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1. Objectives 
The main objective of the CONTRACE project was to investigate the upward transport 
of polluted airmasses from the boundary layer to the mid (MT) and upper troposphere 
(UT), and to study their impact on the trace gas budget over Europe. Both the rapid 
convective transport in thunderstorms as well as the more slow and widespread uplift 
in warm conveyor belts (WCBs) ahead of cold fronts were studied. The long-range 
pollution transport from North America to Europe and its impact on European trace 
gas composition was a major aim. CONTRACE was a joint cooperation between 
DLR-Oberpfaffenhofen, MPI-K Heidelberg, IMK-IFU Garmisch, and TUM-Freising. 
The main objectives of the groups were: 
• to investigate the importance of frontal systems and long-range advection in 

transporting polluted airmasses to the MT and UT over Europe, and to study the 
impact on the ozone budget (DLR); 

• to quantify the convective transport and production by lightning of nitrogen oxides 
in thunderstorms and to compare it to aircraft emissions in the UT (DLR); 

•   to investigate the ion-induced aerosol formation (MPI-K); 
• to investigate the impact of condensable trace gases (mainly acetone and sulphur 

dioxide) on the aerosol formation (MPI-K);   
•  to investigate the convective transport of hydrogen peroxide and formaldehyde, and 

their role as radical precursors in the UT as suggested by Kleinmann [1991] (IMK-
IFU); 

• to estimate the chemical age of polluted airmasses by using VOC measurements 
(IMK-IFU); 

• to investigate the relative importance of frontal systems and long-range advection 
for the transport of polluted airmasses by using trajectories (TUM);  

• to investigate the origin of polluted airmasses observed in the MT and UT over 
Europe by using a CO tracer model and backward simulations (TUM). 
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2. Performance of airborne field campaigns 
Two airborne field experiments were performed and coordinated by the DLR in 
November 2001 and July 2003. Different seasons (summer and winter) were chosen to 
investigate the impact of convective transport and frontal uplift. The research aircraft 
Falcon was equipped with chemical and particle instrumentation by DLR in 
Oberpfaffenhofen (CO, CO2, O3, NO, NOy, JNO2, and CN), by IMK-IFU in Garmisch 
(H2O2, CH2O, JO1D, VOCs), and by MPI-K in Heidelberg (atmospheric ions, 
(CH3)2CO, CH3OH, and SO2). The flight planning was supported by new developed 
chemical tracer forecasts provided by TUM in Freising (Lagrangian particle dispersion 
model FLEXPART) and MPI-C in Mainz (global chemistry transport model MATCH-
MPIC). The transport of two passive tracers representing CO emissions from North 
America (NA) and Europe (EU) was predicted. Furthermore, forecasts of 
meteorological fields as well as trajectories were calculated by TUM with the 
FLEXTRA model.  
 

3. Results from the November 2001 field campaign 
The main results from the airborne field campaign carried out in November 2001 
were: 
• For the first time CO tracer forecasts were used to predict the NA pollution events 

and to direct a research aircraft very precisely into these polluted layers above 
Europe [Lawrence et al., 2003; Stohl et al., 2003a; Forster et al., 2004].   

• FLEXTRA trajectories and FLEXPART CO and NOx tracers were used to analyse 
the airborne measurement. WCBs were identified as a key mechanism that can 
transport airmasses from NA to EU on a time scale of usually 4-6 days [Stohl et al., 
2002b; Stohl et al., 2003a; Eckhardt et al., 2004]. One special episode was observed 
when pollution was transported in a meteorological bomb from NA to EU within 
only one day [Stohl et al., 2003b]. It was found that such fast transport episodes can 
affect the NOx budget and thus the O3 chemistry over remote regions. 

• FLEXPART backward simulations were introduced as a new method to perform a 
detailed source analysis of the trace gases measured along the flight tracks [Stohl et 
al., 2002a; Stohl et al., 2003a]. In one selected case the main contribution to an 
observed CO maximum over Oslo (Fig. 3.1) came from the region in and around 
the city of New York (Fig. 3.2 right). The residence times in the lowest 300m, 
where anthropogenic emissions mainly are taken up, had their maximum at the East 
coast of North America (Fig. 3.2 left). Multiplying these residence times with the 
emission strengths given in an emission inventory (here EDGAR 1995 by Olivier 
and Berdowsky, 2001) gave the detailed source contribution per grid box to the 
measured CO maximum.  

• It succeeded to measure the trace gas composition in several NA pollution plumes 
over Europe [Huntrieser and Schlager, 2004; Huntrieser et al., 2004]. In the most 
pronounced NA plume (observed in the lower-mid troposphere over Oslo) elevated 
CO (170), O3 (53), NOy (1.1), acetone (5.0), and SO2 (2.6) mixing ratios (nmol mol-

1) were measured (Fig. 3.1).  
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Figure 3.1: Measured vertical CO profile during the Falcon descent close to Oslo (Norway) on November 19th, 2001. 
Superimposed (upper right corner) are O3-CO correlations in the free troposphere (FT, only regression line) and in the 
North American (NA) pollution plume. [Huntrieser et al., 2004].  

 

 
 
Figure 3.2: Left: Residence times in the lowest 300m of the particles started at 11:53 UTC on 19 November 2001, when a CO 
maximum was detected over Scandinavia. The times are given in percentages of the maximum residence time given below the 
panel. Right: Average source contribution per 0.5° grid box to the total CO mixing ratio measured along the flight track on 19 
November 2001 at 11:53 UTC. [Stohl et al., 2003a].  
 

 

• In general, O3 was elevated by ~10 nmol mol-1 in these NA pollution plumes in 
comparison to the typical background and a positive O3-CO correlation was 
observed (Figs. 3.1, 3.3d). Observations indicate that the enhanced levels of O3 
were already produced near the source region over the eastern U.S. and not during 
the transit. Occasionally these polluted NA airmasses even descended to ground 
level over the Alpine region and affected the air quality considerable [Huntrieser 
and Schlager, 2004; Huntrieser et al., 2004]. 

• In contrast, O3 decreased by ~ 20 nmol mol-1 in uplifted EU pollution plumes in 
comparison to the typical background and a negative O3-CO correlation was 
observed (Fig. 3.3d). Occasionally NA pollution plumes were layered above EU 
pollution plumes as shown in Figs. 3.3a-d. The NOy-CO correlation also showed 
distinct differences between NA and EU pollution plumes and was used to estimate 
the time since the emission of the pollutants (as suggested by Stohl et al., 2002). In 
the uplifted fresh EU pollution the NOy/CO slope was much steeper than in the aged 
NA plume [Huntrieser et al., 2004].  
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Figure 3.3: FLEXPART 15-hour forecasts of (a) a North American CO tracer at 5000 m a.s.l. and (b) a European CO tracer at 
3000 m a.s.l. for 22nd November 2001 at 1500 UTC. Superimposed are isolines of the geopotential height at 500 and 700 hPa, 
respectively. A North American pollution plume (a) reached Europe and moved rapidly from the west (British Isles) to the east 
(Poland). European pollution (b) was uplifted over Germany. In (c) the vertical cross section through the FLEXPART European 
(EU) and North American (NA) CO tracer fields (forecast) for 22nd November 2001, 1500 UTC along 10°E is shown. In (d) the 
measured vertical CO profile during the descent close to Oberpfaffenhofen (48°N, 11°E) on 22nd November 2001 is presented. 
Superimposed (upper right corner) are O3-CO correlations in the European (EU) and the North American (NA) pollution plume. 
[Huntrieser et al., 2004].  
 

 
• For the first time large positive and negative ions with mass numbers exceeding 600 

could be detected in the UT. These represent fingerprints of ion-induced aerosol 
formation proceeding via INU (ion-induced nucleation) [Eichkorn et al., 2002]. 
Furthermore, the large-ion data allow to infer the total concentration of condensable 
atmospheric trace gases. Laboratory data strongly suggest that the large ions were 
composed mostly of H2SO4 and that INU of H2SO4/H2O took place in the upper 
tropospheric airmasses intercepted [Wilhelm, 2003; Wilhelm et al., 2004]. In 
relatively unpolluted airmasses INU was more efficient than HONU (homogeneous 
nucleation). 

• In polluted airmasses the condensable trace gases were elevated by up to 5.0 nmol 
mol-1 acetone, 2.5 nmol mol-1 methanol, and 3.0 nmol mol-1 SO2. In relatively clean 
airmasses in the free troposphere SO2 mole fractions ranged between 0.020 and 
0.050 nmol mol-1. It was found that even these low values allow sufficient 
production of the condensable gas H2SO4 and thereby promote formation and 
growth of aerosol particles in the UT [Aufmhoff, 2004]. 

a) b) 

c) d) 

NA 
 
 
EU 

NA 
EU 
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• In the aged NA pollution plumes the observed formaldehyde mixing ratios were in 
agreement with model calculations using the RACM2 box model. Formaldehyde is 
rapidly decomposed by photolysis and never exceeded values of 0.5 ppb in the aged 
airmasses. Typical for the UT were mixing ratios of about 0.1-0.2 nmol mol-1. H2O2 
was also found to agree with model calculations for pure gas phase reactions during 
transport times of more than 5 days. 

 

4. Results from the July 2003 field campaign 
The main results from the airborne field campaign carried out in July 2003 were: 
• Trace gas measurements were successfully performed in the convective outflow 

from European thunderstorms. An algorithm was developed to estimate the 
convective mass flux based on METEOSAT data [Wimmer, 2002]. The outflow 
from an average CONTRACE thunderstorm in the UT contained 1.2 ± 0.4 nmol 
mol-1 NOx and up to 170 nmol mol-1 CO. On average NOx produced by lightning 
dominated in the investigated thunderstorm anvils in comparison to the contribution 
from the boundary layer (60 and 40%, respectively). The results indicate that the 
annual mean NOx budget in the UT over Europe is dominated by emissions from 
aircraft (0.1 TgN yr-1) in comparison to lightning production (0.06 TgN yr-1). 
However, the overall largest contribution comes from the upward transport of 
polluted boundary layer air to the UT by convection and fronts (0.3 TgN yr-1).  

• One special event was observed where the outflow from a convective frontal system 
(active over Germany) was advected to the north out over the North Sea and then 
transported around a low pressure system located over the British Islands. After 5 
days of circulation over the ocean the aged EU pollution plume entered Europe 
again at the French west coast. FLEXPART backward simulations were used to 
estimate the source region of this aged EU plume and it was found that the strongest 
industrial center in Germany (Ruhr area) mainly contributed to this pollution plume. 
CO and H2O2 mixing ratios were enhanced in the plume, however, no pronounced 
change in ozone was observed.    

• During thunderstorm flights in the UT formaldehyde mixing ratios were only 
occasionally elevated (>2 nmol mol-1), which is close to planetary boundary layer 
values, while peroxide was only enhanced in clearly aged air. In most cases no 
significant enhancement of both trace gases was found in the UT indicating that 
washout processes within the convective cells significantly reduce the mixing ratios 
of these water soluble substances. The role of these trace gases as radical precursors 
in the UT seems to be minor in convection. 

References 
 
KLEINMANN, L.I., Seasonal Dependence of boundary layer peroxide concentration: The low and high 

NOx Regimes, J. Geophys. Res., 96, 20721-20733, 1991. 
OLIVIER, J. G. J., and J. J. M. Berdowsky, Global emission sources and sinks. In: Berdowski, J., Guicherit, R., 

and B. J. Heij (eds.), The Climate System, pp. 33-78. A. A. Balkema Publishers/Swets and Zeitlinger 
Publishers, Lisse, The Netherlands. ISBN 90 5809 255 0, 2001. 

STOHL, A., M. Trainer, T. B. Ryerson, J. S. Holloway, and D. D. Parrish, Export of NOy from the North 
American boundary layer during 1996 and 1997 North Atlantic Regional Experiments, J. Geophys. Res., 
107, doi: 10.1029/2001JD000519, 2002. 

 



 7

 
 

CONTRACE-Publications 
 
AUFMHOFF, H., Atmosphärische gasförmige Vorläufer von Aerosol und Ozon: Messungen mit CIMS-

Methoden auf einem Flugzeug und am Boden. PhD thesis, University of Heidelberg, 2004. 
COOPER, O. R., C. Forster, D. Parrish, M. Trainer, E. Dunlea, T. B. Ryerson, G. Hübler, F. Fehsenfeld, D. 

Nicks, J. Holloway, J. Nowak, C. Brock, J. de Gouw, C. Warneke, J. Roberts, F. Flocke J. Moody, A case 
study of trans-Pacific warm conveyor belt transport: The influence of merging airstreams on trace gas 
import to North America, J. Geophys. Res., 109, D23S08, doi:10.1029/2003JD003624, 2004a. 

COOPER, O. R., C. Forster, D. Parrish, E. Dunlea, G. Hübler, F. Fehsenfeld, J. Holloway,  S. Oltmans, B. 
Johnson, A. Wimmers, and L. Horowitz, On the life-cycle of a stratospheric intrusion and its dispersion 
into polluted warm conveyor belts, J. Geophys. Res., 109, D23S09, doi:10.1029/2003JD004006, 2004b. 

ECKHARDT, S., A. Stohl, H. Wernli, P. James, C. Forster, and N. Spichtinger, A 15-year climatology of warm 
conveyor belts, J. Clim., 17, 218-237, 2004.  

EICHKORN, S., et al., Cosmic ray-induced aerosol-formation: First observational evidence from aircraft-based 
ion mass spectrometer measurements in the upper troposphere, Geophys. Res. Lett., 29, 
10.1029/2002GL015044, 1698-1702, 2002.  

FORSTER, C., O. Cooper, A. Stohl, S. Eckhardt, P. James, E. Dunlea, D. K. Nicks Jr., J. S. Holloway, G. 
Hübler, D. D. Parrish, T. B. Ryerson, and M. Trainer, Lagrangian transport model forecasts and a transport 
climatology for the Intercontinental Transport and Chemical Transformation 2002 (ITCT 2k2) 
measurements campaign, J. Geophys. Res., 109, D07S92, doi:10.1029/2003JD003589, 2004.  

HUNTRIESER, H., and H. Schlager: Air Pollution Export from and Import to Europe: Experimental Evidence, 
In: The Handbook of Environmental Chemistry, Vol. 4 Air Pollution: Intercontinental Transport of Air 
Pollution (Ed. A. Stohl), pp. 69-98, Springer-Verlag, Heidelberg, ISBN: 3-540-20563-2, 2004.  

HUNTRIESER, H., J. Heland, H. Schlager, C. Forster, A. Stohl, H. Aufmhoff, F. Arnold, H. E. Scheel, M. 
Campana, S. Gilge, R. Eixmann, and O. Cooper, Intercontinental air pollution transport from North 
America to Europe: Experimental evidence from airborne measurements and surface observations, J. 
Geophys. Res., in press, 2004.  

LAWRENCE, M. G., P. J. Rasch, R. von Kuhlmann, J. Williams, H. Fischer, M. de Reus, J. Lelieveld, P. J. 
Crutzen, M. Schultz, P. Stier, H. Huntrieser, J. Heland, A. Stohl, C. Forster, H. Elbern, H. Jakobs, and R. R. 
Dickerson, Global chemical weather forecasts for field campaign planning: Predictions and observations of 
large-scale features during MINOS, CONTRACE, and INDOEX, Atmos. Chem. Phys., 3, 267-289, 2003.  

STOHL, A., S. Eckhardt, C. Forster, P. James, and N. Spichtinger, A replacement for simple back trajectory 
calculations in the interpretation of atmospheric trace substance measurements, Atmos. Environ., 36, 4635-
4648, 2002a.  

STOHL, A., S. Eckhardt, C. Forster, P. James, and N. Spichtinger, On the pathways and timescales of 
intercontinental air pollution transport, J. Geophys. Res., 107, 4684, doi: 10.1029/2001JD001396, 2002b.  

STOHL, A., C. Forster, S. Eckhardt, N. Spichtinger, H. Huntrieser, J. Heland, H. Schlager, S. Wilhelm, F. 
Arnold, and O. Cooper, A backward modeling study of intercontinental pollution transport using aircraft 
measurements, J. Geophys. Res., 108, 4370, doi: 10.1029/2002JD002862, 2003a.  

STOHL, A., H. Huntrieser, A. Richter, S. Beirle, O. Cooper, S. Eckhardt, C. Forster, P. James, N. Spichtinger, T. 
Wagner, J. Burrows, and U. Platt, Rapid intercontinental air pollution transport associated with a 
meteorological bomb, Atmos. Chem. Phys., 3, 969-985, 2003b.  

WILHELM, S., Investigations on ion induced aerosol formation in the free troposphere: aircraft borne and 
laboratory measurements. PhD thesis, University of Heidelberg, 2003.  

WILHELM, S., S. Eichkorn, D. Wiedner, L. Pirjola, and F. Arnold., Ion-induced aerosol formation: New 
insights from laboratory measurements of mixed cluster ions HSO4

-(H2SO4)a(H2O) and H+(H2SO4)a(H2O)w, 
Atmos. Environ., 38, 1735-1744, 2004.  

WIMMER, S., Entwicklung eines Algorithmus zur Bestimmung des vertikalen Massenflusses in einzelnen 
hochreichenden Konvektionszellen aus METEOSAT-Daten, Diplomarbeit am Institut für Geographie, 
LMU München, 28. Februar 2002. 

 


