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Summary of scientific objectives and general progress

The primary goals of the AFO2000 project KODYACS have been to identify and quantify the coupling of dynamical, chemical, and (micro-)physical processes in the upper troposphere / lower stratosphere (UT/LS) and the middle atmosphere (i.e. stratosphere and mesosphere), and to examine the interaction of the different atmospheric layers themselves. Investigations have been mainly based on a hierarchy of atmospheric models (e.g. results of long-term simulations using Chemical-Transport Models, CTMs, and Chemistry-Climate Models, CCMs) and multi-year observations derived from ground based stations and satellite instruments.

The scientific objectives of KODYACS are centred around the following questions:

1. How do dynamical and chemical processes and the chemical composition of the stratosphere affect the variability of the troposphere?

2. How does the dynamics of the troposphere effect the chemistry of the stratosphere?

3. What are the reasons for trends in the upper troposphere and lower stratosphere of chemical compounds relevant for climate change?

4. Which interactions exist between stratospheric ozone depletion and the greenhouse effect?

5. How are air masses transported through the tropopause?

6. Which contribution do have natural components of climate variability for the observed changes of chemical compounds and meteorological values?

A considerable amount of new and interesting results have been achieved in the different groups of KODYACS, not least because of the intensive cooperation between these groups. Summaries of the most important progress obtained in the year 2003 are presented in this report. A detailed overview and description of all results will be explained at the end of the project (summer 2004) in the final report of KODYACS.

The results obtained by KODYACS will lead to improved predictions of atmospheric dynamics (climate) and chemical composition of the lower and middle atmosphere. For example, upgraded numerical tools are now available for more reliable estimates of the future development (recovery) of the stratospheric ozone layer because the interactions of changes in climate and chemical composition can be considered. Moreover, the investigations carried out in this project have established a solid basis for seasonal weather forecasts. KODYACS has been instrumental in creating a capacity for state-of-the-art chemistry-climate modelling in Germany. The links and interactions between existing groups have been strengthened and greatly improved. A very close cooperation between modelling and observations groups has been achieved. KODAYCS has helped to create substantial know-how in Germany. It has to be hoped that  this potential can be used for further investigations of chemistry-climate coupling in the near future. 
General information
KODYACS has been started on April 1st, 2001. A kick-off meeting was held in Hamburg at the Max-Planck-Institute for Meteorology on March 12th and 13th, 2001. This workshop was jointly organised with the AFO-projects MEDEC (MEsospheric Dynamics, Energetics and Chemistry, PI: Brasseur) and ISOTROP (Integration of Satellite Observations with the global chemical transport model MOZART to study the chemical composition in the upper TROPosphere, PI: Rohrer), which also concentrate on modelling work, but with regards to the mesosphere and the troposphere, respectively. The three projects ISOTROP, KODYACS, and MEDEC all contribute to the COMMIT project (COMmunity Modelling InitiaTive, PI: Brasseur), which aims to develop an advanced community state-of-the-art model of the middle atmosphere from 0 to 250 km. The annual meeting 2002 of the KODYACS participants was held in Oberpfaffenhofen at the Institute for Atmospheric Physics on March 12th, 2002. KODYACS results were presented during the “AFO 2000 Statusseminar” in Schliersee from October 7th to 9th. The annual meeting 2003 of the KODYACS participants was held in Oberpfaffenhofen at the Institute for Atmospheric Physics on January 9th and 10th, 2003. To discuss and coordinate the final steps until the end of the project, a one day meeting of the responsible scientist was held on January 23rd , 2004, again in Oberpfaffenhofen.

Several bilateral meetings were organised during the project to discuss detailed cooperations and the coordination of work. 

The progress of the project as well as recent and planned events can also be viewed at the “KODYACS-web-page” (http://www.pa.op.dlr.de/kodyacs), where all relevant information is provided to the interested community.

Investigation of mutual influences of greenhouse effect and changes of dynamic and chemical processes in the UT/LS employing model simulations and observations

Martin Dameris, Christina Schnadt, Sigrun Matthes, Fabian Mager

DLR Institut für Physik der Atmosphäre, Oberpfaffenhofen

Summary

The research activities of DLR in the year 2003 covered the following fields: 

· realisation and analysis of a transient long-term model simulation employing the coupled chemistry-climate model (CCM) ECHAM4.L39(DLR)/CHEM (E39/C); 

· first investigation of impacts of stratospheric aerosol changes produced by volcanic eruptions on dynamical and chemical processes in the lower stratosphere; 
· time-dependent study of the ozone evolution driven by both chemical and dynamical changes of the lower stratosphere, i.e., comparison with observations;
· implementation of parameterisation of large solar zenith angles (SZAs) and related sensitivity experiments with E39/C. 
These activities are integrated in joint activities of the KODYACS partners. 
Transient  model simulation with E39/C 

The transient model simulation with E39/C (control run from 1960 to 2000) was finished at the beginning of the year 2003. First validation of model results with related observations showed some significant inconsistencies (e.g. lower stratospheric ozone mixing ratio in polar regions) in particular during and after the eruption of volcanoes (Agung, El Chicon, Pinatubo). Detailed studies of model results indicated that the description of heterogeneous chemistry on sulphate aerosols used in E39/C was inconsistent near the upper boundary of the model (10 hPa), which yield erratic results with respect to chlorine activation. The mistake was identified and removed. Sensitivity studies using the revised model have been performed with respect to check the model’s ability to reproduce observed atmospheric behaviour after volcanic eruptions and to determine impacts of stratospheric aerosol changes produced by volcanic eruptions on dynamical and chemical processes in the lower stratosphere. 

After removal of the error, E39/C has been employed for sensitivity studies describing the period before, during and after the eruption of Mount Pinatubo to check the abilities of the improved model version to describe correctly the relevant processes. Some of the results are presented in Figures 2, 4, 5, and 6. First inspection of the model results indicate that the model is now running well, i.e. the model response to the eruption of Pinatubo is in fair agreement with observations (e.g. Figures 1 and 3), in particular in the tropics and the Southern Hemisphere extra-tropics. A one-to-one comparison for the Northern Hemisphere is not possible due to the high inter-annual dynamic variability there. Now, the transient simulation has completely been repeated for the whole period (1960 to 2000). A detailed analysis of model results is currently in progress, together with our KODYACS-partners. A publication of the results of the transient model run is in preparation.
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Figure 1: Ozone anomalies (from the 1987 to 1990 mean values, in percent) observed by TOMS after the eruption of Mount Pinatubo in June 1991. No measurements are available during polar night. Adopted from Randel et al., 1995.
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Figure 2: Ozone anomalies (from the 1987 to 1990 mean values, in percent) calculated with E39/C after the eruption of Mount Pinatubo in June 1991.

[image: image3.png]Latitude

91

2
Time (Month) 0

50 40 -30 -20 -10 -05 0.5 1.0 2.0 3.0 4.0 5.0




Figure 3: Temperature anomalies (from the 1987-1990 mean, in Kelvin) for the lower stratospheric temperature (approx. 13-21km) derived from the Microwave Sounding Units (Channel 4) and Advanced Microwave Sounding Unit (Channel 9) on board US operational satellites. MSU data kindly provided by Ben Santer (LLNL, USA). 
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Figure 4: Temperature anomalies (from the 1987-1990 mean, in Kelvin) for the lower stratospheric temperature (approx. 13-21km) calculated with E39/C.
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Figure 5: Temperature anomalies (from the 1987-1990 mean, in Kelvin) at the tropopause calculated with E39/C. 
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Figure 6: Water vapour anomalies (from the 1987-1990 mean, in ppmv) at 50 hPa pressure level calculated with E39/C.

Further analysis of timeslice experiments with E39/C

A study has been made to investigate the reasons for enhanced planetary wave activity in E39/C in a future scenario calculation (Schnadt et al., 2002) which yield an accelerated recovery of stratospheric ozone in the Northern Hemisphere (Schnadt and Dameris, 2003). It has been shown that the model is able to reproduce the observed behaviour, i.e. that a positive NAO index corresponds to an anomalously strong polar vortex, while an anomalously weak polar vortex is found when tropospheric circulation anomalies are of the opposite sign. In E39/C the NAO index decreases significantly from “1990” to “2015”. This coincides with enhanced vertical propagation of quasi-stationary waves and a dynamical heating of the northern polar stratosphere. Thus, tropospheric circulation changes might influence stratospheric dynamics and hence northern hemisphere ozone evolution. The results clearly illustrates the coupling of the troposphere and stratosphere and the importance of interaction of dynamical and chemical processes in the UTLS region.

Development of parameterisation of twilight conditions and implementation in E39/C

In a joint action with MPI-C, E39/C has been employed to assess the impact of solar zenith angles (SZAs) larger than 87.5° for the chemistry and dynamics of the lower stratosphere, in particular at polar latitudes during winter and spring. It is well-known that the impact of photolysis on mixing ratios of chemical species depends on the maximum SZA allowed in model calculations. For example, an estimate by the 2D chemistry model MPIC for a specific case study at the 475 K isentropic level showed that the total percentage ozone loss increased from 25% to 31% when the maximum SZA was raised from 90° to 92° (Krämer et al., 2003). Moldanova et al. (2002) showed that for some halogenated species and NO3, the photolysis beyond 90° SZA may be of importance. Nevertheless, some CCMs neglect the impact of twilight for simplicity reasons, which certainly has an impact on chemical processes, especially during winter and spring near the edge of the polar night. The investigation carried out in this study has aimed to quantify the effect of photolysis beyond 87.5° SZA in a fully coupled 3D CCM. A brief description of the employed model system E39/C and a detailed explanation of the newly developed parameterisation for the photolysis up to 93° SZA has been given by Lamago et al. (2003). Results of a E39/C simulation considering SZAs up to 93° with those of a sensitivity run with SZAs confined to 87.5° has been compared. A comprehensive summary is given in the following.

Figure 7 shows the differences between the modelled climatological mean total ozone fields (SZA93 minus SZA87.5). In the southern mid- and high latitudes between 30°S and 90°S the largest ozone difference values are simulated. These differences are statistically significant due to the relative low inter-annual variability. The ozone reduction is strongest south of 60°S between September and November due to the photon surplus in SZA93. The maximum differences are found in the centre of the polar vortex. At the end of September approximately 30 Dobson Units (DU) less ozone is found in the SZA93 case. This corresponds to a maximum reduction of the ozone column over the south polar region of about 20% in the SZA93 run in comparison to the SZA87.5 simulation. A closer inspection indicates that in the SZA93 simulation ozone depletion starts earlier. Statistically significant temperature differences between the SZA93 and the SZA87.5 simulations are mainly found in the extra-tropical Southern Hemisphere lower stratosphere (between 10 and 100 hPa). Figure 8 shows the differences for the 50 hPa pressure level. The largest values occur during polar spring (up to –4 K) indicating that the SZA93 simulation produces colder conditions there. Near the edge of the Southern Hemisphere polar vortex the SZA93 run shows a cooling between –0.5 K and –1 K. These temperature differences can be easily related to the detected changes of the ozone column between the two model runs (Figure 7). In SZA93, the stratosphere is colder in regions with reduced ozone columns with regards to the SZA87.5 run. Temperature differences in the Northern Hemisphere are statistically not significant due to the high dynamic variability especially in winter and spring time.
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Figure 7: Changes in total ozone (in DU) between the model simulations SZA93 and SZA87.5. Negative (positive) values indicate lower (higher) values in SZA93. Dark (light) shaded areas indicate the 99% (95%) significance level (t-test).  
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Figure 8: Changes of climatological mean temperature (K) at 50 hPa between the model simulations SZA93 and SZA87.5. Negative (positive) values indicate lower (higher) values in SZA93. Dark (light) shaded areas indicate the 99% (95%) significance level (t-test).  
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Figure 9: Changes of the climatological zonal mean for ClOx (ppbv) at 50 hPa in the Southern Hemisphere between the simulations SZA93 and SZA87.5. Model data have been transformed to the PV-coordinate system. Positive (negative) values indicate higher (lower) values in the SZA93 simulation. Dark (light) shaded areas indicate the 99% (95%) significance level (t-test).  

To estimate the importance of considering SZAs greater than 87.5° on stratospheric chemistry in a fully coupled 3D CCM, some chemical species have been analysed which are especially relevant for polar chemistry. The diagnostics have been concentrated on the Southern Hemisphere. As shown above, stratospheric temperatures are reduced if SZAs up to 93° are considered, especially in springtime inside the polar vortex. This favours the formation of PSCs in the SZA93 run. In this region the conditions are most favourable for heterogeneous chemistry on PSC surfaces during the polar night. Figure 9 shows the differences in ClOx at the 50 hPa pressure level. An enhanced activation of chlorine is found inside the polar vortex between July and November. Maximum difference values are about 0.5 ppbv, these differences are statistically significant. An exception is found inside the polar vortex in the second half of October where a decrease of ClOx (up to –0.3  ppbv) is detected in the SZA93 run. This behaviour can be explained considering the related differences of ClONO2 and HCl (see Lamago et al., 2003).  Reduced ClONO2 mixing ratios are found in the SZA93 run inside the polar vortex between mid October and mid November while HCl is increased there. Although the results of both simulations SZA93 and SZA87.5 show a realistic behaviour with regards to the re-formation of the chlorine reservoirs, i.e., ClOx is first converted towards HCl, the SZA93 simulation produces improved results concerning the re-formation (2 weeks earlier), which means that they are closer to the analyses of observations. 

This study was the first assessment using a 3D CCM to quantify the effects of high SZAs on the dynamics and chemistry of the lower stratosphere. It shows that the photolysis for SZAs greater 87.5° is relevant especially in especially polar regions and cannot be neglected for simplicity reasons as partially done in other CCMs (e.g., Austin et al., 2003). Therefore, the parameterisation of photolysis frequencies at large SZA developed here will be a component of future studies with E39/C.
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Lamago, D., M. Dameris, C. Schnadt, V. Eyring, and C. Brühl, Impact of large solar zenith angles on lower stratospheric dynamical and chemical processes in a coupled chemistry-climate model, Atmos. Chem. Phys., 3, 1981-1990, 2003.

Schnadt, C. and M. Dameris, Relationship between North Atlantic Oscillation changes and an accelerated recovery of stratospheric ozone in the northern hemisphere, Geophys. Res. Lett., 30, 1487, doi:10.1029/2003GL017006, 2003.
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Dynamical influences on stratospheric ozone and temperature

Birgit Haßler, Wolfgang Steinbrecht, Peter Winkler

Deutscher Wetterdienst, Meteorological Observatory Hohenpeissenberg
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This years main achievements were 

· analysis of upper stratospheric ozone and temperature variations based on lidar profiles from the NDSC database;

· global analyses of lower stratospheric ozone and temperature variations based on the global TOMS/SBUV satellite data set and NCEP reanalyses;

· preliminary work on first results from the transient simulations, carried out at the KODYACS project partners DLR-Oberpfaffenhofen and MPI-Mainz/Hamburg with the ECHAM4.L39(DLR)/CHEM and MA-ECHAM/CHEM models.

Only 5 lidar stations in the NDSC database have long and consistent records that are suitable for our analysis. Apart from Hohenpeissenberg, these stations are Table Mountain/USA, Haute Provence/France, Mauna Loa/Hawaii (USA), Lauder/New Zealand, and Tsukuba/Japan. Data from these stations were collected from the NDSC database and were quality-controlled. Ozone and temperature fluctuations were analysed with our regression method. KODYACS Annual Science Report 2001 (http://www.pa.op.dlr.de/kodyacs/) gives details on this regression method.

Figure 1 shows some results for upper stratospheric ozone above Hohenpeissenberg. The Hohen-peissenberg lidar data compare very well with SAGE or HALOE zonal mean data. The three main components of upper stratospheric ozone variations are 1.) a long term trend, 2.) the influence of the QBO and 3.) a variation in phase with the 11-year solar cycle. While the data at Table Mountain give similar results, some of the other stations do not present such a clear picture, either because the time series are too short (Mauna Loa, Lauder), or because of changes in data quality (Haute Provence, Tsukuba). In general we found that most of lidar time series are too short (10 years or less), to allow the same analysis as the much longer (20 to 35 years) sonde records.

A very interesting question addressed by Figure 1 is whether the levelling off of ozone depletion, observed since about 1995, is an indication for a beginning recovery of upper stratospheric ozone. This has been argued by Newchurch et al. (2003). Such a recovery is expected, since stratospheric chlorine levels seem to have reached their maximum in the last two years, a consequence of the 1987 Montreal Protocol, and should be starting to go down. However, a critical investigation published by our group within the KODYACS framework (Steinbrecht et al., 2004), indicates that the levelling off can also be explained by superposition of an ongoing decline of upper stratospheric ozone and a relatively large ozone increase due to the recent solar maximum. A closer look at Figure 1 gives a strong suggestion that such a superposition is quite likely. More conclusive evidence cannot be expected before 2008, at the end of the solar minimum starting now.
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Another focus of this year's work was an analysis of global total ozone and lower stratospheric temperature (50 hPa) time series. These results were published (Steinbrecht et al., 2003). The time series used are from the TOMS and SBUV instruments, and from the meteorological reanalyses by the US National Centre for Environmental Prediction (NCEP). Applying our regression analysis to these data-sets usually gives a good and stable description of global ozone and temperature variations, where typically 70 to 80 percent of the variance are accounted for. Figure 2 shows results for total ozone and 50 hPa temperature variations attributed to the Quasi-Biennial-Oscillation (QBO) and to the 11-year Solar cycle. When equatorial zonal wind is westerly at 30 hPa, total ozone and 50 hPa temperature are high in the tropics (yellow and red colours), and are low (green and blue colours) in a subtropical belt from about 20° to 40° or 50°. The westerly winds induce a descending air motion in the tropics. This brings ozone rich air down in the tropical lower stratosphere, thereby increasing tropical total ozone and adiabatically warming in the tropical lower stratosphere (yellow and red colours in Figure 2). In the subtropics, ascending motion brings ozone poor air up, thereby decreasing subtropical total ozone and adiabatically cooling the subtropical lower stratosphere (blue bands in Figure 2). As the lower part of Figure 2 shows, total ozone and 50 hPa temperature are typically 5 to 15 DU, or 0.5 to 1.5 K, higher during solar maximum than during solar minima. The total ozone and temperature responses look very similar. Both responses are usually smaller in the tropics than in the extra tropics. The reasons for such a strong influence of the solar cycle on the lower stratosphere are still not fully understood. It will be interesting to compare the observations with results from the transient simulations by the fully coupled chemistry-climate models ECHAM4.L39(DLR)/CHEM and MA-ECHAM4/CHEM, currently under way at the KODYACS partners DLR-Oberpfaffenhofen and MPI Mainz/Hamburg.

Figure 3 shows results from a preliminary study based on an initial transient ECHAM4.L39(DLR)/CHEM run, which accounts for changing greenhouse- and ozone depleting gases, as well as for QBO and Solar cycle, but had some problems with volcanic aerosol. Plotted is the typical size of ozone variations attributed to the QBO for different seasons and altitudes, for Hohenpeissenberg. Observations are shown on the left, results for ECHAM4.L39(DLR)/CHEM on the right. The negatively correlated QBO influence (blue) at around 20 km altitude in winter and spring corresponds to the blue band in Figure 2, mentioned before. Generally, the pattern of influence both in altitude and season between 25 and 15 km is reproduced really well in the model. However, the model shows an unrealistically strong influence of the QBO in the troposphere. This is likely caused by a too strong downward transport through the tropopause in the model. The observations also show a strong QBO influence above 30 km, which starts in the summer at an altitude of about 48 km and moves down during fall and winter. In the spring the phase to the QBO changes. Unfortunately, the ECHAM4.L39(DLR)/CHEM model only reaches up to about 30 km. Model calculations for heights above 30 km are on the way with the MA-ECHAM4/CHEM model from MPI Mainz/Hamburg.
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The main work for 2004 will be the analysis of transient experiments by the ECHAM4.L39(DLR)/CHEM model and the MA-ECHAM4/CHEM model, which are expected to be completed in February 2004. It will be very interesting to compare the results of MA-ECHAM4/CHEM, since only this model provides upper stratospheric ozone and temperature data.
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Lagrangian modeling of vertical transport and chemical ozone destruction (LAVERO)

Gebhard Günther, Carsten Lemmen, Hildegard Steinhorst, Rolf Müller, Jens-Uwe Grooß, Paul Konopka

Institute for Chemistry and Dynamics of the Geosphere (ICG-I), Research Centre Jülich
In the framework of estimation of climate relevant tracers studies concerning the isolation of the polar vortex and its chemistry based on the winter 2002/2003 have been carried out. The polar vortex of this winter was heavily disturbed by planetary waves. After having been split into two lobes during mid January 2002, a re-merge of the vortex was observed a few days later. Besides causing vigorous mixing in the vicinity of the vortex edge the repeatedly splitting, folding and re-merging lead to strong filamentation of the interior of the lower stratospheric vortex with mid latitudinal air masses being folded into the vortex.
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Both, the effects of the mixing at the vortex edge and the transport of air masses from outside into the vortex are illustrated by the results of a CLaMS simulation utilising a suite of inert tracers tagging the original position of the air masses. The simulation was started on the December 15th, 2002, with the inert tracers mentioned above initialised as shown in Table 1. The horizontal and vertical resolution was 90 km and 8 K, respectively.

Figure 1 shows the situation of the polar vortex on January 19th, 2003. The distribution of the inert tracer P4 on the 450 K isentropic level is shown symbolising air masses originating in the vortex core. Tracer values different from 1 and 0 show the effects of mixing. The vortex is strongly elongated, almost splitting into two secondary vortices. Distinct filaments of vortex air are wrapping around anticyclones being built up due to PV conservation.

On January 23rd  the two vortices are about to re-merge, a thin filament of mid latitudinal air being trapped between them (see Fig. 2). The mixing inside the newly formed vortex is small enough to let signatures of these air masses survive for several days. The tongue of vortex air moved to the mid latitudes observed on the 19th  has been mixed into its environment to a large degree.

Inert Tracer
mPV Range
Description

P0
0.,...,10.
Tropics

P1
10.,...,14.
Mid Latitudes

P2
14.,...18.
Outer Vortex Edge

P3
18.,...,21.,
Inner Vortex Edge

P4
≥ 21.
Vortex Core

Table 1: Initialisation of the inert tracers according to the modified PV value at the positions of  the air masses on

December 15th , 2002.

The dynamics of the polar arctic stratosphere lead to enhanced transport in and out of the polar vortex (see Fig. 3). The vortex interior showed signs of both enhanced and reduced mixing, depending on the history of the air masses involved. Some parts of the lower stratospheric vortex showed a fraction of up to 50% air originating from the mid latitudes and the outer vortex edge. The total effect on the lowest part of the vortex is about 25%, but only 2% when the whole simulated vortex between 325 K and 600 K is considered. The effect of transport of vortex core air masses into the mid latitudes and their subsequent mixing into their environment is much larger. About 10% of the vortex mass is exchanged by horizontal transport and mixing, being substituted by vertical transport from the middle and upper stratosphere.
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With the help of the spectra of air mass origins it is possible to give an estimate of the cross-boundary flux in the model atmosphere during the above mentioned simulation. This was carried out by integrating over the non-vortex parts of air masses inside and vortex originating parts of air masses outside the vortex defined by the 21 mPVU contour line (see Table 1).

The model results show an increase in air mass exchange during December and the beginning of January. The outflow reaches values of about 13% of the total vortex mass of the considered height range. The highest influx values (about 2% of net flux) occur, when the vortex has almost split and extra-vortex air is trapped inside the vortex during the re-merge. The highest influxes are confined to the lowest part of the vortex, where the cross-boundary exchange is stronger due to stronger filamentation and enhanced mixing. The total influx reaches here approximately 25 % of the total vortex mass.

During this winter an European field campaign investigating the chemistry and dynamics of the arctic stratosphere took place. The measurements obtained gave clear evidence of re- and denitrification processes inside the polar vortex. Utilising the further developed CLaMS model these processes were simulated allowing for interpretation beyond the observations. The newest developments of the CLaMS model include an enhanced parameterisation for the development, transport and sedimentation of large NAT particles, the so-called 'NAT-Rocks', which are currently under suspicion to be responsible for the strong de- and renitrification processes sometimes observed inside the lower stratospheric vortex. Figure 4 shows the temporal evolution of the deviation of the models NOy from NOy* poleward of 65 degrees equivalent latitude, usually being a good indicator for re-  and denitrification.
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In the mid of December 2002 the vortex interior is characterised by very low temperatures, allowing for the nucleation and growth of large NAT particles. Due to sedimentation these particles lead to a strong downward transport of nitrous oxygen. As they leave the cold regions in the lower stratosphere, they reach  areas of subsaturation, where the nitrous oxygen is released back into the gas phase due to melting thus leading to renitrification.

The horizontal distribution of the above mentioned quantity on the 425 K isentropic surface (see Figure 5) shows a strong inhomogeneity of de- and renitrifaction areas throughout the vortex interior. Air masses which have undergone these processes some time ago can be observed inside small filaments peeled off the vortex and moved into the mid latitudes, slowly mixing into their environment. The pink line corresponds to the flight path of the M-55 Geophysika, which carried out a mission that day. The measurements obtained during that flight are shown together with CLaMS results in Figure 6. They are in general  in good agreement with the observations, although CLaMS shows stronger denitrificaton on the higher flight level. This is possibly due to the patchy structure mentioned above and the comparatively coarse CLaMS resolution.
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The ozone destruction derived from this simulation for the 500 K isentropic level is shown in Figure 7. Ozone loss of up to 400 ppbv occurs in air masses inside the vortex. Again the inhomogeneity inside the polar vortex can be noticed. Ozone reduced air masses being peeled off the vortex edge and moved equatorward can be observed in the mid latitudes, forming filaments and small structures.
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Another simulation has been carried out to investigate the total amount of ozone destruction as compared to observations. Figure 8 shows the difference between ozone transported as an inert tracer by CLaMS and ozone derived from ENVISAT observations inside the vortex. The vortex is considered as all air masses with at least 80 % vortex air with respect to the beginning of the simulation, indicated by the purple line. Starting in December ozone loss can be observed already below 500 K. In the beginning of February strong ozone loss starts between 600 and 700 K. During this time the vortex undergoes strong dilution. The ozone loss increases up to 4 ppmv due to NOx chemistry. The lower panel of Figure 8 shows the total ozone loss distinguishing between pure vortex air masses and air masses with mixed in mid latitude air. During the first part of winter no difference with respect to ozone loss can be found between these two types of air. In February and March mixed air shows considerably higher ozone loss then pure vortex air.
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One of the main objectives of the project is the investigation of the sensitivity of stratospheric chemistry to climate signals. For this purpose it was planned to drive the Chemical Lagrangian Model of the Stratosphere (CLaMS) with the dynamics of certain winter episodes with special characteristics from certain time level experiments carried out with the ECHAM4.L39(DLR)/CHEM. The promising first simulations carried out last year were followed by further simulations and sensitivity studies. 

GCM-simulated ozone loss for the time slice experiments '1990' and '2015' were determined with a methane-ozone correlation obtained on the 1st  of January. For the winter with the largest ozone loss on the 475 K isentropic level (simulated winter 2015/58), multi-level and sensitivity studies were performed. Figure 9 shows the ozone column simulated by CLaMS based on the GCM initialisation. Very low ozone column values (minimum value 268 DU) occur on the 1st of April in an area limited by 60°N to 80°N latitude and 20°W to 50°E longitude. These values are significantly lower than minimal ozone values simulated by ECHAM4.L39(DLR)/CHEM (E39/C) and reported in WMO [2003]. There, the minimal arctic column ozone value is reported around 290 DU, a value which is consistent with own analysis of column ozone density for the respective date (296 DU).
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Timeslice experiments by ECHAM4.L39(DLR)/CHEM do not consider bromine chemistry. To evaluate the effect of bromine chemistry, bromine species from a Mainz-2D simulation [Gross, 1996] were used for the  initialisation on 1st of January. Figure 10 shows the accumulated ozone column loss with full chemistry (i.e. halogens, heterogeneous reactions, denitrification). Accumulated loss was calculated as the difference between a chemically active ozone and an inert tracer initialised with ozone on the 1st of January. Maximum Arctic column ozone loss in this (most realistic) scenario is 65 DU, compared to 48 DU in simulations without bromine chemistry, which thus contributes to 20% of total column ozone chemistry.

To identify the underlying reasons for the discrepancy in simulated ozone loss, sensitivity studies for different mixing parameters, model resolutions and chemical set-up were performed. Figure 11 shows for a number of simulation set-ups (arbitrary number on abscissa) the 90-day accumulated ozone loss (in ppbv) on an isentropic surface in winter 2015/58. At abscissa #10, the reference simulation (optimised mixing scheme, resolution 100 km, chemistry without bromine) displays an ozone loss of 950 ppbv. Decreasing mixing intensity (blue diamonds f.l.t.r.) enhances ozone loss up to 1000 pbbv. Coarser resolution (green squares, f.l.t.r), does not affect calculated ozone loss at resolutions better than 250 km. Neglect of bromine chemistry leads to an underestimation of ozone loss of 17% (compare #9, 1080 ppbv) at this altitude (i.e. 475 K). 

Reduced ozone loss in the sensitivity studies were attributed to increased deactiviation of active chlorine species to the reservoir species chlorine nitrate. This sensitivity and the underestimation of ozone loss (total column and volume mixing ratio) in previous GCM studies point to overestimated numerical diffusion in ECHAM4.L39(DLR)/CHEM, which would import nitrogen oxides from middle latitudes into the polar vortex, thus leading to early deactivation.

Troposphere/stratosphere-exchange and influence of solar variability as examples of coupling of chemistry and dynamics in the middle atmosphere

B. Funke, M. Milz, W. Kouker, Th. Reddmann, G. Stiller, R. Uhl

Universität Karlsruhe, Inst. für Meteorologie und Klimaforschung (IMK), Karlsruhe

Summary

The research activities of IMK in the year 2003 covered the following fields: 

· application and validation of the newly developed method for analysing cross-tropopause mass fluxes;
· first results of water vapour distributions in the upper troposphere/lower stratosphere region from MIPAS/ENVISAT observations;
· detailed studies of the influence of actinic flux parameterisation for solar induced variations in the atmosphere;

· downward transport of air masses of mesospheric and thermospheric origin in the polar vortex;

· analysis of MIPAS/ENVISAT data sets with IMK retrieval methods especially in the period of the southern hemisphere vortex split;

· first results of MIPAS/ENVISAT observations during the solar storm period in fall 2003.

Workpackage Stratosphere/Troposphere exchange

Analysis of the Tropopause

Method

The definition of the tropopause (TP) is the WMO standard: The locally lower height of the 3 PVU surface of Ertel's potential vorticity (EPV) or the 380 K potential temperature surface Theta. Cross tropopause mass fluxes (CTF) are computed following the direct method as described by Wirth and Egger (1999): 

The CTF equals the product of air density and the difference of wind velocity v minus velocity c of the tropopause (P, EPV or Theta). From the Euler decomposition of P = P(t, r) the velocity difference is computed from the ratio of the production of  P and its gradient. 

· The production of P is directly computed with the meteorological primitive equation model KASIMA, where the non-conservative terms are dominated by an artificial net heating rate, drawing the computed temperature field towards the ECMWF analyses. 

· The gradient of P is computed by means of a triangulation method.  The regular model grid spans at first a set of cubes, each are cut into 6 tetrahedrals. The gradient within each tetrahedral can be computed from the vertices and the position of the tropopause within the tetrahedral from linear interpolation along the edges of the tetrahedrals. Thus, tropopause folds are resolved and followed as long as they are resolved by the original model grid. 

Validation

The scheme is validated by means of an analysis of Wirth and Egger (1999) of an upper tropospheric cut off low over the adriatic sea. The CTF reaches values of about 2000 kg/m2/day (right) which corresponds well with the results of Wirth und Egger. Other case studies and comparisons with measurements of the STREAM campaign 1998 (Beuermann et al., 2002) show good results, too, so that in the future climatologies of the CTF are developed, which then are used to validate a climatology from the DLR E39/C model.
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Figure 1: Cross tropopause mass flux calculated with the new analysis method for of an upper tropospheric cut off low over the adriatic sea studied by Wirth and Egger (1999).

Measurements of water vapour in the tropopause region with MIPAS/ENVISAT

Although still in the commissioning phase ESA released MIPAS/ENVISAT data for scientific use covering the period of the Antarctic major warming in September/October 2002. At IMK/University of Karlsruhe global data sets on the distribution of a number of trace species were retrieved for the observation days 18. to 27. September and 11. to 13. October 2002. In particular, water vapour distributions covering the upper troposphere to the stratopause were retrieved for these days. The retrieved H2O distributions along the orbits and the resulting zonal averages demonstrate the high quality of the MIPAS measurements for the lower and middle stratosphere. Besides expected structures like a high and dry hygropause in the tropics, the dehydration in the south polar vortex which took place during the austral winter could be demonstrated by means of correlations between methane and water vapour.
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Figure 2: Global water vapour mean values in September 2002 at an altitude of 20 km, generated from all available MIPAS/ENVISAT water vapour measurements during this period by averaging over bins of 5o latitude and 15o longitude. White areas are data gaps.

From the measured profiles of the September 2002 period zonal averages in terms of a latitude-altitude cross-section, as well as a global mean distribution averaged over bins of 5o latitude x 15o longitude was derived. An example for a September mean water vapour distribution at an altitude of 20 km is given in Fig. 2. Results from CCM runs (DLR) shall be compared with these mean distributions. 

In June 2003 measurements were taken in non-standard observation modes dedicated to specific scientific questions. Among those, several orbits were taken in the so-called UTLS mode which shall provide improved measurements of parameters in the upper troposphere and lower stratosphere. The altitude range between 5 and 20 km is scanned with altitude steps of 1.5 km (instead of 3 km in the standard observation mode). The finer scanning step width results in an improved vertical resolution for covered altitudes. Analysis of MIPAS scans which are cloud-free in the relevant altitude range show that the quality of the retrieved data is improved in terms of accuracy and vertical resolution.

Workpackage: Contributions of natural components to atmospheric variability

CTM studies of solar influence 

The detailed studies of photolysis parameterisations and their impact on atmospheric response have been extended. The results of the Monte Carlo program (MCP) have been compared with other detailed radiation codes. At about 200 nm a very good agreement was found for the fast-j code of M. Prather up to about 93° solar zenith angle. This code is now planned to be used in KASIMA.

[image: image12.wmf]
Figure 3: Example of detailed Monte Carlo calculations in the UV spectral region. Dashed lines are the results of the fast-j parameterisation.

The photolysis code ART used in KASIMA was modified to include the results of our detailed calculations for the UV-part for wavelengths less 200 nm. Figure 4 show the effect on photolysis rates with and without the MCP results. Sensitivity tests using the scheme of Landgraf and Crutzen (still the plane parallel version, see contribution of DLR) and the ART scheme in KASIMA exhibit significant differences in the effect of solar variability. This again shows that for solar studies photolysis parameterisation with a very good representation of the UV part of the solar spectrum are important.

[image: image13.wmf]
Figure 4: Comparison of photolysis rates when replacing the ART parameterisations by MCP results for wavelengths < 200 nm.

Especially for studies related to downward transport of solar produced NOx during polar night, photolysis rates in twilight conditions must be known very well. Some studies show significant effects of refraction on the chemical state of the atmosphere near the terminator and the question arises if refraction has to be included in photochemical calculations. However, in these studies the divergence of solar rays also caused by refraction was neglected so far. Our calculations of this effects shows, that refraction-induced divergence narrows the effect of refraction and it may probably be justified to neglect this effect, at least for background aerosol conditions. Fig. 5 shows the divergence effect near the terminator for a specific meteorological condition.

Transport studies in the arctic winter 2002/2003 with nesting higher horizontal and vertical resolution in the time domain showed that the model is able to reproduce the downward transport of airmasses of mesospheric origin observed in that winter by several instruments.

[image: image14.wmf]
Figure 5: Reduction factor of direct solar irradiation by divergence of the solar beam.

Measurements of temperature, NOx, CO and ozone in the middle atmosphere by MIPAS/ENVISAT
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Figure 6: Distribution of NO2 along an orbit measured on July 24, 2002. Over the south pole (profile numbers 37 to 45) extremely high NO2 volume mixing ratios of up to 50 ppbv are observed in the upper stratosphere and mesosphere. The sunlit part of the orbit is the left one (up to profile number 36).

Although still in the commissioning phase ESA released MIPAS/ENVISAT data for scientific use covering the period of the Antarctic major warming in September/October 2002. At IMK/University of Karlsruhe global data sets on the distribution of a number of trace species were retrieved for the observation days 24. July, 18. to 27. September, and 11. to 13. October 2002, among those in particular CO, NO, and NO2. Besides this data from the specific observation modes for the upper atmosphere were analysed with respect to their quality and their information content.

In the context of the Antarctic vortex split episode it could be demonstrated by correlations between CO and NOx (= NO+NO2) that during the polar night (24. July 2002) high volume mixing ratios of NOx is transported downwards from the upper atmosphere into the stratosphere (see Fig. 6). Under equinox conditions, however, NOx poor air masses are transported downwards (see Fig. 7). From this we conclude that in September MIPAS observed the transport barrier which is formed by the sunlit mesosphere due to the photolysis taking place there.
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Figure 7: Distribution of CO (left panel) and NOx (right panel) on the 40 km altitude surface along the MIPAS orbits for the observation days between 20. and 25. September 2002. High CO vmrs are correlated with low NOx vmr which shows the downward transport of NOx poor air from the upper atmosphere into the stratosphere. 

Measurements in the upper atmosphere observation modes were analysed with respect to the retrievability of mesospheric and thermospheric temperature and ozone distributions. For this the explicit inclusion into the retrieval scheme of a non-LTE model for the calculation of the populations of the molecular states is necessary. In our scheme even the adjustment of the non-LTE model parameters to the measurements in each iteration step is possible. The implementation was developed together with our co-operation partners in Granada (Manuel López-Puertas und Bernd Funke, Instituto de Astrofísica de Andalucía, Granada). Fig. 8 shows the derived temperature field along orbit #6694 (measured on 11. June 2003) while in Fig. 9 the ozone field is shown. The sunlit observations always are in the left part of the orbit. The retrieval scheme for the temperature produces reliable results for altitudes between ca. 20 and 80 km. Above 80 km the vertical resolution is rather low (> 15 km) due to the large scanning step widths. For the ozone distribution, the secondary ozone maximum near 95 km altitude in the night-time part of the orbit and even the tertiary ozone maximum over the South pole around 60 km altitude are clearly visible.

First validation results against ODIN ozone measurements are very encouraging. However, since the upper atmosphere observation modes have been activated for a few orbits only so far, no larger continuous data sets could be derived up to now.
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Figure 8: Temperature distribution along orbit # 6694 measured on June 11, 2003. The very low temperatures in the polar summer mesopause are clearly visible; the vertical resolution above 80 km altitudes, however, is only about 15 km.
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Figure 9: Ozone distribution along orbit # 6694, measured on June 11, 2003. At the night-time side of the orbit (right part) the secondary ozone maximum at about 95 km altitude, as well as the tertiary ozone maximum over the south pole at about 60 km altitude are visible. The vertical resolution is ca. 8 km.

At the end of the reporting period we started to analyse the measurements of the episode of the solar storm in October/November 2003. First results for 4. November 2003 show reduced ozone and water vapour distributions over the north pole at the stratopause and higher altitudes (see Fig. 10). This is expected for solar proton events. However, both the ozone and the water vapour retrievals are done without consideration of non-LTE effects (since the measurements are in standard observation mode) and thus are to be used with caution; the impact of neglect of non-LTE effects is generally higher in case of water vapour.
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Figure 10: Water vapour and ozone distributions at 50 km altitude over the northern hemisphere on November 4, 2003 from MIPAS/ENVISAT observations. For ozone a clear minimum is visible near the north pole, while for water vapour the minimum is less pronounced. Minima for both species near the geomagnetic poles are expected in case of solar proton events.
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Dynamical chemical interaction in the stratosphere – Part 1: dynamics and transport

Marco A. Giorgetta and Elisa Manzini

Max-Planck-Institute for Meteorology,  Hamburg

Summary

The research activity of  MPI-MAECHAM in the year 2003 covered the following fields: 

· Further evaluation (and publication) of the sensitivity of the middle atmosphere to ozone depletion and increase in greenhouse gases  in co-operation with colleagues at MPI-C and FUB.

· Investigation of sensitivities of the QBO simulated in MA-ECHAM5 to climate change.

Sensitivity of the middle atmosphere to ozone depletion and increase in greenhouse gases: Implications for recent stratospheric cooling

The MA-ECHAM4/CHEM coupled chemistry climate model has been extensively used in co-operation  with colleagues at MPI-C to evaluate the dynamics and chemistry in the middle atmosphere. This model system has been developed to represent the circulation and composition of the atmosphere up to the lower mesosphere, and its present-day climatology and interannual variability has been validated with 9 HALOE/UARS observations of the late 1990s (Steil et al., 2003). The sensitivity of the middle atmosphere circulation to ozone depletion and increase in greenhouse gases is assessed in three simulations with fixed boundary conditions: one simulation for the near-past (1960) and two simulations for the near-present (1990 and 2000) conditions, including changes in greenhouse gases, in total organic chlorine, and in average sea surface temperatures (Manzini et al., 2003). It is found that in the stratosphere, ozone decreases, and that in the Antarctic, the ozone hole develops in both the 1990 and the 2000 simulations but not in the 1960 simulation, as observed. The simulated temperature decreases in the stratosphere and mesosphere from the near past to the present, with the largest changes at the stratopause and at the South Pole in the lower stratosphere, in agreement with current knowledge of temperature trends. In the Arctic lower stratosphere, a cooling in March with respect to the 1960 simulation is found only for the 2000 simulation. Wave activity emerging from the troposphere is found to be comparable in the winters of the 1960 and 2000 simulations, suggesting that ozone depletion and greenhouse gases increase contribute to the 2000 1960 March cooling in the Arctic lower stratosphere. These results therefore provide support to the interpretation that the extreme low temperatures observed in March in the last decade can arise from radiative and chemical processes, although other factors cannot be ruled out. The comparison of the 1960 and 2000 simulations shows an increase in downwelling in the mesosphere at the time of cooling in the lower stratosphere (in March in the Arctic; in October in the Antarctic). The mesospheric increase in downwelling can be explained as the response of the gravity waves to the stronger winds associated with the cooling in the lower stratosphere. Planetary waves appear to contribute to the downward shift of the increased downwelling, with a delay of about a month. The increase in dynamical heating associated with the increased downwelling may limit the cooling and the strengthening of the lower stratospheric polar vortex from above, facilitating ozone recovery and providing a negative dynamical feedback. In both the Arctic and Antarctic the cooling from ozone depletion is found to affect the area covered with polar stratospheric clouds in spring, which is substantially increased from the 1960 to the 2000 simulations. In turn, increased amounts of polar stratospheric clouds can facilitate further ozone depletion in the 2000 simulation. These time slice experiments with MA-ECHAM4/CHEM have also been evaluated together with similar experiments of other research groups for the study on uncertainties and assessments of chemistry-climate models of the stratosphere (Austin et al., 2003), which includes a range of coupled chemistry climate models. The time slice experiments are currently complemented with a transient experiment from 1960 to 2000.

Sensitivity of the QBO simulated in MA-ECHAM5 to climate change

The QBO is an important factor for the explanation of the observed interannual variability of the dynamics and trace gas concentrations in the stratosphere (Steinbrecht et al., 2003). For this reason it has been decided to include the obseved QBO in the transient chemistry climate simulations for the period 1960 to 2000, as carried out in the KODYACS project. For the prediction of future climates including the composition of the atmosphere it is hence very desirable to include the QBO effects on transport and chemistry as well, which requires, however, to investigate first the properties of the QBO in a future climate. For this purpose a set of experiments has been devised to investigate the QBO in a 2xCO2 climate. These experiments make use of the MA-ECHAM5 GCM, which simulates a realistic QBO for current climate conditions (Giorgetta et al., 2002), which depends on the models ability to represent a realistic spectrum of tropical precipitation (Horinouchi et al., 2003). The set of experiments includes a 30 year QBO simulation for current climatological sea surface temperature (AMIP2) and CO2 concentration (348 ppmv), and three 10 year integrations with climatological lower boundary conditions representative for a 2xCO2 climate (696 ppmv ). The 2xCO2 experiments differ from each other by the source strength of the gravity wave spectrum launched in the troposphere. These source level are increased by 0%, 10%, and 20%, respectively, compared to the control experiment. A preliminary evaluation of these experiments (Doege, 2003) shows, that the QBO will accelerate its frequency in a significant manner with average periods of 26, 22, and 17 months , respectively.  The potential transport effects on the trace gases still have to be assessed.
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Figure 1: QBO simulated for current climate (left) and QBO simulated for 2xCO2 conditions and 20% incresed gravity wave forcing. Both panels show the zonally averaged zonal wind at the equator.
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Structural Changes of the North Atlantic Oscillation

Hans-F. Graf and Katrin Walter, MPI for Meteorology Hamburg

Teleconnections of North Atlantic geopotential were examined separately for winter months (December to March) characterised by either a strong or a weak stratospheric polar vortex. In both cases, the major teleconnection patterns have north-south dipole structures with opposing centres of action in sub-polar and sub-tropic latitudes. The mid to upper troposphere in the strong vortex regime (SVR) is characterised by a single teleconnection pattern over the central North Atlantic (Fig. 1, left), the NA-SVR pattern. In contrast, there are two patterns in the weak vortex regime (WVR): One over northeastern Canada and the western North Atlantic (western NA-WVR pattern) and a weaker one over the eastern North Atlantic (eastern NA-WVR pattern). In the lower troposphere, however, the NA-SVR and the eastern NA-WVR patterns are very similar, in particular concerning their northern centres of action.

[image: image52.png]altitude [km ]

@GN
O

N
O

7

QBO (ozone)

standard deviations




                                                         SVR                                                                              WVR

Figure 1: Teleconnectivity of the 300 hPa geopotential height.

Fluctuations of the three North Atlantic teleconnection patterns have typical timescales of two weeks. Life cycle analyses of low frequency (periods > 10 days) stream function anomalies associated with the North Atlantic teleconnection patterns exhibited that the forcing mechanisms dominating the decay phase are basically the same in the two polar vortex regimes. They are mainly driven by low frequency divergence, whereas synoptic (periods 2.5 to 6 days) eddy vorticity fluxes act to maintain the anomaly against decay. However, the lifecycle analyses also revealed that, during the growth phase, the relative importance of the forcing mechanisms is very different in the two polar vortex regimes. In the WVR, the anomaly growth is mainly driven by transient eddy vorticity fluxes in particular from the low frequency domain. In the SVR, however, a different forcing mechanism is of similar importance: the forcing related to low frequency advection of (relative) vorticity, which results from the interaction of low frequency eddies with the zonally asymmetric part of the time mean flow, i.e. with the stationary eddies (Figure 2). This means, that the different teleconnection structures cannot be simply explained by a reorganisation of the transient eddies in the different regimes, but are also related to a modified interaction of the transient eddies with the (changed) background flow. The latter can mainly be attributed  to different stationary eddy structures in the two stratospheric regimes. Hence, there are fundamental differences in tropospheric dynamics associated with the generation of North Atlantic teleconnection patterns in the two stratospheric polar vortex regimes.

Analysis of tendency of the streamfunction (Cai&van den Dool, 1996) >10 day filter, regression of single terms on the 300 hpa anomaly fields. The contributing forcings are given separately for growing and decaying anomalies. Right upper panels for eastern NA-WVR, right lower panels for western NA-WVR.
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Figure 2: Differences of dynamic life cycle of NAO in SVR and WVR.

The fluctuations in both, the North Atlantic storm tracks and the precipitation rates, show significant differences between the two polar vortex regimes (Figure 3). These composites of the winterly North Atlantic storm tracks and precipitation rates correspond to the “classic” NAO (i.e. without considering the strength of the polar vortex) such that the positive NAO phase is similar to the NA-SVR positive phase and the negative NAO phase to the  negative phase of the eastern NA-WVR phase. This is due to the fact that a classic positive phase of the NAO is preferred in the case of a strong polar vortex, and a negative NAO in the case of a weak polar vortex. However, the negative phase of the NA-SVR phase describes a strong  blocking situation over the North Atlantic with a strong north-eastward tilt of the storm track axis and reduced precipitation over western Europe. This situation will not be captured with the “classic” NAO index. Hence, it is necessary to separate analysis for the two stratospheric regimes. At lower atmospheric layers NA-SVR and eastern NA-WVR patterns are quite similar to the “classic” NAO pattern. As a consequence, correlations of NAO with temperature advection in the lower troposphere may lead to reasonable results, but as soon as storm tracks are involved, a separation for the different regimes becomes necessary. Otherwise important information will be lost.
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Figure 3: Composites of Storm tracks and precipitation rates in the different stratospheric regimes.
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MIcrophysical Processes in the Stratosphere and their nonlinear interactions with a chemical-microphysical climate model (MIPS)

Claudia Timmreck, Rene Hommel and Hans-F. Graf

Max-Planck-Institut für Meteorologie, Hamburg

Summary

MPI-MIPS has focussed in the year 2003 on the following research activities:

· Multi-annual simulation with the chemistry climate model MA-ECHAM4/CHEM/SAM. 

· Implementation of SAM into ECHAM5.

· Investigation of aerosol chemistry interactions after the Mt. Pinatubo eruption.

These activities are integrated in joint activities of the KODYACS partners. 
Multi-annual simulation with the chemistry microphysics climate model 

MA-ECHAM4/CHEM/SAM

A first multi-annual run has been performed with the chemistry microphysics climate model (CMCM) MA-ECHAM4/CHEM/-SAM. H2SO4 and COS were introduced as prognostic variables. The aerosol surface area densities were estimated directly in the coupled microphysical model instead of being prescribed by a global and zonal constant surface area distribution. The aerosol number density was taken into account in the calculation of the actinic flux in the photolysis routine. Sulphur chemistry was treated separately from  the chemistry module CHEM. 
The first results looked promising however the vertical gradient in the stratosphere turned out to be to strong. Homogeneous nucleation was strongly dependent of low temperatures and had a maximum in the tropics around 16 km throughout the year and in high latitudes in polar autumn and spring. In the lower stratosphere the maximum number concentration was found in the tropics and strongly linked to homogeneous nucleation. In the upper troposphere highest particle concentration were found in Northern Hemisphere (NH) mid-latitudes in spring. The concentrations differed between land and ocean up to two orders of magnitude. The geographical distribution was similar as observed during the CARIBIC project (Hermann et al., 2003) with high particle number concentration in the upper troposphere in  NH summer over the Arabian Sea and at mid-latitudes over Europe and lower values in the subtropics over the Middle East (Figure 1)
. In NH winter the particle concentration 
showed a decrease over Europe in the upper troposphere towards higher latitudes. The values were however higher as observed in particular over Europe because an anthropogenic SO2 emission data set from the mid 80ties had been used. For future simulations a new emission data set for the year 2000 will be applied. The chemistry scheme CHEM has been extended together with MPI-C with sulphur chemistry reactions. At present, this model configuration is tested. The extension of the binary H2SO4/H2O system to a ternary H2SO4/HNO3/H2O system has therefore been postponed until these tests will be finished.

Implementation  of SAM in ECHAM5

SAM has successfully implemented into ECHAM5. For the implementation in ECHAM5 SAM is rewritten in FORTRAN90 and adopted to a modular structure. A first multi-annual simulation has been performed in T21 resolution (Figure 2) and is currently validated. For the near future simulations with a higher vertical and horizontal resolution are planned. In addition
 a coupling with the PSC module from MPI-C is intended for the summer until then both modules should run  independently.
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Figure 1: Decadal logarithm of particle number concentration in JJA. The model results represent a five year average  of a multi-annual simulation with  the MA-ECHAM4/CHEM/SAM.
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Figure 2: Background aerosol simulation with ECHAM5/SAM in T21 Left panel: Temporal development of the calculated aerosol surface area density over the simulated time period of 5 years in 24 km height. The dates are arbitrarily chosen and do not represent the actual years. Right panel: Latitude-altitude cross section of the zonally averaged stratospheric aerosol surface area density. Annual mean of the third simulation year.
Aerosol chemistry interactions after volcanic eruptions

A first version of the CMCM with interactive stratospheric chemistry and prognostic and interactive volcanic aerosol has been employed in a joint action with MPI-C, to analyse the influence of large volcanic eruptions on the stratospheric ozone concentration. The model reproduces the observed atmospheric effects after the Pinatubo eruption reasonably well (Timmreck et al., 2003).
Furthermore simulations have been performed where only the volcanic radiative effect, only heterogeneous chemistry, or only the impact on the photolysis routine has been considered. 
Heterogeneous chemistry plays the dominant role in the aerosol containing layers between 20-30 km with increases in the ClOX concentration up to 100% and decreases in the NOX concentration of more than 50%. Aerosol induced heating leads to an uplifting of the trace gases. This results in a decrease in the aerosol containing layers and an increase in the upper stratosphere, which can clearly be seen in the NOX and CH4 concentrations. The changes in the ozone concentration due to the volcanic aerosol are a combined effect of changes in the photolysis rates, in the heterogeneous chemistry and the heating rates. The tropical O3 concentration decreases below 30 km due to heterogeneous chemistry and upward transport and increases above 30 km due to a decrease in NOX (Figure 3). A detailed investigation of the temperature effects  revealed  that the temperature anomaly at  50 hPa is largely due the aerosol induced radiative heating (direct effect). Heterogeneous chemistry on the volcanic aerosols particles leads to a temperature decrease of up to –1 K in October 1991 while aerosol induced changes in the photolysis rates have an opposite effect. 
A publication of the results together with MPI-PROVAM is in preparation.
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Figure 3: Relative Ozone Change [%] (Tropical Average 30°S-30°N) after the Pinatubo eruption: a) control run, b) effect of all processes c) effect of heterogeneous chemistry, d) effect of radiation.
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Dynamical-chemical interactions in the stratosphere – Part 2: chemistry and external forcings 

Christoph Brühl, Benedikt Steil, Patrick  Jöckel, MPI für Chemie, Mainz

The coupled chemistry-climate model MA-ECHAM4/CHEM has been employed for 9 long-term simulations (2 decades each), i.e. so-called time-slice experiments with fixed boundary conditions, and a transient simulation which covers the time period between the years 1960 and 2000 in close cooperation with MPI-M (Hamburg) and DLR. 

Further  conclusions from the timeslice experiments

The timeslice experiments for the early and late nineties have been compared with HALOE/UARS data (Steil et al., 2003)  and Berlin meteorological data. Changes in meteorology and chemistry from the sixties to the present are discussed in Manzini et al. (2003), including the aspect of the  observed cooling of the Arctic lower stratosphere  in the late nineties and the role of chemistry climate feedbacks. It is also shown that the mesosphere has an impact on the lower stratosphere via dynamics. The timeslice simulations include also a scenario for 2030 and sensitivity studies on the effect of sea surface temperature, chlorine and CO2 (presented at the SPARC conference at Eibsee, 2003 and at EGU in Nice, 2003, paper in preparation). The largest ozone depletion in the Arctic lower stratosphere is calculated for the boundary conditions of the late nineties where feedbacks  frequently cause a cooling of the Arctic vortex. If chlorine is increased by about 10% as in a sensitivity study, additional ozone depletion in the gas phase in the upper stratosphere and subsequent cooling there modifies the circulation such that in spring  in the  lower Arctic stratosphere is more heating by descent, i.e. despite  the enhanced chlorine less ozone depletion in average.  Increase of CO2  as in the 2030 scenario also supports ozone recovery by more intense residual circulation. If the sea surface temperature is inconsistent to the CO2 scenario, i.e. the tropospheric greenhouse effect almost suppressed, the residual circulation is reduced, causing artificially a too cold Arctic lower stratosphere in winter and spring and overestimated ozone depletion. 

In all simulations photolysis at solar zenith angles exceeding 90 degrees is included as in Lamago et al. (2003), where together with DLR its importance for polar ozone chemistry is shown. 

The transient simulation

The transient simulation includes forcings by greenhouse gases and chemically active gases, observed sea surface temperature (SST), major volcanoes and solar cycle. The quasi-biannual oscillation of the zonal wind in the lower tropical stratosphere (QBO) is assimilated from observations (Giorgetta, MPI-M). We found that inclusion of QBO is essential for the vertical tracer transport into the middle  and upper stratosphere (to be presented at EGU, Nice 2004). The ElNino/LaNina signal in SST has a clear impact on stratospheric water vapor and ozone via tropical tropopause temperature in agreement with observations. The volcanoes  enhance stratospheric water vapor via heating of the 'cold point', causing more ozone destruction in the gas phase  especially in the tropics (figures 1 and 2). The effect of the solar cycle is largest in the mesosphere but also visible in total ozone. The 'tropical tape recorder' for the seasonal signal of stratospheric water vapor is slightly too fast but the model still reproduces approximately features after Pinatubo as observed by HALOE (see Steil et al, 2003 and figure 1). A detailled analysis of all these natural effects on ozone and temperature is in progress together with DWD Hohenpeißenberg and DLR.  The chlorine increase due to the CFC-increase causes the development of the antarctic ozone hole in the early 80s and ozone depletion in the arctic lower stratosphere,  as observed  (figures 2 to 4). The model is even able, to reproduce some of the observed interannual variability in Antarctic and Arctic spring, including the offset of the vortex from the pole. Processes in the polar vortices will be compared with findings of our CTM-partners in KODYACS and with observations of AWI Postdam. Concerning analysis of transport from the stratosphere to the troposphere and its change, we use cosmogenic 14CO as a diagnostic tool (Jöckel et al., 2002).
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Figure 1: The 'tropical taperecorder' of stratospheric water vapor as calculated by MA-ECHAM4/CHEM.  For each of the 2 twenty-year periods altitude dependent average values of H2O have been subtracted. 
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Figure  2: Total ozone (above 300hPa, to surface about 20DU more), based on 10 day zonal averages as calculated by MA-ECHAM4/CHEM.
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Figure 3: Calculated  temperature, active chlorine , chemical ozone destruction ( using a passive ozone tracer) and ozone at 70hPa  for Sept. 30, 1998, Antarctic.
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Figure  4: Calculated  temperature, active chlorine , chemical ozone destruction ( using a passive ozone tracer) and ozone at 70hPa  for March 30, 1996, Arctic.
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Figure 1: Relative ozone deviations between 35 and 45 km altitude, measured by the Hohenpeissenberg lidar (red), and between 30°N and 50°N by SAGE and HALOE (blue and green, respectively) (M. Newchurch, pers. communication, 2003). The 10.7 cm radio flux in the upper part of the plot is a proxy for the 11-year solar cycle. The zonal wind at 10 hPa above Singapur in the lower part is a proxy for the Quasi-Biennal-Oscillation (QBO, B. Naujokat, pers. communication, 2003). Ozone data are smoothed by a 5 month running average.





Figure 2: Size (maximum-minimum) of lower stratospheric temperature (left column) and total ozone (right column) fluctuations attributed to the QBO (upper panel) and to the 11-year solar cycle (lower panel). For the QBO results, red colors indicate positive correlation with zonal wind at 30 hPa (high values of ozone, or 50 hPa temperature for westerly phase), whereas yellow and red colors indicate negative correlation (high values for easterly phase). For the solar cycle, yellow and red colors indicate high values during solar maximum.





Figure 3: Typical size of ozone fluctuations (maximum-minimum) attributed to the QBO as a function of altitude and season. Left: For observation by lidar and sonde at Hohenpeissenberg. Right: For simulated data from the first transient experiment with the ECHAM-DLR model, for a grid point close to Hohenpeissenberg. This model is restricted to altitudes below 30 km.
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Figure 2: Horizontal distribution of the tracer P4, marking the interior of the vortex core, on the 450 K isentropic level for January 19th , 2003.
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Figure 1: Horizontal distribution of the tracer P4, marking the interior of the vortex core, on the 450 K isentropic level for January 19th , 2003.
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Figure 3: Estimated accumulated cross-boundary flux in the region between 325 K and 600 K (i.e. the lower stratosphere) displayed as fraction of vortex mass derived from the air mass origin spectra for the CLaMS simulation. The flux into and out of the vortex is shown in red and blue, respectively. The net flux is   shown in green. The vortex edge was computed from ECMWF data using a value of 21 mPVU. The calculation was carried out assuming a mean distance between the model air masses of 60 km. During the simulation the area of the vortex interior decreased by about 15%.





�








Figure 4: Temporal evolution of the deviation of NOy from NOy*  poleward of 65° equivalent latitude.
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Figure 5: Horizontal distribution of the deviation of NOy from NOy*  on the  475 K isentropic surface for January 19th, 2003. The thin black line denotes the vortex edge.
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Figure 6: Measurements of NOy  and NOy*  obtained on the flight on January 19th , 2003, together with CLaMS results interpolated onto the flight path.
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Figure 7: Accumulated ozone loss on the 500 K isentropic surface for the 2nd of February, 2003. The thin black line denotes the vortex edge.
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Figure 8: Ozone loss as defined as difference between an inert tracer transported by CLaMS and observations derived from ENVISAT measurements. The lower panels shows the results in total ozone distinguishing between pure and mixed vortex air.
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Figure 9: Total ozone in DU as simulated by CLaMS (initialization by E39/C)
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Figure 10: Accumulated ozone loss in DU (see text for more details)
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Figure 11: Accumulated ozone loss after 90 days for different simulation setups. See text for details.
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Figure 4.12: Projection of the 10 day-low pass filtered 300 hPa streamfunction
tendency and single terms of equation 4.8 [m?/s*] onto the standardized regres-
sion patterns (Fig. 4.9) for the positive (left panels) and negative (right panels)
persistent NA-SVR pattern index episodes. Upper row: projection of the stream-
function tendency (black solid line), the sum of terms x\ to x4 and xu» (black
dashed line), and term xs (gray line). Medium row: projection of term X, (black
solid line), x4 (black dashed line), x5 (gray solid line), and the sum of terms x,
and xa (gray dashed line). Lower row: projection of term xu (black solid line),
X5 (black dashed line), x5 (gray solid line), and x7 (gray dashed line).
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Figure 4.13: As in Fig. 4.12c,d but for persistent positive (left column) and
negative (right column) episodes of the eastern NA-WVR pattern index (upper
row) and the western NA-WVR pattern indez (lower row).
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Storm Tracks in WVR

	Composite mean standard deviation [gpm] of the 500 hPa geopotential height, bandpass filtered (Periods: 2.5-6 days), of the indicated months.
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Precipitation Rate in WVR

Composite monthly mean precipitation rate [mm/d] of the indicated months.

Western Pattern Index >   /2
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Precipitation Rate in WVR

Composite monthly mean precipitation rate [mm/d] of the indicated months.
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Precipitation Rate in SVR

Composite monthly mean precipitation rate [mm/d] of the indicated months.
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Storm Tracks in SVR

	Composite mean standard deviation [gpm] of the 500 hPa geopotential height, bandpass filtered (Periods: 2.5-6 days), of the indicated months.
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SVR NAO Index < -   /2
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Storm Tracks in WVR

	Composite mean standard deviation [gpm] of the 500 hPa geopotential  height, bandpass filtered (Periods: 2.5-6 days), of the indicated months.
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