been
obtained in a cirrus cloud at the 9600 mMSL/-46°C level (Punta Arenas, Chile, Flight M6, 5 April
2000).

The high number densities observed in cirrus clouds, and in particular during
the INCA experiment, is not expected by numerical simulations. If this is because
typical updraft velocities used in process models are too low or if the theory for ice
nucleation is incomplete, is not obvious.
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Figure 20. Extinction coefficient measured by the Polar Nephelometer versus the extinction coefficient
inferred from: (a) the PMS FSSP-300, (b) the PMS 2D-C and (c) the PMS FSSP-300and 2D-C
peobes. The symbols n, a and r refer to the number of data points, the slope of the best-fit curve
equation (dashed lines) and the correlation coefficient respectively

The crystal number density reached in clouds is determined by the peak relative
humidity achieved, which depends strongly on the updraft velocity and initial
temperature (Kärcher and Lohmann, 2001). The difference in updraft velocities
between the two data sets is not as great as the difference in the other observed
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parameters. Figure 21 show a probability distribution plot of vertical winds measured
by the aircraft system. Average up-draft and down-draft velocities in the range –0.6 m
s-1 to 0 and 0 to 0.6 m s-1, which corresponds to about 90% of the observations, are –
0.17 and 0.17 for the SH-data and –0.19 and 0.20 for the NH-data. Given the similar
dynamical forcing, but yet difference in the resulting microphysical properties
suggests that the difference in ambient aerosol and trace gas composition may
influence the result.
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Figure 21. Probability distribution plot of verical wind during the Punda Arenas campaign (red line)
and the Prestwick campaign (blue line).

Numerical simulations
Gierens et al. (2000) discussed a possible difference in the formation of cirrus in
the two hemispheres based on a comparison of correlations between sub-visible
cirrus observed by SAGE II and the fractional cover of cirrus from EMCWF. Based on
this comparison the authors suggest that cirrus formation in the Southern
Hemisphere would be controlled more by thermodynamics, whereas in Northern
Hemisphere freezing properties of the aerosol would dominate the cirrus formation.
The efficiency whereby aerosols nucleate ice can be modulated by the
deposition coefficient. Gierens et al. (2002) suggested that small but realistic
deposition coefficients for small ice crystals would lead to longer periods with relative
humidity near the critical value for nucleation, which in turn results in much larger
numbers of ice crystals forming. This mechanism allows reproducing number
densities of ice crystals in the 10 - 30 µm size range as obtained from the INCA
measurements. The potential effect was investigated by varying the deposition
coefficient in numerical simulations of homogeneous cirrus formation using a parcel
model with spectrally resolving microphysics. Subsequently, three microphysical
parameters have been considered: the growth of sulphuric acid solution droplets,
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their homogeneous freezing and the depositional growth of the resulting ice crystals.
Figure 22 shows the result when changing the deposition coefficient
b)

a)

Figure 22. a) Number of ice crystals frozen homogeneous in cooling air parcel versus temperature for
various values of the deposition coefficient as indicated. For the thick curve a size dependent α(r)?was
0.555
assumed ad hoc: α(r) =0.359(r/cm)
. A range of typical Ni values from INCA is indicated by the
errorbar. b) Size spectra of ice crystals frozen homogeneously in a cooling air parcel after 250 m uplift
for various values of deposition coefficient as indicated. The thick curve is as in a).

Surface impurities may change the deposition coefficient by generating a
coating on the surface of the ice germ that could retard growth. The sheer size of the
crystals may also play a role because the number of ledges on the ice surface where
water molecules can attach decreases with decreasing crystal size. Since
experimental evidence of this hypothetical, but potentially important, mechanism is
missing, efforts should be undertaken to test it.
If aerosols in the two measuring areas present differences in the deposition
coefficient, this could generate a systematic difference in the crystal number density
as observed. It is also hypothesized that different HNO3 levels between the two
campaigns can give rise to differences in the crystal number densities.
The MIXCLOUD model (Kulmala et al., 1993; Lehtinen et al., 1998; Hienola et
al., 2001) was used to study to what extent gas phase HNO3 could be responsible for
cirrus cloud particle growth, and whether the measured solid phase (cloud particle)
NOy concentrations is consistent with the simulated condensation of HNO3 vapour
onto initial cloud condensation nuclei (CCN) during the cloud formation process.
Initial values for MIXCLOUD model were adopted from observed parameters above 9
km altitude. Simulations were performed for minimum, average and maximum values.
Initial particles are assumed to be H2O/HNO3/H2SO4 solution droplets, and nitric acid
vapour concentrations were assumed to be equal to measured NOy concentrations.
This is an overestimation, but will not change the fundamental results of the study
The calculations use the ice nucleation rate parameterization described by Koop
et al., 2000, which states that ice nucleation rate inside a volume of aqueous solution
droplet depends only on water activity in solution and solution temperature.
According to this parameterisation, the most diluted droplets tend to freeze before
more concentrated ones. However, the largest droplets may not always be the most

-31-

INCA Interhemispheric differences in cirrus properties from anthropogenic emissions
diluted ones, especially if the initial aerosol particles are iterated to equilibrium with
their environment at initialisation stage of the model.

a)

b)

Figure 23. The effect of initial gas phase HNO3 concentration increase on cirrus cloud microphysical
-3
properties. (a) number concentration nice [cm ] and (b) geometric mean diameter [µm] for NH (stars)
and SH (squares) as a function of initial HNO3 vapour VMR [pptv].
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The condensation of HNO3 vapour onto particles can reduce water activity of
smaller droplets more rapidly, in comparison with larger ones, although the absolute
amount of condensing HNO3 onto largest droplets is larger. Therefore, HNO3
enhanced condensation of water vapour on droplets tend to dilute smaller droplets
faster than larger ones, due to larger surface area to volume ratio of smaller droplets.
Small droplets reach equilibrium with their environment faster than large droplets
do.The effect of initial gas phase HNO3 concentration on solid phase cloud particle
number density and geometric mean diameters (GMD) are presented in Figure 23.
The number density clearly increase as the HNO3 volume mixing ratio increases in
both the NH and the SH case (different initial aerosol size distributions). The Punta
Arenas case is more sensitive than the Prestwick case. The enhanced crystal
number densities with increased HNO3 vapour concentrations influence the
geometric mean size in the opposite direction. Hence, with increasing HNO3 vapour
concentrations the mean geometric size decreases.
Because the available HNO3 must be divided over more particles in the NH, the
impact of higher nitric acid levels is reduced. Not until the level reach the range 1
ppbv the influence become really strong. Since nitric acid is a hygroscopic
substance, an increase in gaseous phase nitric acid concentration also increases the
amount of condensed phase nitric acid. At equilibrium, for all clouds of atmospheric
interest, nitric acid is completely dissolved into cloud water, and its gas phase
concentration is practically zero inside a cloud. When some haze droplet form ice
crystals the non-activated droplets evaporate and dissolved HNO3 is released back to
the atmosphere. Laboratory experiments by Dominé et al. (1996) suggest that in the
given atmospheric temperature T [K] and partial pressure of nitric acid PHNO3 [hPa],
the maximum solubility of nitric acid in ice [HNO3]max [ppbm] is described by: [HNO3]max
-12

= 8.30×10 exp(3532.2/T)PHNO3

1/2.3

.

The equation above shows that very little HNO3 will go to the particles once they
have formed ice. Using average NH and SH values for initial model parameters, we
estimated the relative and absolute amounts of nitric acid captured in the cloud
particles for a wide range of ambient HNO3 values (1pptv to 10 ppbv HNO3).
In Figure 24a and b we have presented the total amount of condensed nitric acid in
particles as parts per trillion. Horizontal dotted and dashed lines represent measured
particulate phase NOy minimum, average and maximum values. The observation
show that typically on the order of percent of the total measured NOy is present in
the cloud particles. The model simulates the interaction with HNO3, which is one of
several species that contribute to NOy. Nevertheless, the model simulates
scavenging ratios of HNO3 in the same range as observed NOy. A simplified way of
viewing the problem is summarised as follows. When the relative humidity is
increasing the aerosols will at some point start to take up water. When the liquid
phase appears the gaseous HNO3 is essentially depleted as it is taken up by the
haze droplets. The HNO3 is trapped in the droplets that nucleate ice, but is released
back to the atmosphere by those droplets that did not nucleate. The typical crystal
number density observed during INCA is a few per cubic centimetre, and the typical
aerosol number density is in the hundreds per cubic centimetre. Hence the fraction of
crystals to ambient aerosols is in the range of percent, which is the range of the
observed scavenging of NOy. If this hypothesis is correct the deposition of nitric acid
on the crystals from surface deposition is small.
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a)

b)

Figure 24. The effect of initial gas phase HNO3 concentration on cirrus cloud particle HNO3 uptake.
Figs. (a) and (b) represent total condensed HNO3 mixing ratio [pptv] in NH (a) and SH (b) as a function
of initial gas phase HNO3 [pptv]. Dotted horizontal lines represent minimum, average and maximum
values of observed particulate NOy during INCA. Diagonal line without symbols represents the 1%
scavenging level.
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5.

CONCLUSIONS

INCLUDING SOCIO-ECONOMIC RELEVANCE, STRATEGIC ASPECTS AND
POLICY IMPLICATIONS

The analysis of the data collected as part of the INCA project show that a
systematic difference in the trace gas and aerosol loading exists between the two
campaign regions. Although, the experimental regions only represent a sample of the
Northern and Southern hemispheres mid-latitudes, there is no reason for why the
data should not represent the loading in a zonal-sense. Clearly the anthropogenic
influence on the atmospheric composition is not only a boundary layer problem, but
extends through the troposphere. Pollutants, in particular long-lived species such as
CFC’s, which enter the stratosphere influence the stratosphere in both hemispheres.
In the troposphere the ITCZ represents an effective barrier that inhibits effective
transport between the two hemispheres.
Observations of the humidity inside and outside of cirrus clouds indicate that the
thermodynamic requirements for cloud formation are different in the northern and
southern hemisphere, respectively. Cirrus clouds sampled during the Punta Arenas
campaign showed a higher frequency of ice supersaturate cases than the Prestwick
campaign. Given the similar temperature and vertical wind conditions of the two data
sets it is suggested that the differences in the aerosol properties during the two
campaigns are responsible for the observed difference in humidity.
Indeed the particles present in the ice crystals display very different
characteristics, both in size and thermal stability (i.e. composition). A larger fraction of
non-volatile particles were found in the crystal sampled during the Punta Arenas
campaign. The semi-volatile type was small in both cases and the volatile particles
essentially represented the compliment to the non-volatile particles. Compared to
ambient conditions the cloud residual particles were enhanced with respect to nonvolatile particles.
A hemispheric difference in trace gases, aerosols, humidity thresholds, and
cloud residual properties have been documented. Last in this chain are the
microphysical properties of cirrus. Significant differences in mean number
concentration, mean crystal size, and mean cloud extinction was observed between
cirrus formed in pristine air and cirrus formed in a more polluted environment.
Because of incomplete understanding and lack of theories we cannot definitely
establish the cause-and-effect relationship between the differences in pollution level
and differences in cloud microphysical properties.
An important cirrus property, unambiguously manifested by INCA data, is the
ubiquitous presence of small and numerous crystals in cirrus clouds. This has
already been reported in some previous studies, but never with as many independent
observational techniques operational at the same time. The use of FSSP-300, PMS2DC, Polar Nephelometer, and the CVI-probe all converge to the fact that small
crystals are important in characterizing cirrus clouds and in clouds with large
extinction the small crystals may contribute to half the signal.
The initial number density of ice crystals formed in cirrus is assumed to be
determined by the peak in relative humidity and strongly depend on the updraft
velocity and temperature. This would be the case in a polluted and pristine
environments a like. However, numerical simulations show that, changing the
chemico-physical properties of aerosols or allowing the nucleation process to interact
with ambient HNO3, will capture more of the observed properties in cirrus clouds,
which is not captured when assuming initial aerosol properties typically used for
warm clouds.
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A non-unity deposition coefficient will increase the number of crystals formed in
the cloud due to delayed onset giving more particles the chance to nucleate ice. The
reason for a non-unit deposition coefficient may simply be the size of the ice germ or
impurities on the ice surface. Using a smaller deposition coefficient allow the
simulated clouds to reach observed crystal number densities without having to
exaggerate up draft velocities. This process is almost independent on the number of
aerosol particles.
This is not the case with HNO3 taken up by the haze droplets. The presence of
HNO3 in the atmosphere is hypothesised to enhance crystal formation by changing
the hygroscopic properties of the aerosols at the time of cloud formation. The net
effect is a function of the amount of HNO3 and the number of particles that will share
the available amount. This process of phase partitioning the nitric acid is consistent
with the amount of NOy observed in crystals.
As described above many of the parameters measured in-situ as part of the
INCA project reviled systematic differences between the two campaigns conducted in
the Northern and Southern hemisphere mid-latitudes. These differences are most
likely en effect of differences in the atmospheric composition caused by human
activities.
Changes in atmospheric composition caused by anthropogenic emissions are
known to influence our environment in a detrimental way and acid rain and the ozone
hole are outstanding examples of this. It is believed that changes in the air
composition also influence cirrus clouds, especially their evolution as well as their
microphysical properties. Changes in cirrus properties may in turn affect the radiation
budget and climate, as well as air chemistry through heterogeneous reactions.
The work performed as part of the INCA project is therefore relevant with
regards to the recent climate assessments (IPCC, WMO, EU) about the effect on
cirrus clouds properties by anthropogenic emissions from sources at the Earth
surface or from air traffic. For instance, the IPCC-Aviation report of 1999 states that
the key uncertainty which has to be overcome in the future for better assessing the
climate impact from aviation is the knowledge of contrail and aerosol impact on cirrus
cloudiness. The even more recent report by the European commission (chapter 7 of
the Second assessment on stratospheric research) state that great advances is
made in characterizing the exhaust from aircraft but the effect on clouds and
atmospheric chemistry still is associated with large uncertainties and simply lack of
knowledge and understanding.
The INCA project helped to fill some of the gaps and provide necessary
knowledge to better assess current and future effects from anthropogenic emissions.
It is these assessments that are used by policy makers to make long-term decisions
that affect a large number of people. Hence, it is imperative that the best and most
relevant information is available to make the best decisions and to find optimal
solutions for environmental protection and a sustainable development.
The results obtained from the INCA project thus far, indicate differences in cirrus
clouds that most likely are a result of different pollution levels in the two hemispheres.
However, it is difficult to assess the sensitivity of the system. That is, how much can
the environment be perturbed before a significant impact is observed? Clearly, the
system is non-linear and one response to a perturbation may temporarily be masked
by a counteracting response. This is analogous to the interplay between cooling of
the climate by sulphate particles and the warming of the climate by carbon dioxide.
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For the mid-latitudes of the SH tropopause region there were until now no
observational data available to confirm and quantify this large scale difference in
parameters observed as part of INCA.
6.

DISSEMINATION AND EXPLOITATION OF THE RESULTS

One of the main goals of INCA was to provide a first set of data of tracer gases,
aerosols, and cirrus microphysical properties at southern mid-latitudes. A second
data set with an equally extensive suite of measured parameters was accomplished
for the northern mid-latitudes. Some of the early results from the analysis of these
data have been presented above.
One of the major tasks during the second part of the campaign was to prepare
the data into a format in order to be uploaded to the database. The database is
accessible through the INCA home page http://www.pa.op.dlr.de/inca/. At the
moment the database is password protected to keep track of the usage of the data.
The data is organized according to flight or instrument/parameter. The output from
the 3D-CTM is also accessed from the home page.
In addition to the observed parameters by the INCA partners, information from
associated partners can be found on the same home page. The data includes Lidar,
satellite, and EMCWF-model analysis (trajectories and meteorological fields).
Auxiliary data such as air-traffic density and pictures taken during the flight are
provided as well.
The data are now available for dissemination, analyses and interpretation
The results from the INCA campaigns are also used to plan new projects that
extends the results of INCA or new projects that is related to the scientific questions
of INCA. Presently experimental investigations on cirrus clouds are performed in the
course of the project PAZI (http://www.pa.op.dlr.de/¨pazi/) and by cooperating in the
NERC funded projects EMERALD 1 and 2. Details can be found on the following web
pages:
http://users.aber.ac.uk/ccc97/emerald.htm
http://www.aber.ac.uk/~dphwww/staff/jjw.shtml
http://users.aber.ac.uk/ccc97/emerald/equipment.htm
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7.

MAIN LITERATURE PRODUCED

Within the 24 months duration of the project and less than 14 months after the
last flight INCA data has been presented in at least 12 conference presentations.
Before the summer is over 2002 the number of presentation will be close to 20
counting accepted presentations. Four manuscripts were submitted to scientific
journals and one of those is already in press see below. Six manuscripts are
currently in preparation and will be submitted within the year. Below is a list of
manuscripts and presentations as a result of the INCA project.
Refereed literature:
Authors

Date

Title

Reference

Journal

Ovarlez J., Gayet J.F., K.
Gierens, J. Ström, H.
Ovarlez, F. Auriol, R.
Busen, and U. Schumann

2002

Water Vapour Measurements
Inside Cirrus Clounds in Northern and
Southern hemispheres during INCA.

Geophys.
Lett.,

Gonzalez A., P. Wendling,
B. Mayer, J-F Gayet and T.
Rother
Gayet J-F, F. Auriol, A.
Minikin, J. Strom, M. Seifert,
R. Krejci, A. Petzold, G.
Febvre and U. Schumann

2002

Remote sensing of multilayer cirrus
cloud properties during INCA using
ATSR-2 data: Case study on 23 March
Quantitative measurements of the
microphysical and optical properties of
cirrus clouds with four different in situ
probes: Evidence of small ice crystals.

J. Geophys. Res..

Submitted

Geophysical
Research Letters

In press

Gierens K., M. Monier and
J-F Gayet

2002

The deposition coefficient and its role
for cirrus clouds.

Journal
Geophysical
Research

Minikin et al.,

2002

Interhemispheric differences in the fine
particle load of the upper troposphere.

Geophys. Res. Lett.

Minikin et al.,

2003

Chemical properties of the freetropospheric aerosol: A comparison
between the polluted NH and the clean
SH.

Gayet J-F, F. Auriol, J.
Ovarlez, A. Minikin, K.
Gierens, J. Ström and
U. Schumann

2002

Interhemispheric differences in
microphysical and optical properties of
cirrus clouds sampled during the INCA
experiment.

Journal
Geophysical
Research

of

In-preparation

Gayet J-F, F. Auriol, J.
Ovarlez, A. Minikin, J.
Strom
and
U.
Schumann

2003

An overview of microphysical and
optical properties of cirrus clouds
observed in the Southern hemisphere
during INCA

Journal
Atmospheric
Sciences

of

In-preparation

Seifert et al.

2002

Crystal residual size distributions

J. Geophys Res.

In-preparation

Ström et al.

2002

An ice cloud just above the tropopause

J. Geophys. Res.

In preparation

Ström et al.

2002

Absorbing particles contained in ice
crystals

J. Geophys Res.

In preparation

Seifert et al.

2002

Aerosol-cirrus interactions: a cause and
effect relation

Geophys. Res. Lett.

In-preparation

2002
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Non refereed literature:
Authors /
Editors

Date

Title

Event

Reference

Type

1

Ström, J., U.
Schumann, J.-F.
Gayet, J. Ovarlez, F.
Flatoy, M. Kulmala, O.
Schrems, P. Minnis,
S.B. Diaz, B. Milicic,
V. Valderama, E.
Amthauer, J.
Pettersson, and F.
Arnold

2000

Aerosol and Cirrus
Measurements at
Midlatitudes on the
Southern HemisphereAn overview based on
the first INCA
Experiment

Aviation, Aerosols,
Contrails andCirrus
Clouds (A2C3),
European Workshop,
Seeheim

Seeheim
(nearFrankfurt/Main)
, Germany, July 1012

Proceeding

Ovarlez, J., H.
Schlager, P. van
Velthoven, E. Jensen,
U. Schumann, H.
Ovartlez, and J. Ström

2000

Water vapour
measurements in the
upper troposphere from
POLINAT and other
campaigns

Aviation, Aerosols,
Contrails andCirrus
Clouds (A2C3),
European Workshop,
Seeheim

Seeheim
(nearFrankfurt/Main)
, Germany, July 1012

Proceeding

Strom J., F. Flatoy, J.F. Gayet, M. Kulmala,
J. Ovarlez and U.
Schumann,

2000

Observations in cirrus
clouds during the INCA
Southern Hemisphere
campaign

13th Int. Conference on
Clouds and
Precipitation.

Reno, USA, 14-18
August 2000

Proceeding

Andreas
Minikin,
Andreas
Petzold,
Johan Ström, Radek
Krejci, Marco Seifert,
Helmut Ziereis, Hans
Schlager,
Reinhold
Busen,
Ulrich
Schumann:

2001

Interhemispheric
differences in the fine
particle load of the
upper troposphere.

EGS 2001

Nice, 25-30 March

Oral
presentation

A. Minikin, A. Petzold,
J. Ström,
R. Krejci,
M. Seifert, J. Baehr,
H. Ziereis,
H. Schlager,
R. Busen,
U. Schumann :

2001

Properties of the upper
tropospheric
background aerosol in
the
southern
hemisphere

IAMAS

Innsbruck,
July

10-18

Oral
presentation

A. Minikin, A. Petzold,
J. Ström, R. Krejci, M.
Seifert, J. Baehr, H.
Ziereis, H. Schlager,
R. Busen and U.
Schumann:

2001

Interhemispheric
differences in the
properties of the upper
tropospheric
background aerosol.

European
Aerosol
Conference Leipzig, 27 Sept

Journal of Aerosol
Science, Vol. 32,
Supplement
1,
S1043-S1044, 2001

Oral
presentation

Auriol F., J.F. Gayet,
J. Ström and A.
Petzold,

2001

On microphysical &
optical properties of
cirrus clouds in
Southern and Northern
hemispheres.

XXVI General
Assembly, European
Geophysical Society

Nice, France, 25-30
March 2001

Proceeding

Seifert M., J. Ström,
R. Krejci, A. Petzold,
A. Minikin, J.F. Gayet,
F. Auriol, U.
Schumann, R. Busen

2001

In situ observations of
aerosols particles
remaining from
evaporated cirrus
crystals :a comparison
between clean and
polluted conditions

XXVI General
Assembly, European
Geophysical Society

Nice, France, 25-30
March 2001

Proceeding

1

Type: Abstract, Newsletter, Oral Presentation, Paper, Poster, Proceedings, Report, Thesis
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Ziereis H., J. Baehr, A.
Petzold, A. Minikin, P.
Stock, H. Schlager ,
J.-F. Gayet, J. Ström,
R.
Busen,U. Schumann

2001

In situ observations of
Noy uptake by cirrus
clouds during INCA

XXVI General
Assembly, European
Geophysical Society

Nice,France,
March 2001

25-30

Proceeding

Ovarlez, J., J.B.
Brissot, H. Ovarlez, F.
Auriol, J.F. Gayet, R.
Busen, A. Minikin, A.
Petzold, U.
Schumann, and J.
Ström

2001

Some observations on
the water vapor
saturation level inside
and around cirrus
clouds during the INCA
campaigns.

GEWEX Meeting

Paris,
September

10-14

Oral
presetation

J. Ovarlez1, H.
Ovarlez1, F. Auriol2, J.
F. Gayet2, R. Busen3,
A. Minikinn3, A.
Petzolt3, U.
Schumann3 and J.
Ström4

2001

Some observations on
the difference of cirrus
clouds water vapor
saturation level in
polluted and not
polluted area during the
INCA campaign.

8th Scientific Assembly
of IAMAS

Innsbruck, Austria,
10-18 July 2001

Proceeding

Baehr, J., H. Ziereis,
P. Stock, H. Schlager,
R. Busen, J. Ström
and U. Schumann

2001

Reactive nitrogen
observations in the
upper troposphere of
the northern and
southern hemisphere
during INCA

XXVI General
Assembly, European
Geophysical Society

Nice,France,
March 2001

25-30

Proceeding

Gayet, J-F, F. Immler,
F. Auriol, A. Minikin, J.
Ovarlez and J. Ström.

2002

Microphysical
and
optical properties of a
cirro – cumuls sampled
during
the
INCA
experiment.

AMS Cloud
conference,

Ogden (USA) June
2002

Oral
Presentatio
n

Andreas
Minikin,
Andreas
Petzold,
Markus Fiebig, Johan
Ström, Radek Krejci,
Marco Seifert, Peter
van Velthofen, Janine
Baehr, Helmut Ziereis,
Hans
Schlager,
Reinhold
Busen,
Ulrich Schumann:

2002

Intercomparison
of
background
aerosol
properties of the midlatitude
upper
troposphere
in
the
northern and southern
hemisphere.

EGS 2002

Nice, 22-26 April

Poster

Immler F., O.
Schrems, J-F Gayet,
F. Auriol, A. Minikin,
A. Petzold and
J.Ström

2002

Ground-based
lidar
measurements of cirrus
clouds in the Northern
and
Southern
hemisphere
(INCA)
comparison with in situ
measurements.

XXVII
General
Assembly,
European
Geophysical Society

Nice, 22-26 April

Oral
Presentatio
n

Gonzalez A., P.
Wendling, B. Mayer,
J-F Gayet and T.
Rother

2002

Remote sensing of
multilayer cirrus cloud
properties during INCA
using ATSR-2 data:
Case study on 23
March

11th AMS conference
on Cloud Physics

3-7
June
Ogden, Utah

Oral
Presentatio
n
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