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Abstract The interactively coupled chemistry-climate
model ECHAM4.L39(DLR)/CHEM is employed in
sensitivity calculations to investigate feedback mecha-
nisms of dynamic, chemical, and radiative processes.
Two multi-year model simulations are carried out,
which represent recent atmospheric conditions. It is
shown that the model is able to reproduce observed
features and trends with respect to dynamics and
chemistry of the troposphere and lower stratosphere. In
polar regions it is demonstrated that an increased per-
sistence of the winter vortices is mainly due to enhanced
greenhouse gas mixing ratios and to reduced ozone
concentration in the lower stratosphere. An additional
sensitivity simulation is investigated, concerning a pos-
sible future development of the chemical composition of
the atmosphere and climate. The model results in the
Southern Hemisphere indicate that the adopted further
increase of greenhouse gas mixing ratios leads to an
intensified radiative cooling in the lower stratosphere.
Therefore, Antarctic ozone depletion slightly increases
due to a larger PSC activity, although stratospheric
chlorine is reduced. Interestingly, the behavior in the
Northern Hemisphere is different. During winter, an
enhanced activity of planetary waves yields a more dis-
turbed stratospheric vortex. This ‘‘dynamical heating’’
compensates the additional radiative cooling due to
enhanced greenhouse gas concentrations in the polar
region. In connection with reduced stratospheric chlo-
rine loading, the ozone layer clearly recovers.

1 Introduction

Extensive investigations have been made of how changes
of the concentrations of radiatively and chemically ac-
tive gases affect the radiative, chemical, and dynamic
behavior of the stratosphere and their feedback on cli-
mate (e.g. Ramanathan et al. 1976; Groves et al. 1978;
Boughner 1978; Fels et al. 1980; Shine 1986, 1989). Of
particular interest has been the mutual effect of ozone
and climate change (e.g. Cariolle et al. 1990; Dameris
et al. 1991; Pitari et al. 1992; Graf et al. 1998). Increased
attention has been focused recently on the substantial
reduction of the ozone layer during the past two decades
and its relevance for climate change (e.g. Bengtsson et al.
1999; Forster 1999; Randel and Wu 1999; Langematz
2000). Currently, the timing and the completeness of
ozone recovery over the coming years and decades is
very uncertain. On one hand, the recovery of the ozone
layer will depend on the chlorine loading of the strato-
sphere, which is expected to decrease during the next
decades (WMO 1999). On the other hand, climate
change, which is expected as a consequence of the an-
ticipated further increase of greenhouse gas concentra-
tions, may become relevant for atmospheric ozone
chemistry in the future (e.g. Shindell et al. 1998; Danilin
et al. 1998; Dameris et al. 1998; Austin et al. 2000).
Austin et al. (1992) were the first to discuss the possi-
bility of an Arctic ozone hole in a doubled CO2 atmo-
sphere as a consequence of a reduced lower stratospheric
temperature. Their model study clearly indicated that a
strong radiative perturbation in the stratosphere has a
distinct effect on ozone destruction. Therefore, investi-
gating the interaction of climate change and of ozone
recovery is one of the major scientific challenges of
present day climate research.

In fact, long-term temperature measurements show a
statistically significant warming of lower tropospheric
layers and a pronounced cooling of the stratosphere.
Both trends can be partly explained by the observed
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increase of greenhouse gas concentrations during the
last century (e.g. Steinbrecht et al. 1998; Pawson et al.
1998; Kivi et al. 1999; Santer et al. 1999). The cooling
of the Arctic and Antarctic stratosphere is clearly en-
hanced due to ozone depletion itself, particularly in late
winter and spring, which is obvious from multi-year
data records (e.g. Randel and Wu 1999; WMO 1999).
These temperature changes are associated with an in-
creased stability of the wintertime stratospheric polar
vortices and a poleward shift of the westerly wind belts
near the surface (Hartmann et al. 2000). As other recent
findings point out, the modelling of the atmospheric
system must not only consider the feedback mecha-
nisms of dynamic, chemical, and radiation processes in
the stratosphere as a secluded system, but it must also
take into account the dynamic coupling between the
troposphere and the stratosphere. This dynamic link
and its importance for the genesis of natural and an-
thropogenic climate variations have been intensively
analyzed in a series of investigations (e.g. Perlwitz and
Graf 1995; Perlwitz et al. 2000). For example, it was
shown that winter seasons characterized by either a
strong or a weak stratospheric vortex are associated
with different tropospheric circulation regimes. On the
other hand, upward propagating planetary waves
originating in the troposphere have a dominant influ-
ence on the dynamic behavior of the stratosphere due
to wave breaking and momentum deposition (e.g. An-
drews et al. 1987).

In this study the interactively coupled chemistry-cli-
mate model ECHAM4.L39(DLR)/CHEM (hereafter
referred to as E39/C) is used to obtain further knowl-
edge about dynamic and chemical key processes in-
volved in the recent changes of tropospheric and lower
stratospheric temperature and chemical composition,
and to provide indications for the possible development
of climate and its impact on the ozone layer in the near
future. Considering the feedback between dynamic,
chemical, and radiative processes establishes a clear
conceptional progress for climate change studies com-
pared with conventional general circulation models
(GCMs), which use fixed climatological mean fields of
short-lived radiatively active chemical species like ozone
(e.g. Bengtsson et al. 1999) in the model’s radiative
transfer scheme. Furthermore, the application of a
chemistry model that considers relevant chemical species
and reactions to describe upper troposphere and lower
stratosphere ozone chemistry (instead of much simpler
approaches with parameterized chemistry, e.g. Cariolle
et al. 1990; Shindell et al. 1998) in multi-year simula-
tions is another step forward to obtain a better under-
standing of the reasons for observed changes of climate
parameters and the chemical composition of the atmo-
sphere.

Our aim is to identify and to investigate important
interaction mechanisms between dynamic, chemical, and
radiative processes in the lower stratosphere. Due to
their importance for polar stratospheric ozone, feedback
mechanisms in the polar stratosphere during winter and

spring are of particular interest. Thus their investigation
constitutes the essential part of this paper. The analysis
is based on scenario calculations, which include the
changes of atmospheric composition during recent
years, mainly resulting from greenhouse gas concentra-
tion increases and changes of stratospheric chlorine
loading. By comparing these numerical experiments,
changes of dominant interaction mechanisms and their
impact on stratospheric ozone can be identified. At first,
an adequate comparison between model results of multi-
year integrations and respective long-term observations
forms the basis for the analysis of dynamic-chemical
interaction mechanisms.This indicates the comprehen-
siveness of our understanding of the atmospheric sys-
tem, and it also shows the abilities and deficiencies of the
model system employed.

Such a comparison of model results to related ob-
servations has shown that the model is able to describe
important dynamic and chemical processes and to re-
produce the seasonal and spatial distribution of relevant
chemical species (Sect. 3.1) for recent atmospheric con-
ditions (Hein et al. 2001, hereafter referred to as H2001).
This scenario run will be designated ‘reference simula-
tion’. Here, E39/C is used to investigate changes of dy-
namics and chemistry in the past and future compared
with this reference simulation. The work is subdivided
into two parts: first, an extended model valuation is
presented, which shows the model’s performance in re-
producing observed stratospheric temperature, ozone,
and water vapor trends of the 1980s. The second part
deals with dynamic and chemical changes that arise as a
consequence of enhanced greenhouse gas concentrations
and a slightly reduced stratospheric chlorine abundance
(with respect to the reference simulation) in a near future
scenario.

In the following section a brief summary of the model
and the design of the experiments will be presented.
Model results will be discussed and compared with ob-
servations in Sect. 3. The radiative and dynamic pro-
cesses, which are responsible for the behavior of the
model will be investigated in the subsequent section.
Conclusions will be given in the last section.

2 Brief model description and design of experiments

2.1 The model

A detailed description of the chemistry-climate model E39/C, the
used parameterisations, boundary conditions, as well as natural
and anthropogenic emissions was given in H2001. They also dis-
cussed the main features of the model climatology. In this section
the model characteristics are briefly summarized.

The atmosphere GCM ECHAM4.L39(DLR) (E39) is applied
with a horizontal resolution of T30, i.e. dynamic processes have
an isotropic resolution of about 670 km. The corresponding
Gaussian transform latitude-longitude grid, on which the model
physics, chemistry, and tracer transport are calculated, has a mesh
size of 3.75�·3.75�. In the vertical, the model uses 39 layers (L39)
from the surface up to the top layer centred at 10 hPa (Land et al.
1999). No adjustment of the temperatures, which would improve
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the agreement with observations has been employed in E39/C to
keep self-consistent results within the fully interactively coupled
model system. The applied chemistry model CHEM (Steil et al.
1998) is based on the family concept. It contains the most relevant
chemical compounds and reactions necessary to simulate upper
tropospheric and lower stratospheric ozone chemistry, including
heterogeneous chemical reactions on polar stratospheric clouds
(PSCs) and sulfate aerosol, as well as tropospheric NOx-HOx-CO-
CH4-O3 chemistry. CHEM has been employed in an updated
version, as described in H2001. It does not consider bromine
chemistry. Physical, chemical, and transport processes are calcu-
lated simultaneously at each time step, which is fixed at 30 min.
This is a favourable compromise with respect to similar model
systems, which employ simplified chemistry parameterizations to
enable multi-year simulations. Since E39/C allows us to study
chemistry-climate feedback mechanisms in decadal integrations it
has an advantage over model systems which must be restricted to
shorter simulations of specific episodes due to a necessary shorter
timestep in chemistry.

Nitrogen oxide (NOx=NO+NO2) emissions at the Earth’s
surface (both natural and anthropogenic), from lightning, and
from aircraft are considered. Methane (CH4), nitrous oxide
(N2O), and carbon monoxide (CO) mixing ratios are prescribed
at the surface. Monthly mean concentrations of chlorofluoro-
carbons (CFCs) depending on latitude and altitude, and upper
boundary values for total chlorine (ClX=HCl+ClONO2+ClOx,
ClOx=Cl+ClO+ClOH+2ÆCl2O2+2ÆCl2) and total nitrogen
(NOy=NOx+N+NO3+2ÆN2O5+HNO4+HNO3) are taken
from results of the Mainz two-dimensional model of Brühl
and Crutzen (1993). The upper boundary conditions account
for transport and chemical reactions above the model domain.
They are largely responsible for the lower stratospheric nitrogen
oxides and chlorine concentrations. E39/C includes an online
feedback of chemistry, dynamics, and radiative processes:
chemical tracers are transported by the simulated winds and the
net heating rates are calculated using the actual concentrations
of the radiatively active gases O3, CH4, N2O, CFCs, and water
vapor (H2O).

Sea surface temperature (SST) distributions are prescribed for
the various time slices according to the transient climate change
simulations of Roeckner et al. (1999, see Sect. 2.2). The impact of
stratospheric ozone changes and water vapor changes from
methane oxidation on the troposphere-surface system was not
accounted for in Roeckner et al.’s (1999) simulations and is,
hence, not included in the SST changes prescribed for our sce-
narios.

2.2 Design of experiments

For the current investigations, E39/C simulations for three time
slices are analyzed. Each model experiment is run in steady state,
representing conditions for 1980, 1990, and 2015, respectively.
After a spin-up period of four years, each simulation is integrated

over 20 annual cycles. The model data of these 20 years (model
years 5 to 24) are evaluated. They are compared with observations
and with each other to study the changes of the atmosphere
caused by modified concentrations of chemically active com-
pounds. The ‘‘1990’’ scenario, which is used as the reference
simulation, has already been analyzed in detail by H2001. Here, a
valuation with observations is carried out for the differences be-
tween the ‘‘1990’’ and the ‘‘1980’’ experiments, focusing on the
ability of the coupled model system to reproduce the temporal
development of dynamic and chemical values, especially at polar
latitudes of both hemispheres. The ‘‘2015’’ simulation is applied to
study the response of the evaluated model system to expected
future changes of stratospheric chlorine loading and greenhouse
gas concentrations.

Table 1 gives an overview of the individual boundary condi-
tions for the three scenario simulations. The design of the model
simulation ‘‘1990’’ and the references for the respective boundary
conditions, as well as the emissions have been described by H2001.
They are taken from recognized publications, which are mainly
based on observations. The boundary values of the most relevant
greenhouse gases (CO2, N2O, CH4) for ‘‘1980’’ and ‘‘1990’’ are
taken from IPCC (1990). Respective values for the ‘‘2015’’ sce-
nario are prescribed according to the IPCC-scenario IS92a (busi-
ness-as-usual, IPCC 1996). The upper boundary values for NOy

and ClX, as well as the zonal CFC fields stem from a transient
simulation of the Mainz 2D model (cf. above) for all three sce-
narios. They are adapted to observations for ‘‘1980’’ and ‘‘1990’’
and follow projected changes for ‘‘2015’’ (WMO 1999). The de-
velopment of the CFC concentrations is prescribed on the basis of
recent measurements of tropospheric CFC concentrations (e.g.
Montzka et al. 1996, 1999), indicating that a decrease from 1990 to
2015 of approximately 10% can be expected. This assumption is
reflected by the calculated average stratospheric total inorganic
chlorine (Cly), which shows a decrease from 3.4 ppbv in ‘‘1990’’ to
3.1 ppbv in ‘‘2015’’. The NOx emissions from lightning are cal-
culated online in the model, depending on cloud top height, as
introduced by Price and Rind (1992, 1994). The emissions for the
‘‘1990’’ simulation have been scaled to provide a global mean
value of nearly 5 Tg(N)/year, a value, which is in agreement with
recent estimates (e.g. Huntrieser et al. 1998). Moderate changes of
NOx emissions from lightning in the two other simulations are
caused by an altered climate, which modifies the simulated fre-
quency and strength of convective events and, therefore, the re-
spective NOx production. The annual surface emissions from
biomass burning, industry, and traffic for the ‘‘1980’’ and ‘‘2015’’
time slices are constructed on the basis of the data used for the
‘‘1990’’ simulation (Benkovitz et al. 1996), considering real past
and expected future global growth rates (IPCC 1999). The global
NOx soil emissions by micro-biological production are identical in
the three simulations. NOx emissions from air traffic are consid-
ered, employing the data sets provided by Schmitt and Brunner
(1997) for the years 1990 and 2015. For the ‘‘1980’’ simulation an
increase of approximately 7%/year of the world wide civil air
traffic during the 1980s has been assumed (A. Schmitt personal
communication) yielding roughly a 100% increase from 1980 to
1990. The atmospheric aerosol loading is considered to be equal in
the three scenarios.

Climatological mean values of the sea surface temperatures
(SSTs) have been calculated from observations for the years 1979–
1994 (AMIP period: Gates 1992). They are prescribed in the
‘‘1990’’ model simulation. The SSTs for the ‘‘1980’’ and the ‘‘2015’’
simulations have been constructed on the basis of a transient cli-
mate run with the coupled atmosphere-ocean GCM ECHAM4/
OPYC (Roeckner et al. 1999). Their experiment was also run with
greenhouse gas increases according to IS92a, hence the SST trends
prescribed in our scenarios are consistent with the prescribed
greenhouse gas concentrations. Temporal mean SSTs from the
transient ECHAM4/OPYC run have been calculated for two 10-
year periods (1976 to 1985, 2011 to 2020). SST differences referring
to these periods are added to the SST reference distribution used in
our ‘‘1990’’ simulation, yielding the employed SST fields adopted in
the ‘‘1980’’ and the ‘‘2015’’ scenarios.

Table 1 Mixing ratios of greenhouse gases and NOx emissions of
different natural and anthropogenic sources adopted for the model
simulations

1980 1990 2015

CO2 [ppmv] 337 353 405
CH4 [ppmv] 1.57 1.69 2.05
N2O [ppbv] 303 310 333
Cly [ppbv] 2.3 3.4 3.1
NOx lightning (Tg(N)/year) 5.2 5.3 5.6
NOx air traffic (Tg(N)/year) 0.3 0.6 1.1
NOx surface (total) (Tg(N)/year) 29.9 33.1 43.8
NOx surface (industry, traffic) 19.5 22.6 32.9
NOx surface (soils) 5.5 5.5 5.5
NOx surface (biomass burning) 4.9 5.0 5.4
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3 Description of model results

3.1 Main features of the reference experiment ‘‘1990’’

The valuation of the ‘‘1990’’ reference simulation
(H2001) has generally yielded a satisfactory description
of dynamic and chemical processes and parameter
distributions. In particular, in the Northern Hemi-
sphere the modelled lower stratospheric dynamics have
shown good agreement with observations, i.e. the high
dynamic interannual variability including the occur-
rence of stratospheric warmings has been reproduced,
as well as the subsidence of air masses inside the winter
vortex. The increased number of atmospheric model
layers compared with earlier model versions, particu-
larly near the tropopause and in the lower stratosphere,
obviously results in improved transport characteristics
(Timmreck et al. 1999; Land et al., submitted). The
simulated distributions of relevant chemical compounds
(particularly ozone) have been found to be conformable
with satellite and radiosonde measurements. This is a
considerable improvement compared with the previ-
ously used model version (Steil et al. 1998; Grewe et al.
1998) which had a reduced spatial resolution and which
neglected the feedback of dynamic and chemical pro-
cesses. Considering the interaction of chemistry and
climate at each time step has yielded a substantial
progress regarding the distribution of stratospheric
water vapor, which is important for a realistic de-
scription of polar chemistry.

H2001 have also reported some model deficiencies,
many of which appear to be closely related to a cold bias
in the polar stratosphere in Southern Hemisphere winter
and spring. For example, the too cold and too stable
Southern Hemisphere polar vortex in the stratosphere is
associated with a delayed vortex breakdown (final
warming) and, therefore, the ozone depletion over
Antarctica extends too far into spring. This ‘‘cold-bias’’
problem has often been considered as being typical for
GCMs with model top at 10 hPa. Sometimes, the use of
such models for coupled chemistry-climate simulations
has even been questioned in general (Austin et al. 1997;
Rind et al. 1998) due to their inability to give full ac-
count of the stratospheric mean meridional circulation
(overturning). This verdict does not do justice to the
favourable E39/C results which are gained especially for
the Northern Hemisphere as presented in H2001, which
they mainly relate to enhanced vertical resolution (see
also Rind et al. 1998). It should also be recalled that the
cold bias is present in a number of middle atmosphere
GCMs, too (e.g. Austin et al. 2000; Pawson et al. 2000).
We will return to the importance of vertical resolution
and location of the model top in the concluding dis-
cussion.

While the ‘‘1990’’ reference simulation with E39/C
fairly reproduces many dynamic features that are con-
sidered fundamental for a reasonable description of the

distribution of active and passive tracers, this does not
assure an equally fair reproduction of observed trends.
Thus, a specific trend valuation will be presented in the
next subsection.

3.2 Changes in the past: comparison with observations

In this section the reference experiment ‘‘1990’’ (H2001)
and the ‘‘1980’’ scenario run are used to analyze the
model’s ability to reproduce the temporal development
of dynamic and chemical parameters and processes
during the most recent past. Emphasis is given to
phenomena and processes relevant for stratospheric
ozone chemistry. Figure 1 shows the differences of the
zonal and annual mean temperature between the two
simulations. Negative values indicate a cooling of the
atmosphere from ‘‘1980’’ to ‘‘1990’’. Obviously, the
results demonstrate the well-known typical pattern with
a warming of the troposphere and a cooling of the
stratosphere due to the greenhouse effect (e.g. Rind
et al. 1990; Mahfouf et al. 1994; Roeckner et al. 1999;
Grewe et al. 2001). Temperature changes in polar re-
gions are particularly important for stratospheric ozone
depletion and are, hence, shown in more detail in
Fig. 2, including the vertical and annual structure. A
univariate statistical test (t-test) suggests that the
tropospheric warming at high latitudes is not significant
for most of the time, either in the Northern Hemisphere
(Fig. 2a) or in the Southern Hemisphere (Fig. 2b), ex-
cept for the summer months at northern latitudes.
Nevertheless, the strength of the middle tropospheric
temperature changes is in agreement with observations
(e.g. Steinbrecht et al. 1998; WMO 1999). During
southern spring a marked cooling of the Antarctic
lower stratosphere is simulated by the model (Fig. 2b).
Peak values of –9 K are found at 40 hPa in November.
This finding is in agreement with an analysis of Randel
and Wu (1999, see their Fig. 11a) whose investigations
of the NCEP re-analysis data (1993–97 minus 1970–79)
have shown a similarly strong cooling (–8 K) during the
same month. The Southern Hemisphere cooling pattern
in model data and observations also looks very similar:
The cooling starts at higher altitudes in spring after
sunrise, and it penetrates down to lower atmospheric
layers in the following three months. However, the
NCEP data show the strongest cooling around 100
hPa, which is clearly below the region of maximum
cooling in the model. The significantly enhanced cool-
ing is linked to the strong ozone depletion in this region
(not shown). Randel and Wu’s (1999) analysis shows
similarly strong temperature decreases in the Northern
Hemisphere spring (their Fig. 11b), which are not re-
produced by the model (Fig. 2a). Corresponding tem-
perature differences calculated from E39/C data
(‘‘1990’’ minus ‘‘1980’’) do not indicate a statistically
significant change during winter and spring. It must be
emphasized that the high dynamic interannual vari-
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ability of the Northern Hemisphere makes it very dif-
ficult to obtain reliable trend estimates. This was
demonstrated by Labitzke and v. Loon (1994, 1995). In
a detailed analysis of temperature variations in the
Northern Hemisphere lower stratosphere (100–10 hPa)
between 1964 and 1993 they showed that the linear
temperature trends are neither uniform in latitude nor
in season, and that large fluctuations on a decadal scale
are obvious. In the Northern Hemisphere, a calculated
trend crucially depends on the beginning and ending of
the time series analyzed (Labitzke 2000 personal com-
munication). In this context it must be kept in mind
that the analysis of the NCEP data contain the extra-
ordinary cold northern winters in the 1990s, which
dominate the strength and shape of the temperature
differences between the adopted time intervals. The
reasons for these unusually cold winters are still not
known.

Figure 3 illustrates how the corresponding time de-
velopment of temperature, ozone, and activated chlorine
(ClOx) in the polar vortices is captured by the model.
Based on 20-year means of daily values it shows differ-
ences of the two simulations ‘‘1980’’ and ‘‘1990’’ at 50
hPa in the Southern Hemisphere (July to November)
and in the Northern Hemisphere (December to April).
For an appropriate presentation of the results, especially
in the Northern Hemisphere, the zonal mean values of
the standard coordinate system are transformed to a
description employing equivalent potential vorticity
(PV) coordinates (e.g. Butchart and Remsberg 1986;
Manney et al. 1994a). Temperature differences (Fig. 3a,
b) indicate a significant cooling in Antarctic spring
(compare to Fig. 2), but no clear changes are obvious
inside the Northern Hemisphere polar vortex until April,
where a marginally significant temperature decrease of –
3 to –4 K might indicate a more persistent vortex in
‘‘1990’’ than in ‘‘1980’’. The temperature decrease in
Southern Hemisphere spring is evidently accompanied
by a pronounced ozone reduction (up to –1.4 ppmv,
Fig. 3c), which amounts to an approximate 70% relative
change at 50 hPa. In the Northern Hemisphere polar
region ozone depletion is enlarged by about –16% be-
tween late March and early April (Fig. 3d). It is inter-
esting to note that the model also reproduces some
additional ozone reduction outside the polar vortex
(30�N-60�N equivalent latitude) in February and
March, which is statistically significant (95%-signifi-
cance level). This is probably due to a combination of an
increased catalytic ozone destruction by ClOx and HOx

radicals, as well as a transport of ozone depleted air
masses out of the vortex (vortex erosion) (Grewe et al.
1998).

In both hemispheres chlorine activation is significantly
enhanced inside the vortices (Fig. 3e, f), which is pro-
portional to the prescribed 45% increase of Cly (see Ta-
ble 1). TheClOx change pattern evolves differently in both
hemispheres: in the Southern Hemisphere the highest
mixing ratios are found at the inner edge of the polar
vortex. This is the region where the conditions are most

favourable for the formation of PSCs. PSC formation in
the model is strongly dependent on temperature, and
mixing ratios of nitric acid and water vapor (Steil et al.
1998). In mid-winter, the centre of the Southern Hemi-

Fig. 1 Difference of climatological annual mean temperatures (in
K) determined from the ‘‘1990’’ and ‘‘1980’’ simulations. Light
(dark) shading indicates regions in which differences are statisti-
cally significant at the 95% (99%) level

Fig. 2a,b Temperature differences (in K) (‘‘1990’’ minus‘‘1980’’) a
at 80�N and b at 80�S depending on altitude and season. Heavy
(light) shaded areas indicate the 99% (95%) significance level
(t-test)
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sphere vortex is almost completely denoxified and
strongly dehydrated, associated with the low tempera-
tures in this region. Under these circumstances, the
formation of PSCs and thus chlorine activation is
restricted. Inside the Northern Hemisphere polar vortex
throughout the winter and spring period, highest ClOx

mixing ratios are simulated nearer to the core region of the
vortex. Here, both dehydration and denoxification are
not as large as in the Southern Hemisphere.

The change of ozone columns between the ‘‘1980’’
and ‘‘1990’’ simulations is presented in Fig. 4. As ex-
pected, the most pronounced decrease of total ozone is
computed during southern polar springtime with values
up to –26%. At high latitudes of the Northern Hemi-
sphere, total ozone is reduced by approximately –4%
between mid January and April. Due to the high inter-
annual dynamic variability of the Northern Hemisphere
polar stratosphere, however, the changes are not statis-
tically significant at most locations throughout the time
of the year mentioned. Smallest changes are found at
tropical latitudes where total ozone reductions amount
to less than –2%. The modelled ozone trend is in good

agreement with an analysis of the 16-year (1978–1994)
combined Nimbus 7/Meteor 3 TOMS version 7 ozone
record (McPeters et al. 1996). The model results for the
Southern Hemisphere, for the tropical region, and for
the subtropics of the Northern Hemisphere show a
correct reproduction of the percentage decrease of total
ozone. In extra-tropical northern latitudes the decrease
of ozone columns is somewhat underestimated by the
model. Considering the high interannual dynamic vari-
ability of this region however, the model results are in
satisfying agreement with the observed ozone trend.

To investigate the height dependence of modelled
ozone changes between ‘‘1990’’ and ‘‘1980’’ in more
detail, differences of zonal mean ozone mixing ratios are
presented in Fig. 5, showing ozone changes for March
(Fig. 5a) and for October (Fig. 5b). In the troposphere,
mixing ratios are obviously higher in ‘‘1990’’ than in
‘‘1980’’ (5–10 ppbv) due to the adopted higher NOx

emissions, particularly at middle and high latitudes of
the Northern Hemisphere. The modelled tropospheric
ozone increase is consistent with the measured ozone
trend at most mid-latitude radiosonde stations (WMO

Fig. 3a–f Changes of temper-
ature (top, in K), ozone (middle,
in ppmv), and activated chlo-
rine (bottom, in ppbv) at 50 hPa
in the Southern (left; July to
November) and in the Northern
Hemisphere (right; December to
April), as calculated from the
model simulations ‘‘1990’’ and
‘‘1980’’. Negative (positive)
values indicate higher (lower)
values in ‘‘1980’’ (‘‘1990’’).
Model data are transformed to
PV-coordinate system (see text).
Heavy (light) shaded areas
indicate the 99% (95%)
significance level (t-test)
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1998). E39/C does not reproduce the different behavior
between Canadian and European stations, as indicated
by the analysis of the period between the years 1970 and
1996, where the Canadian radiosonde stations found a
slight decrease of tropospheric ozone concentrations. In
the lower stratosphere, ozone mixing ratios in the model
are clearly reduced, indicating the strongest ozone de-
pletion at polar latitudes of both hemispheres. The
strongest ozone reduction is simulated at a slightly
higher altitude than observed (WMO 1999), particularly
in Antarctic spring. This may be caused by an
underestimated subsidence and related temperature cold
bias of the model in this region.

At the end of this subsection we present climatolog-
ical zonal means of water vapor mixing ratios of the
‘‘1990’’ scenario (Fig. 6a, b) and respective trends be-
tween the simulations ‘‘1990’’ and ‘‘1980’’ (Fig. 6c, d)
for solstice conditions. The results of the reference sim-
ulation ‘‘1990’’ indicate that E39/C is able to qualita-
tively reproduce the observed lower stratospheric water
vapor distribution, which is characterized by a positive
meridional gradient, i.e. higher mixing ratios in the ex-
tra-tropics than in tropical regions. Compared with
HALOE measurements, however, it is much weaker in
our model (H2001). The modelled dehydration of the
Antarctic winter lower stratosphere is overestimated
(Fig. 6b, by approximately 1 ppmv, see also discussion
in H2001) as a consequence of the mentioned cold bias
in this region. An important question is how the water
vapor mixing ratio develops in the model, particularly in
polar regions. For example, Chipperfield and Pyle (1998)
showed that a modelled Arctic ozone depletion could
increase due to an enhanced PSC activity when the
stratospheric H2O loading is enhanced. Figure 6c, d
shows that tropospheric and lower stratospheric water
vapor mixing ratios increase from ‘‘1980’’ to ‘‘1990’’.
The overall rise of H2O is mainly caused by the
prescribed methane increase and the resulting enhanced
chemical water vapor production by methane oxidation.

In polar latitudes of the winter stratosphere the changes
of water vapor mixing ratios are not significant in E39/
C. Indeed, the area covered by PSCs is clearly larger in
‘‘1990’’ (not shown), which indicates a stronger PSC
activity than in ‘‘1980’’. On the other hand, the larger
amount of PSCs yields a more effective dehydration,
which compensates part of the chemical water vapor
production.

The only available multi-year data record of upper
troposphere/lower stratosphere water vapor, which can
be used for reliable trend analysis and for comparison
with model changes was reported by Oltmans and
Hofmann (1995). They showed a significant increase of
water vapor mixing ratios in the lower stratosphere
above Boulder (40�N, 105�W) between 1981 to 1994,
which refers to 0.8%/year at 19 km (0.3 ppmv/decade).
This is the same order of magnitude as simulated by
E39/C, indicating that the model results reproduce the
trend analyzed by Oltmans and Hofmann (1995).

3.3 Near future changes

Having shown that the interactively coupled chemistry-
climate model E39/C reasonably reproduces prominent

Fig. 4 Relative difference (in %) of climatological zonal mean
total ozone (‘‘1990’’ minus ‘‘1980’’) depending on latitude and
season. Shaded areas mark the regions of statistically significant
changes

Fig. 5a,b Changes of the climatological zonal mean ozone mixing
ratios (in ppbv) for the ‘‘1990’’ and the ‘‘1980’’ simulation
depending on altitude and latitude for a March and b October.
Negative (positive) values indicate higher (lower) values in ‘‘1980’’
(‘‘1990’’). Heavy (light) shaded areas indicate the 99% (95%)
significance level (t-test)
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features of observed dynamic and chemical trends during
the recent past, a sound basis is formed to simulate the
development of key parameters and processes for possi-
ble future conditions. As the impact of climate change on
the recovery of the stratospheric ozone layer is not yet
completely understood and subject to debate, model
simulations like ours will help to assess the relative im-
portance of various processes. At least four mechanisms
are incorporated in our model: temporal development of
atmospheric chlorine loading, of stratospheric water
vapor, of stratospheric temperature and circulation due
to CO2, CH4, N2O, O3, and water vapor changes, and of
increasing NOx mixing ratios due to surface, aircraft, and
lightning emissions (see Table 1).

Figure 7 displays the temperature changes deter-
mined by the differences of the zonal mean climatolog-
ical temperatures of the ‘‘2015’’ and ‘‘1990’’ simulations.
The general pattern found equals the result presented in
Fig. 1 (‘‘1990’’ minus ‘‘1980’’) indicating a warming of
the troposphere and a cooling of the lower stratosphere.
Temperature differences between ‘‘1990’’ and ‘‘2015’’ are
larger than the respective changes between ‘‘1980’’ and
‘‘1990’’, which is consistent with the prescribed increase
of greenhouse gas concentrations in the different model
simulations (Table 1). It should be noticed that the an-
nual mean temperature changes in the Northern Hemi-
sphere polar stratosphere are not statistically significant,
which is explained by the strong dynamic variability of
this region, particularly in winter. Figure 8 shows tem-
perature changes between ‘‘1990’’ and ‘‘2015’’ in the
polar regions (see also Fig. 2). Two remarkable features
are visible: (a) a warming of the lower stratosphere

(more than +4 K) is found in the Northern Hemisphere
during winter, which is statistically significant (95%
significance level) in February below 30 hPa; (b) the
Southern Hemisphere stratospheric temperature change
pattern is similar to that shown in Fig. 2b, except that
the maximum temperature decrease (–7 K) is found in
December (instead of November) and at a lower altitude
(50 hPa instead of 40 hPa). This result gives a first in-
dication that the southern polar vortex in ‘‘2015’’ is
more persistent than it is in ‘‘1990’’ (see later).

The ozone column changes of the climatological
mean fields in the ‘‘1990’’ and the ‘‘2015’’ simulations
are presented in Fig. 9. Whereas the Northern
Hemisphere generally shows a significant increase of
total ozone, a slight further decrease of ozone columns is
found in the Southern Hemisphere lower and middle
latitudes, which is statistically significant at least for
some months and latitudes. Maximum changes are vis-
ible at high latitudes of both hemispheres. In ‘‘2015’’, the
ozone column over the south polar region shows a fur-
ther reduction of about –10% (most pronounced in
October by up to –14%), whereas total ozone is mark-
edly increased by about 8% at Northern Hemisphere
polar latitudes. Obviously these ozone changes are
connected to the simulated temperature changes shown
in Fig. 8. We will now analyze and discuss various in-
teracting effects to explain the interhemispheric differ-
ences in total ozone development.

Southern hemispheric differences of 20-year aver-
aged daily values between the two simulations are
displayed in Fig. 10 for temperature, O3, ClOx, HCl,
ClONO2, and HNO3 at 50 hPa from July to Novem-

Fig. 6a–d Climatological mean
water vapor mixing ratios (in
ppmv) for the reference simula-
tion ‘‘1990’’, for a Northern
Hemisphere winter (DJF) and
for b summer (JJA) conditions.
Differences with respect to the
‘‘1980’’ simulation are displayed
in c for DJF and in d for JJA.
Positive values indicate an in-
crease of mixing ratios from
‘‘1980’’ to ‘‘1990’’
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ber. As already explained (Fig. 3), the model data have
been transformed to PV-coordinates. Ozone mixing
ratios (Fig. 10b) continue to decrease by up to –0.6
ppmv from ‘‘1990’’ to ‘‘2015’’, resulting in mean polar
ozone mixing ratios of less than 0.5 ppmv in the
‘‘2015’’ simulation at the centre of the polar vortex in
October (not shown). ClOx (Fig. 10c) is significantly
increased at the inner edge of the vortex in ‘‘2015’’. The
observed general picture of low HNO3 mixing ratios
inside the vortex surrounded by a ‘‘collar’’ of high
HNO3 values (e.g. Toon et al. 1989; Santee et al. 1999),
which is reproduced by the model (not shown), is
markedly enhanced (Fig. 10f) in ‘‘2015’’: the increased
HNO3 mixing ratios outside the vortex (collar region)
are caused by the generally amplified NOx emissions in
‘‘2015’’, and by increased NOy values at the model
upper boundary, representing nitrogen oxides produced
by the N2O photodissociation above the model top. At
the inner edge of the polar vortex an additional
decrease of gaseous HNO3 (denoxification) is found
due to an intensified formation of PSCs, which reflects
the enhanced radiative cooling of the lower strato-
sphere in the ‘‘2015’’ scenario. Evidently, the enhanced
ozone loss from the temperature driven PSC increase
(see Fig. 10a) outweighs the ozone recovery that would
arise from the chlorine decrease alone. Cooling at
southern higher latitudes is particularly intensified after
mid October due to radiative feedback from the
enlarged and more persistent ozone hole (Fig. 10a). An
interesting feature can be noticed with respect to the
subsequent recovery of the chlorine reservoirs HCl and
ClONO2 (Fig. 10d, e): at the end of October when
ozone mixing ratios in polar latitudes fall below 0.5
ppmv, negative (positive) changes of ClONO2 (HCl)
are found. The model apparently reproduces a mech-
anism discussed in detail by Douglass et al. (1995): if
the O3 mixing ratio falls below about 0.5 ppmv in the
strongly denitrified core region of the Southern Hemi-
sphere polar vortex, HCl increases rapidly at the ex-
pense of ClONO2. Under these circumstances, the
formation of ClO and the subsequent recombination of

ClONO2 become negligible. The change of reservoir
gas partitioning is accompanied by an earlier decrease
of ClOx.

A distinctly different picture is found in the Northern
Hemisphere lower stratosphere (Fig. 11). No significant
ozone changes can be found in the centre of the polar
vortex before mid February (Fig. 11b), while a pro-
nounced increase of ozone mixing ratios occurs in spring
with maximum values of +0.7 ppmv in the vortex centre
at the end of March. This is consistent with the decline

Fig. 8a,b Same as Fig. 2, but determined from the simulations
‘‘2015’’ and ‘‘1990’’

Fig. 9 Same as Fig. 4, but determined from the simulations
‘‘2015’’ and ‘‘1990’’

Fig. 7 Same as Fig. 1, but determined from the simulations
‘‘2015’’ and ‘‘1990’’
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of ClOx mixing ratio (Fig. 11c) inside the polar vortex
during the winter months. In contrast to the conditions
in the Southern Hemisphere winter, the 50 hPa tem-
peratures do not significantly change until the end of
February (Fig. 11a), although the greenhouse gas con-
centrations in ‘‘2015’’ are enhanced. In March, temper-
atures inside the vortex are even higher in ‘‘2015’’ than
in ‘‘1990’’ (up to +6 K), which is statistically significant.
The temperature increase is accompanied by a chlorine
deactivation (maximum decline of –1 ppbv in ‘‘2015’’
compared with ‘‘1990’’). The key question whether dy-
namic or chemical processes are mainly responsible for
this behavior of the simulated temperature will be dis-
cussed in detail in the subsequent section. No statisti-
cally significant changes between the two simulations are
found for HCl, ClONO2, and HNO3 (Fig. 11d–f) inside
the polar vortex. At middle and lower latitudes, higher
HNO3 mixing ratios are simulated due to the enhanced
NOx emissions and NOy upper boundary values in
‘‘2015’’ as explained in the preceding section, whereas
the lower HCl and ClONO2 mixing ratios in these
regions simply reflect the reduction of Cly.

An impression of ozone mixing ratio changes at dif-
ferent altitudes is shown in Fig. 12 for the months
March and October. The prescribed enhancement of
anthropogenic NOx emissions results in a significant
increase of tropospheric ozone, especially in the North-
ern Hemisphere. As mentioned above, lower strato-
spheric ozone changes are different in both hemispheres.
Figure 12a indicates that the substantial increase of total
ozone in Northern Hemisphere late winter and spring
presented in Fig. 9 is not only caused by the lower
stratospheric ozone increase discussed, but also by the
enhancement of tropospheric ozone.

To complete our analysis, differences (‘‘2015’’ minus
‘‘1990’’) of climatological water vapor mixing ratios for
solstice conditions are presented in Fig. 13. A statistically
significant increase of water vapor is simulated for the
entire model domain for all seasons, except during
Southern Hemisphere winter in the polar lower strato-
sphere, where a significant decrease (up to –0.5 ppmv) is
simulated. The general increase of stratospheric H2O
values could be expected due to the prescribed
enhancement of methane mixing ratios. However, part

Fig. 10a–f Changes of a tem-
perature (in K), b ozone (in
ppmv), c ClOx (in ppbv), d HCl
(in ppbv), e ClONO2 (in ppbv),
and f HNO3 (in ppbv) at 50 hPa
in the Southern Hemisphere, as
calculated from the model sim-
ulations ‘‘2015’’ and ‘‘1990’’
(July to November). Negative
(positive) values indicate higher
(lower) values in ‘‘1990’’
(‘‘2015’’). Model data are
transformed to PV-coordinate
system (see text). Heavy (light)
shaded areas indicate the 99%
(95%) significance level (t-test)
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of the trend may also be caused by changes in strato-
spheric water vapor uptake from the troposphere due to
increasing tropospheric temperature and water vapor or
due to changing dynamic and thermodynamic conditions
at the tropical tropopause. The enhanced dehydration in
the Southern Hemisphere polar winter is consistent with
the intensified local cooling (–1 to –2 K, Fig. 8b).

As mentioned in Sect. 2.1, the prescribed SST
changes only represent the effect of homogeneous
greenhouse gas increases throughout the period 1980 to
2015. They do not include the climate impact of
stratospheric ozone changes and chemically induced
stratospheric water vapor changes discussed. Hence, it
may be worthwhile to consider the radiative forcing of
these latter changes to give a first-order quantification of
their relative importance for the total effect.

Table 2 shows the annual mean radiative forcing
from all trace gas changes (as prescribed in or simulated
by E39/C) as well as the individual contributions of
stratospheric ozone and stratospheric water vapor. The
values were calculated online in E39/C, using the
method described by Stuber et al. (2001). According to
the current conceptual theory (e.g. IPCC 1995) the ra-
diative forcing has been determined at the topopause,
after the stratospheric temperature has adjusted to a new
equlibrium following the fixed dynamical heating as-
sumption. The radiative forcing is given for the tracer

changes in ‘‘1990’’ and ‘‘2015’’, relative to the ‘‘1980’’
concentrations.

4 Analyses of model results

We have demonstrated that our model system gives a
consistent picture of the temporal development of the
stratospheric ozone layer in accordance with the current
knowledge about key processes and feedbacks. In view
of the results of previous prognostic studies, one feature
of our ‘‘2015’’ sensitivity experiment should be discussed
in more detail: only in the Southern Hemisphere does
the temperature response indicate the expected signifi-
cant cooling of the lower stratosphere caused by the
radiative feedback of enhanced greenhouse gas concen-
trations and its intensification by the strong ozone de-
pletion in spring season (e.g. Zhou et al. 2000). Why
does the model not indicate a cooling in the northern
lower stratosphere for the ‘‘2015’’ simulation with re-
spect to ‘‘1990’’, although the carbon dioxide and water
vapor mixing ratios are enhanced? Does the simulation
of a contrasting development of the ozone layer in the
Northern and in the Southern Hemisphere represent a
reliable estimate of future changes in the real atmo-
sphere? In the following, additional analyses are pre-
sented and discussed with respect to radiative and

Fig. 11a–f Same as Fig. 10,
but in the Northern Hemi-
sphere from December to April
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dynamic processes, which quantify the causes and effects
involved in the net development of the ozone layer.

4.1 Stratospheric temperature adjustment

To analyze the origin of the warming of the polar lower
stratosphere in Northern Hemisphere late winter
(Fig. 8a), it is quite helpful to contemplate the strato-
sphere adjusted temperature during that season
(Fig. 14). The stratospheric adjustment is merely a by-
product of the adjusted radiative forcing calculation (see
earlier), but it provides a good first-order estimation of
the stratospheric net temperature response (e.g. Rosier
and Shine 2000). It reflects the purely radiative impact of
all trace gas changes (including ozone) to the strato-

spheric temperature. This effect is evidently a cooling
one and extends over the whole stratosphere including
the northern polar latitudes. Though the stratospheric
ozone increase in the Northern Hemisphere makes a
warming contribution (not shown), this is reversed by
the negative contributions from CO2 and stratospheric
water vapor increase. Hence it is indicated that the net
warming to be noticed in Fig. 8a can only be caused by
dynamic feedbacks within the fully interactive system,
and not by the primary radiative effect of the trace gas
changes. A general discussion of the competing radiative
effects of the various trace gas changes is beyond our
scope and will be presented elsewhere (Ponater et al., in
preparation) in sufficient detail.

4.2 Analysis of meridional eddy heat flux
and streamfunction

To explain the different temperature response in both
hemispheres for the ‘‘2015’’ scenario, the impact of the
dynamic processes must be equal or larger than the ra-
diative effect in the Northern Hemisphere polar winter
and spring.

The dynamic forcing of the stratosphere is strongly
influenced by large-scale planetary waves generated by

Fig. 12a,b Changes of the climatological zonal mean ozone
mixing ratios (in ppbv) for the ‘‘2015’’ and the ‘‘1990’’ simulation
depending on altitude and latitude for a March and b October.
Negative (positive) values indicate higher (lower) values in ‘‘1990’’
(‘‘2015’’). Heavy (light) shaded areas indicate the 99% (95%)
significance level (t-test)

Fig. 13a,b Changes of the climatological mean water vapor
mixing ratios (in ppmv) between ‘‘2015’’ and ‘‘1990’’ for a DJF
and b JJA (see Fig. 6). Positive values indicate an increase of mixing
ratios from ‘‘1990’’ to ‘‘2015’’

Table 2 Stratosphere adjusted radiative forcing of the simulated
stratospheric ozone and water vapor changes and of all radiatively
active tracer changes considered (also including those of CO2, N2O,
CH4, and CFCs)

1990 2015

Stratospheric ozone –0.02 +0.02
Stratospheric water vapor +0.04 +0.24
All gases +0.37 +1.69

512 Schnadt et al.: Interaction of atmospheric chemistry and climate



topography and land-sea temperature differences. Fun-
damental differences in the surface topography lead to a
more pronounced wave activity in the Northern than in
the Southern Hemisphere. Land-sea temperature gradi-
ents are different in our three model simulations, which
then could cause a different forcing of planetary waves
in each model run. The variability of the winter polar
vortices and their breakdown (final warming) is clearly
associated with planetary wave forcing, particularly with
stationary waves. The strength of wave forcing can be
determined in various ways. One possibility to estimate
the wave flux from the troposphere into the stratosphere
is to calculate the meridional eddy heat flux, which is
proportional to the vertical component of the Eliassen
Palm (EP) flux (Andrews et al. 1987).

Figure 15 shows the calculated meridional heat flux
by stationary eddies for the ‘‘1990’’ reference simulation
(Fig. 15a), and the differences with respect to the ‘‘1980’’
(Fig. 15b) and the ‘‘2015’’ model experiment (Fig. 15c)
for Northern Hemisphere winter conditions (DJF).
Positive values in the winter hemisphere indicate a
northward heat flux (Fig. 15a) that gradually inten-
sifies from ‘‘1980’’ to ‘‘1990’’ (Fig. 15b) and ‘‘2015’’
(Fig. 15c), respectively. The modification of the merid-
ional heat flux from ‘‘1980’’ to ‘‘1990’’ is insignificant
both in the stationary and in the transient component
(not shown). The stationary wave activity is enhanced in
‘‘2015’’, most pronounced around 60�N in the lower
stratosphere. No significant changes of the transient
component of the poleward heat flux are evident (not
shown). The strengthening of the heat flux in ‘‘2015’’
with respect to ‘‘1990’’ should lead to enhanced wave
breaking in the lower stratosphere and enhanced mixing
across the edge of the polar vortex (e.g. Coy et al. 1997).
As indicated in Fig. 8a, the Northern Hemisphere winter
is more disturbed, and the polar vortex in ‘‘2015’’ decays
earlier than in ‘‘1990’’, which is in consistent with the

explanations just mentioned. As a consequence, tem-
peratures increase after mid February through dynamic
processes (see Sect. 4.1). Comparing the number of
Northern Hemisphere stratospheric warming events
(minor, major, major final) between the ‘‘1990’’ and the
‘‘2015’’ simulations (see also H2001) the number of
warmings are increased by approximately 40% in the
‘‘2015’’ simulation (not shown). Therefore, the intensi-
fied variability of the vortex can be mainly attributed to
a stronger wave activity in the winter season. In
Southern Hemisphere winter no significant changes of
wave activity occur (not shown), either between the
‘‘1980’’ and ‘‘1990’’ experiments, or between the ‘‘1990’’
and ‘‘2015’’ simulations. Hence, there is no process to
prevent the development of an extended and more per-
sistent vortex in spring, which is caused by greenhouse
gas increase and the enlarged ozone hole.

To complete the analysis of dynamic changes in the
different model experiments, the residual meridional
circulation streamfunction is investigated for Northern
Hemisphere winter conditions, based on climatological
mean values of the ‘‘1990’’ reference simulation and the
respective differences to ‘‘1980’’ and ‘‘2015’’ (Fig. 16).
The result for the reference simulation (Fig. 16a) is in
qualitative agreement with published work (e.g. Rosenlof
1995; Manzini and McFarlane 1998). Obviously, the
winter hemisphere cell is stronger than the cell in the
summer hemisphere. Air masses ascend in the tropics
into the lower stratosphere and descend at middle and
high latitudes. The model produces the strongest subsi-
dence inside the vortex, which is in agreement with an-
alyses (e.g. Schoeberl et al. 1992; Manney et al. 1994b).
When contemplating the mean vertical wind velocity in
the E39/C reference simulation (not shown), weaker
descent is found inside the polar vortex near the model
top compared with deeper model layers: at 20 hPa, the
mean downward motion varies between –0.05 (vortex
core) and –0.07 cm/s (inner edge of the vortex), whereas
at 50 hPa it is between –0.08 and –0.1 cm/s. The values
at 50 hPa are in agreement with estimates using obser-
vations of passive tracers (H2001). This model result
indicates an inconsistency with the observations, which
show a general decrease of downward velocities with
increasing density. This could have an impact on the
results. On the other hand, even though the vertical
velocities near the model top are too small, they are not
totally unrealistic, i.e. not showing an upward move-
ment of mass, as episodically found in earlier model
versions (e.g. Steil et al. 1998). The agreement between
modelled vertical velocities and respective analyses at 50
hPa indicates that the wintertime lower stratospheric
dynamics at middle and high latitudes of the Northern
Hemisphere are not exclusively dominated from above
(downward control principle). The results rather suggest
that planetary wave forcing could play an essential role
in determining the dynamic structure of the lower
stratosphere during the winter season. Considering the
differences of the residual circulation streamfunction
between the reference run and the ‘‘1980’’ and the

Fig. 14 Changes of the adjusted temperature of the lower
stratosphere between ‘‘2015’’ and ‘‘1980’’ in Northern Hemisphere
winter time (DJF). Negative values indicate a cooling from ‘‘1980’’
to ‘‘2015’’ (see text)
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‘‘2015’’ simulations, respectively, E39/C calculates an
enhancing residual circulation in middle latitudes of the
lower winter stratosphere in response to increasing
greenhouse gases (statistically significant only in
Fig. 16c, displaying the change between ‘‘1990’’ and
‘‘2015’’), which causes a stronger mass transport to high
latitudes. The model results concerning the residual
circulation streamfunction and its temporal change in-
dicate a consistent behavior with middle atmosphere
GCMs (WMO 1999, see page 12–26). For example,
employing the GISS GCM, Rind et al. (1998) carried out
a doubled CO2 experiment, in which a warming of the
extra-tropical winter stratosphere was produced, asso-
ciated with an increased residual circulation.

5 Conclusions

New results of the global chemistry-climate model E39/C
have been presented, which incorporate the interaction
of radiative, chemical, and dynamic processes. Model
data have been compared with observations, and differ-
ences in the diverse simulations have been analyzed.

Inspections of observations have indicated that par-
ticularly the polar lower stratosphere has significantly
cooled during the first half of the 1990s resulting in a
strengthened persistence of the polar vortices, not only
in the Southern, but also in the Northern Hemisphere
(e.g. Randel and Wu 1999, Zhou et al. 2000). The model
reproduces this behavior in the Southern Hemisphere
where the dynamic variability caused by planetary wave
activity plays only a minor role. This supports the hy-
pothesis that the increased persistence of the polar vor-
tex is mainly due to the strong ozone depletion in the

Antarctic lower stratosphere observed in the recent two
decades. The ‘‘2015’’ sensitivity simulation shows that
this behavior could continue over the coming years.

In the Northern Hemisphere, a slightly enhanced
persistence of the vortex in ‘‘1990’’ is also simulated with
respect to ‘‘1980’’, again caused by radiative cooling due
to reduced stratospheric ozone and enhanced green-
house gas concentrations. A different picture evolves for
the situation in ‘‘2015’’: in winter, planetary wave ac-
tivity is enhanced leading to a more disturbed vortex.
The dynamical heating compensates the radiative cool-
ing due to enhanced greenhouse gas concentrations.
Hence, the net temperature changes simulated in the
polar region are not statistically significant. Reduced Cly
loading then leads to less chlorine activation and, thus,
significantly less ozone depletion is found in spring.
Enhanced planetary wave activity and higher ozone
mixing ratios together yield a strong temperature in-
crease in March, resulting in an earlier final warming.

It should be emphasized that the ‘‘2015’’ simulation
must been seen as a sensitivity experiment of our model
system and not as a reliable prognosis for the future de-
velopment of atmospheric composition and climate. The
simulations neglect important natural processes, which
could have an impact on the behavior of the atmosphere,
i.e. eruptions of volcanoes, the 11-year solar activity cy-
cle, or the QBO. We have demonstrated that the model
results regarding the past time qualitatively agree with
observations, putting the ‘‘2015’’ results on a consoli-
dated basis. Nevertheless, how the atmosphere will de-
velop in future is still an open question. One key
parameter is stratospheric temperature. Climate models
generally predict a cooling of the Southern Hemisphere
stratosphere, which may delay the recovery of the ozone

Fig. 15 a Zonal mean values of
the meridional heat flux by
stationary eddies in northern
winter (DJF) for the ‘‘1990’’
reference simulation, depending
on altitude and latitude (in K
m/s). Positive (negative) values
in the Northern (Southern)
Hemisphere indicate a poleward
transport of heat. b Differences
between ‘‘1990’’ and ‘‘1980’’
and c between ‘‘2015’’ and
‘‘1990’’; positive values in the
Northern Hemisphere indicate
an intensified poleward trans-
port in ‘‘1990’’ and in ‘‘2015’’,
respectively. Heavy (light)
shaded areas indicate the 99%
(95%) significance level (t-test)
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layer (Shindell et al. 1998; Austin et al. 2000). However, a
temperature prognosis for the Northern Hemisphere is
much more complicated than for the Southern Hemi-
sphere since dynamics play such an important role. This is
indicated by various climate studies, in which contrasting
stratospheric temperature developments are simulated
(cooling: Austin and Butchart 1994; Shindell et al. 1998,
warming: Mahfouf et al. 1994; Rind et al. 1998). Another
limitation of the current study with respect to future es-
timates is the fact that at present CHEM does not include
bromine chemistry. This could have an influence on
calculated ozone depletion rates, particularly in future,
although bromine compounds are considered
in international ozone layer protecting agreements.

A more detailed analysis of the dynamic-chemical
feedback mechanisms is required to answer the remain-
ing questions, particularly with respect to the possible
change of planetary wave activity and corresponding
temperature development in the lower stratosphere. The
future application of coupled chemistry-climate models
will help to get a better understanding of the mutual
effects, which can support the analysis of observations
and which can be used for more reliable estimates of the
possible future development of the atmosphere. As
shown by H2001 and the results presented here, chem-
istry-climate models with a model top centred at 10 hPa
and an adequate spatial resolution, particularly in the
vertical, can also provide fundamental contributions
regarding the dynamics and chemistry of the tropo-
sphere and the lower stratosphere. Of course, it cannot
be guaranteed that a model which reproduces observa-
tions fairly well produces reliable estimates for the future

development of atmospheric conditions. However, the
model results presented give some interesting indica-
tions, which must be critically discussed and compared
with similar assessments of other model approaches.
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