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ABSTRACT: PAZI isanationd research project supported by the German Secretary of Education and
Research (BMBF) through the Heimholtz-Gesdllschaft Deutscher Forschungszentren (HGF). Research in
PAZI is performed in concert with the projects SA, INCA, PartEmis, and PARTS funded by the Euro-
pean Commisson. PAZI investigates the interaction of aerosols with cirrus clouds, with an emphasis on
aviaion-produced aerosols and contrails, and their impact on atmospheric composition, radiation, clouds,
and climate. This overview summarizes important results obtained during the first phase and highlights the
following issues. Measurements and models addressing the formation and evolution of black carbon (BC)
particles in burners and jet engines, physico-chemical characterization of arcraft-produced BC particles;
measured freezing properties of liquid and BC particles; caculated globa atmospheric digtribution of BC
from various sources, observed differences in cirrus properties between clean and polluted air masses,
correlations between air traffic and cirrus cloud cover deduced from satellite observations, process studies
of aerosol-cirrus interactions, parameterization of cirrus cloud formation; representation of ice supersatura-
tion and cirrus clouds in aclimate modd and possible aviation impact on globa cirrus properties.
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1 THE PAZI PROJECT

The project studied the formation of soot particles and other aerosols in jet engines and in the atmosphere,
their influence on the formation of the ice phase in contrails and cirrus clouds, and their impact on air com-
position, cirrus, and climate. It provided afirst estimate of the contribution of aviation to changes of the up-
per tropospheric aerosol and ice particle budget.

To achieve these godss, the participating teams employed highly innovative and complementary methods:
combustion test fecility, aerosol/cloud chamber, ground-based lidar, research arcraft, satdlite sensors,
process and climate models. One cornerstone of the project was the close collaboration with projects
funded externdly by the European Commisson and other agencies. Partners from industry such as Luf-
thansa, MTU, and Rolls-Royce Germany aso contributed to PAZI.

Work in PAZI was organized in four main workpackes, the results of which are presented in Section 2
and summarized in Section 3. The workpackages contained severa subprojects, each of which was repre-
sented by a responsible scientist. Collaboration within and between the subprojects and workpackages
proved to be very fruitful, resulting in alarge number of joint publications summarized in Section 4 (as of fdl
2003).

2 WORKPACKAGE RESULTS

It is not possible to cover every single result of alarge-scale project in the limited space available in work-
shop proceedings. What follows is a brief overview of some of the highlights of PAZI and its associated
EU projects.

2.1 Soot emissions and aerosol precursors

This workpackage consgts of three subprojects dealing with soot particle formation and prediction of
globa, fleet-averaged aerosol emission indices (Plohr et d., 2000; Dopelheuer, 2000, 2002; Kércher et
a., 2000; Kunz &t d., 2001; Braun-Unkhoff et al., 2001; Noll et d., 2002; Schumann et d., 2002; Béhm
et d., 2003; Kriiger et d., 2003; Wahl and Aigner, 2003). Measurement campaigns were carried out in
laboratory flames, behind red jet engines and segments of combugtors (hot end smulator), and in DLRs
novel high pressure combustor test facility Stuttgart (HBK-S). The various techniques employed alowed
the teams to characterize exhaust gas and aerosol chemica speciation as well as size digtribution and state
of mixing of exhaugt aerosols.

The laminar coflame burner fueed with various non-methane hydrocarbons was used to measure tem-
perature and soot volume mixing ratios. With this device, basic soot formation and oxidation processes
were systematically studied as a function of operating pressure and fud stoichiometry. With the data base
st up over three years, a kinetic soot mode describing soot formation was considerably improved. The
HBK-S contains a subscale combustion chamber that operates with high mass fluxes, fully turbulent under
high pressures, and with kerosene. It was shown that this device produces soot particles with size distribu-
tions smilar to those measured in flight.

The combustor measurements carried out within PartEmis confirmed the weak dependence of soot
emissions on the fuel sulfur content known from airborne campaigns, but more clearly reveded that exhaust
soot contains significant amounts of organic materid, besides fully oxidized sulfur. This enhances the hygro-
scopicity of soot particles and may probably influence their ice-nucleating behavior. Suprisngly, a new
electricaly charged soot mode at very smdl sizes (<10 nm in diameter) has been detected in mass spec-
trometric data of chemi-ions and carbon-containing particles and, independently, in measurements of the
gze didribution. The role of these ultrafine soot particles in ice formation is unclear and will remain under
scrutiny.

An empirical mode to estimate mass and number emisson indices, Size digributions, and totd surface
area concentrations of soot particles emitted by arcraft engines in flight conditions has been deveoped.
This mode requires only a few basic parameters as input, namely pressure and temperature at the com-
buster inlet and soot mass concentration at the combustor exit, which are correlated with the above soot
properties. Using this correlation model in conjunction with the DLR fud usage inventory from 1992, flegt-
averaged globa spatial and tempord profiles of soot emisson quantities have been generated for usein the
ECHAM generd circulation model (see Section 2.4).



2.2 lceformation in the atmosphere

This workpackage integrates four subprojects deding with the measurement of freezing processes in d-
mospheric aerosols in cirrus conditions (Szekal et a., 2001; Gierens et a., 2002; Ovarlez et d., 2002;
Mohler et d., 2003; Karcher and Haag, 2003; Haag et d., 2003alb; Strom et a., 2003; Karcher, 2003).
A key tool to sudy ice nudestion in PAZI - with many ingruments smultaneoudy determining thermody-
namic congtions, gas concentrations, and the state of aerosol and ice particles - is the aerosol-cloud cham+
ber AIDA in Karlsruhe. Data from the Microwave Limb Sounder (MLS) were andyzed to provide a
globa view of ice supersaturated regions. |ce supersaturation was measured on the cloud scale with aircraft
in relatively clean and relatively polluted air masses during the INCA project.

Measurements in the AIDA very closely mimick red amospheric conditions prevailing in cirrus or polar
sratospheric ice clouds in terms of temperature, relative humidity, and cooling rate conditions. The ability
of the numerica smulations carried out with DLRs microphysica cirrus mode APSC (Advanced Particle
Simulation Code) to provide detailed explanations of the observed formation of ice in supercooled aqueous
aulfuric acid particles greetly increased confidence in attempts to model this process under rea atmospheric
conditions, provided that accurate temperature and humidity measurements are available. It was found that
the threshold vaues of relative humidity for homogeneous freezing from recent laboratory studies, however,
may not exactly hold when gpplied to amospheric conditions, as enhanced supersaturations and non-
equilibrium compositions of the largest liquid particles caused by rapid cooling and low temperatures can
lead to somewhat higher vaues than determined assuming equilibrium conditions.

Besides supercooled liquid particles, heterogeneous ice formation triggered by pure and coated soot
and minerd dugt particles was aso observed in the AIDA. The measurements indicate that these ice nucle
may initiate the formation of the ice phase a rdative humidities over ice some 25% below the homogene-
ous thresholds (>145%). Interpretation of these data sets is ongoing, and more coordinated measurements
and detailed comparisons are needed to understand existing differences between available laboratory data
sets for soot and dust aerosols.

The fact that supersaturation of ice in the upper troposphere and tropopause region is a globa phe-
nomenon was corroborated by analyses of MLS data. For example, a 215 hPa, ice supersaturation is
seen not only in the tropica and polar regions, but is aso common a midlatitudes, in particular dong the
storm tracks. Naturally, these satellite data do not capture local variability. High supersaturations up to the
homogeneous freezing thresholds have been measured in Situ near but outsde of and insde cirrus clouds
during INCA.. It was found that the onset of freezing over Prestwick occurred at relative humidities over ice
sgnificantly lower (& ~130%) than required for homogeneous freezing, suggesting tha the northern hem-
sphere background aerosol over Prestwick exhibited signatures of pollution in terms of cirrus nuclegtion, in
contrast to the data taken over Punta Arenas in the southern hemisphere. The ice formation mechanisms a
work there likely involved a limited number of efficient heterogeneous ice nuclei. The mogt likely cause for
the observed difference in the data sets are differencesin chemica and morphologica particle properties.

2.3 Measurements of aerosols and cirrus clouds

This workpackage encompasses three subprojects (Rother et d., 2001; Baehr et d., 2002; Gayet et 4.,
2002; Kércher, 2002; Gonzdlez et d., 2002; Marquart and Mayer, 2002; Immler and Schrems, 2002a/b,
2003; Immler, 2003; Kércher and Strém, 2003; Mannstein and Schumann, 2003; Minikin et d., 2003;
Meyer et d., 2002, 2003; Seifert et al., 2003a/b/c). The main objective was to characterize agrosols and
cirrus clouds in the aaimaosphere using awide range of insruments: the large set of meteorologica, chemicdl,
optical, and microphysica probes employed in the INCA campaigns, Aerodyne's aerosol mass spec-
trometer operated by the University of Mainz, AWIs Mobile Aerosol Raman Lidar (MARL), DLRs aero-
sol and water vapor lidars, and remote sensing data from METEOSAT and ATSR-2 (Along Track Scan-
ning Radiometer).

Vertical profiles of aerosol properties were taken at northern and southern hemisphere midlatitudes and
in the tropics. The midlatitude data sets show surprisngly high concentrations of non-volatile particles a the
respective tropopause, probably indicating that soot or dust particles reach these dtitudes via complex
trangport processes in the lower(most) stratosphere. Ambient concentrations of nonvolatile condensation
nucle at 10-12 km dltitude are ~35 cmi® (Prestwick) and ~12 cm® (Punta Arenas). This demonstrates the
potentia for insoluble particles from natural and anthropogenic sources to influence the formation of cirrus
clouds.



The counterflow virtua impactor (CVI) alowed the INCA team to accurately determine the total num-
ber density of ice crystds, down to the aerodynamic size range of afew nm. The derived distributions of
number density show a predominant pesk at values 0.1-10 cni® and a broad feature extending to the de-
tection limit of ~0.3 I, The primary maximum a high concentrations is very likely caused by homogeneous
freezing in vertical wind fields at times generated by rapid mesoscade temperature fluctuations and occa
sondly by convection. The broad feature at lower concentrations is determined by the variability in cooling
rates, dynamicaly-induced dilution of cloudy ar parcds, sedimenting ice crysds, and, in the case of the
Prestwick data, heterogeneous freezing processes. It was inferred that buoyancy waves with mean wave
periods of 10-20 min (horizontal length scales of severa 10 km) induce mean updraft speeds of 25-35
cm/s were responsible for the generation of the high number dengties of smdl (<20 nm) ice paticles in
young cirrus. Such high cooling rates tend to minimize the impact of heterogeneous freezing on the tota
crysta number dendty (Section 2.2).

These results have important implications for climate studies. Climate change may bring about changesin
the globa distribution of updraft speeds, air mass temperatures, and aerosol properties. These changes
could sgnificantly modify the probability distribution of cirrusice crystd concentrations. In any effort to as-
cribe cause to trends of cirrus properties, a careful evaluaion of dynamica changes in cloud formation
should be done before conclusions regarding the role of other anthropogenic factors, such as changes in
aerosol composition, are made.

Mass spectrometric measurements were performed in one of the PAZI field campaigns carried out over
Centra Europe. The data confirm that sulfate is a prominent chemica condtituent of accumulation mode
aerosol there, and that aerosol nitrate was very low during these observations. The OLEX lidar detected an
extremely tenuous cirrus cloud at 52°N/10°E at an dtitude of 13 km. The cloud was geometricaly thin and
opticdly invisble it bardly showed up in the backscatter sgnd a 523 nm waveength, but clearly showed
backscatter sgnal and volume depolarisation at 1064 nm. The HO lidar was operated smultaneoudy and
recorded mixing ratios near 15-20 ppm. A rough analysis suggests that cirrus particles of 2-4 nm mean ra-
dius caused the aerosol lidar Sgnds. Taken together, the observed midlatitude subvisible cirrus cloud -
pears to be comparable to the ultrathin tropical tropopause clouds detected during APE/THESEO in 1999
— an interesting finding that requires further sudies but demongtrates how little is actualy known about this
type of clouds.

The MARL recorded a large data set of cirrus cloud optica depths during INCA. Like OLEX, this Ii-
dar is sengtive to even very thin cirrus and can detect cloud with optica depths as low as severa 0.0001 in
the visble. The probahility distributions of cirrus optica depth over Punta Arenas and Prestwick are Smi-
lar, peaking around 0.2, the largest value being ~7. However, the distribution is skewed towards small op-
tical depths, and about 1/3 of the measurements revealed the presence of subvisible cirrus with vaues <
0.02. These lidar studies thus confirm the surprisngly high frequencies of occurrence of subvisble cirrus
clouds a midlatitudes reported earlier from measurements taken at the Observatoire Haute Provence,
France.

The cirrus cloud cover over Europe was determined with the help of METEOSAT data in conjunction
with actud air traffic movement data provided by EUROCONTROL. Typica background cirrus covera-
ges amount to 20-25% in this area. Both data sets were corrdated, revedling a linear relationship between
coverage and mean air traffic dengity, which saturates at the highest traffic densities near 30-35% coverage.
This result could be explained by persstent contrails being spread out through the action of wind shear, i.e,
the generation of contrail cirrus, dthough indirect effects caused by freezing of soot particles without
contrall formation or natura cirrus formation in the flight corridors cannot be fully ruled out. By implication,
this study confirms the frequent presence and large extent of ice-supersaturated regions in the upper tro-
posphere.

One subproject spent efforts on improving retrievas of cirrus parameters in the presence of lower level
water clouds. A convincing case study was andyzed with ATSR-2 data during INCA.. Y et another impro-
vement concerned the use of ATSR-2 reflectances from the 0.87 mm and 1.6 nm channds to retrieve opti-
cd depth and effective particle radiusin fronta cirrus over the North Sea. The APOLLO cloud classficati-
on tool was used to detect cirrus over sea and the cirrus properties were then retrieved by comparing the
radiances calculated by the comprehensive radicive transfer package libRadtran with the radiances mea-
sured by the ATSR-2.



2.4 Modeling of aerosols and cirrus clouds

This workpackage integrates three subprojects dedling with process studies and globa modeding (Ponater
et a., 2002; Lin et d., 2002; Lohmann and Karcher, 2002; Kércher and Lohmann, 2002a/b, 2003; Loh-
mann et a., 2003; Gierens, 2003; Marquart et a., 2003; Hendricks et a., 2003a/b; Lauer et d., 2003).
Two subprojects devoted their work to interpreting observations from INCA and MOZAIC, improving
microphysica cloud modds, and developing innovative parameterization schemes used in the dimate modd
ECHAM. The globd modeling subproject synthesized results from al workpackages and provided a first
preliminary globa assessment of soot-cirrusinteraction.

Physicaly-based parameterizations of homogeneous freezing, heterogeneous immersion freezing, and
initial growth of the pristine ice crystas were developed and vadidated with parcd moddl smulations. The
DLR aerosol/cirrus model APSC and the cloud-resolving model MESOSCORP participated in mode inter-
comparison exercises in the frame of the GEWEX (Globd Energy and Water Cycle Experiment) Cloud
System Study (GCSS) activity. Both, parameterizations and numerical solutions reved a strong depend-
ence of the number of ice crystds formed on the vertical velocity and the temperature. Aerosol size effects
are comparatively less important, except for very efficient ice nudd. Usng the homogeneous scheme, the
first interactive smulations of ice-supersaturation and cirrus were carried out in ECHAM, addressed further
below.

Liquid particles may compete with heterogeneous ice nucle during cirrus formation, as it was probably
the case over Prestwick during INCA. Which particle type dominates depends on the relative concentra-
tions, sizes, and freezing properties of the aerosol particles, the temperature and spectrum of vertical winds.
The criticad humber dengities of ice nucle above which homogeneous freezing is suppressed were cacu-
lated andyticdly. Evauating this solution at typica conditions prevailing during INCA (freezing temperature
222 K, mean updraft speed 20-30 cm/s, heterogeneous ice nucleation at 130%) revedls that less than
0.03-0.08 ice nuclei per cn® of air must have been present during the measurements, because homogene-
ous freezing did take place. It was concluded from the Prestwick observations that heterogeneous ice ru-
cle triggered the first ice particles but was not the dominant freezing mode (see Sections 2.2 and 2.3), con-
sgtent with this estimate. Efforts to corroborate this hypothesis with detailed microphysicd smulations are
underway.

The implementation of the new cirrus parameterization and the smultaneous abandonment of the fre-
quently used saturation adjustment scheme resulted in the first caculations of globd rdative humidity in ice-
supersaturated regions. Comparisons with MOZAIC data showed that the typical, quasi-exponentia shape
of the digtribution function could be reproduced by the modd. Previoudy, excess humidity created during
one time step was removed ingantaneoudy and defined as cloud ice. Basic cirrus parameters such as the
total number of crystals and the effective radius used in subsequent radiative caculations were prescribed.
With the new parameterizations, the sSmulated ice water contents are lower and the total crystal concentra-
tions are Sgnificantly higher than those computed with the sandard saturation adjustment schemes, in better
agreement with observations.

The improved cloud scheme enables a self-condstent treetment of cirrus, rendering new studies of cirrus
cloud-triggered feedbacks in the climate system possible. It was shown that even very strong enhancements
of the background sulfate aerosol mass caused by the Mount Pinatubo eruption likely caused only wesk
changes in cirrus properties, congstent with a recent reevaluation of 1SCCP (International Satdllite Cloud
Climatology Project) data. However, dterations of the properties of very thin and subvisible cirrus by vol-
canic eruptions could not be excluded. Thisimplies that the initidly very smdl (5-10 nm) aviation-produced
volatile aerosols, dbet present in reatively high number concentrations, do not exert any significant impact
on cirrus cloud formation.

The globd didribution of black carbon soot was reevauated with the globd modd ECHAM. The
smulations were based on updated emisson inventories, including the arcraft soot emisson mode de-
scribed in Section 2.1. 1t was found that several 0.1 cmi® soot particles in the upper troposphere and tro-
popause region originate from aircraft emissions (annua mean figure); compared to the <0.03-0.08 cm®
heterogeneous ice nuclel that influenced cirrus formation over Prestwick (see above), these emissions seem
to be sufficiently high to impact cirrus formation in principle, provided that a corresponding fraction of the
soot particles act as efficient ice nuclel. The exact magnitude of the caculated arcraft-induced perturba:
tions of the soot budget depends on the relative contributions of the other black carbon sources and on
details of soot ageing processes in the atmosphere on time scales of several weeks, both of which are not
well known.



A firg attempt to caculate the globa impact of aircraft soot emissons on cirrus was aso undertaken at
the very end of the project. For this purpose, two scenarios were defined. The default scenario calculates
cirrus formation caused by homogeneous freezing only. This is contrasted with a scenario where heteroge-
neous freezing of arcraft-emitted soot particles is prescribed, but only in regions where the arcraft soot
concentrations exceed 0.5 cm® (to compensate for errors in the smulated vertical winds thet are too low
compared with observations); otherwise cirrus form homogeneoudy as in the first case. The soot increase
by arcraft emissons was maximized by assuming minimad particde losses during ageing. In tregting this indi-
rect effect of soot-cirrus interactions, the direct effect of spreading contrails (as noted in Section 2.3) has
been neglected in these sudies.

By comparing annudly averaged results from ten years of ECHAM smuldtions, tota ice crystd con-
centrations are found to be reduced by severa tens of percent a northern hemisphere midlatitudes. Thisis
explained by the fact that the assumed soot threshold concentration above which homogeneous freezing is
supressed at the prevailing modd updraft speeds is frequently surpassed by aircraft emissons. In another
conceivable scenario, where soot particles (irrespective of their origin) as well as minerd dust particles can
serve as heterogeneous ice nucle, aviation leads to enhancements of ice crystd concentrations. Feedbacks
of the cirrus changes on cloud cover have not been consdered in the two scenarios. However, the
ECHAM reaults obtained here reved the potentia of arcraft-induced soot particles to cause significant
changesin cirrus microphysical properties.

3 SUMMARY AND CONCLUSIONS

Among al exhaust particles, soot is key in further studies of potentia aerosol-cirrus interactions

Kinetic dgorithms improve the prediction of soot physica propertiesin combustion modes

Accurate measurements better define the chemical compostion and the size digtributions of soot par-
ticles emitted by arcraft jet engines

Innovative measurements in an aerosol/cloud chamber suggest early freezing of soot particles in cirrus
conditions

Interpretation of freezing experiments in the chamber increases confidence in the current ability to
mode homogeneous freezing and growth of smdl ice crystdsin cirrus

In-stu studies unambiguoudy confirm the presence of high number densties of smdl ice crystdsin cir-
rus, tied to homogeneous freezing

Aircraft-based, sze-resolved chemical andysis of aerosol particles in the accumulation mode become
available, providing important information on freezing aerosols in future campaigns

Field measurements reved mesoscale variahility in vertical velocities as the key factor controlling cirrus
formation

Lidar studies confirm surprisingly high frequencies of occurrence of midlatitude subvisud cirrus

Retrieva dgorithm alows remote sensing of cirrus cloud optica properties in the presence of low level
dratus

Satellite andysis reved s close correlation between cirrus cloud cover changes and arr traffic density
Globa modd studies better condrain the apportionment of black carbon soot to a large number of
sources, induding aircraft

Freezing parameterization enables more redidtic predictions of ice supersaturation and cirrus clouds in
globa models

First preliminary global assessment of soot-cirrus interaction shows potentially sgnificant indirect im-
pact of arcraft soot on cirrus crystal concentrations, if the effect is maximized

Future progress in the area of aerosol-cirrus-radiation interaction depends crucidly on a better understan+
ding of

smdl-scde dynamicd varidhility;

indirect aerosol effects on cirrus,

cirrus radiative properties and cover;
and the representation of these effects in globa atmaospheric models.



The viewgrgphs of the invited tak presented a the workshop ae avalable under
http:/Amww.pa.op.dir.de/aac/. Most of the material presented here has been published in the open literature
and we refer to the ligt of references for more details. In addition, the following contributions in this volume
provide further information: Wah! et d., Petzold et d. (Section 2.1); Mohler et d., Mangold et a. (Section
2.2); Immler et d., Manngtein et d. (Section 2.3); Marquart et d., Hendricks et a. (Section 2.4).
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