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Recently many modelling groups around 
the world have employed chemistry 
climate models (CCMs) to predict the 
future stratospheric dynamical and 
chemical environment. These results are 
providing essential input into the WMO/
UNEP Ozone Assessments (Eyring et al., 
2005). Despite the abundance of simula-
tions, however, many dynamical issues 
remain unresolved. In particular, it is not 
clear how planetary waves and their as-
sociated forcing of the Brewer-Dobson 
circulation will respond to climate change. 
While the SPARC CCMVal activity will 
assess the dynamical capability of CCMs 
with key validation diagnostics, under-
standing the underlying causes of the 
models  ̓ dynamical behaviour is likely 
to require more detailed investigation. 
Accordingly, we propose to establish a 
SPARC subproject within the context 
of SPARCʼs “stratosphere-troposphere 
dynamical coupling” theme, which will 
address some of the outstanding dynami-
cal issues in a systematic way. With the 
help of a variety of dynamical tools and 
a hierarchy of models, we aim to identify 
robust dynamical mechanisms that may 
be expected to be operative in the real 
atmosphere and in CCMs.

The dynamical issues are relevant to 
SPARC as a whole because of the con-
nection of planetary wave forcing to the 
Brewer-Dobson circulation (BDC). The 
BDC is a meridional circulation that 
consists of rising motion in the tropics, a 
poleward drift towards the winter pole, 
and downwelling in the extratropics. 
This circulation is induced by the break-
ing and dissipation of waves that emanate 
from the troposphere. The BDC is usually 
characterised by either the diabatic or the 
residual circulation, and is essentially the 
stratospheric mass circulation. Its strength 
and structure affects stratospheric tempera-
tures (and hence winds) through dynami-
cal heating or cooling. While the BDC also 
has obvious implications for transport, it is 

to be distinguished from the stratospheric 
transport circulation, which determines 
the age of air. The latter is determined 
not only by the BDC, but also by other 
processes such as horizontal mixing, whose 
strength is different for different chemical 
species and thus cannot be characterised 
in a simple manner. 

Changes in the BDC and related changes in 
the strength of the stratospheric polar vor-
tex have important effects on atmospheric 
chemistry through their influence on win-
tertime polar temperatures, which in turn 
influence, for example, rates of chemical 
destruction of ozone; through the trans-
port of ozone and other chemical tracers 
and through their control of the strength of 
stratosphere-troposphere exchange. To the 
extent that the strength of the stratospheric 
polar vortex influences the wintertime cir-
culation in the troposphere — and there is 
increasing evidence for such an influence 
— trends in polar vortex strength can also 
result in regional and hemispheric trends 
in tropospheric climate, such as those 
associated with trends in the strength of the 
Arctic and Antarctic Oscillation indices. A 
stronger BDC also increases the transport 
of stratospheric ozone to the troposphere, 
possibly leading to higher tropospher-
ic ozone concentrations (Collins et al., 
2003). 

Recent studies 

Butchart et al. (2006) have compared the 
effects of climate change on the tropi-
cal upwelling in a number of middle 
atmosphere general circulation models 
(specifically, those involved in the GRIPS 
project [GCM Reality Intercomparison 
Project for SPARC]). They find that all 
models show an increase in tropical up-
welling in response to climate change 
(either from greenhouse-gas increases or 
the combined effects of greenhouse-gas 
increases and ozone depletion). The multi-
model mean trend is about 2% per decade, 

but the trend varies considerably between 
models. More than half of the trend can 
be attributed to changes in the explicitly 
resolved wave drag. 

In contrast, the sign of the response to 
climate change of the polar downwelling 
differs from model to model. Austin et al. 
(2003) have compared the results of sev-
eral CCMs for the Arctic. They considered 
the wintertime meridional heat flux in the 
mid-latitude lower stratosphere, a quantity 
that provides a measure of the wave forc-
ing from the troposphere and is highly cor-
related to polar downwelling (Newman 
and Nash, 2000). Most models showed a 
gradual long-term reduction of the lower 
stratospheric heat fluxes in the past two 
decades (consistent with observations, al-
beit weaker), but for the future, the results 
are more mixed; most models continue to 
show a slight decrease (associated with less 
polar downwelling), but at least one model 
(E39/C) shows a significant upward trend 
(see Figure 1). 

Focusing on single models, Sigmond et al. 
(2004) and Fomichev et al. (2006) have 
reported on the simulated effects of CO2 
increases on the BDC, distinguishing the 
direct stratospheric radiative response from 
the response induced by changes in tropo-
spheric climate. The former study finds a 
stronger descending branch of the BDC 
in the doubled CO2 climate. This is asso-
ciated with more wave activity just above 
the tropopause (which is then dissipated in 
the lower stratosphere), whereas they find 
decreased wave activity in the troposphere. 
Two plausible causes of the increased 
lower stratospheric wave activity are: 
1) there is more wave production in the tro-
popause region or 2) the tropopause region 
is more transparent to the propagation of 
tropospheric wave activity. 

In summary, the expected response of 
the BDC to climate change remains 
unresolved. There are some hints of robust 
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responses in the tropics, but the response of 
the planetary waves and of the descending 
branch of the BDC are still uncertain.

Outstanding questions

In order to have confidence in model 
projections of changes in the BDC it is 
necessary to understand the dynamical pro-
cesses responsible for these changes. Some 
outstanding dynamical questions we have 
identified include:

1) How does stratospheric wave 
 activity respond to climate change, and 

how does this affect tropical upwelling 
and polar downwelling? Do the wave 
activity changes arise primarily from 
changes in the wave flux from the tro-
posphere, or from changes to the zonal 
mean winds and temperatures that influ-
ence the environment for planetary wave 
propagation (as indicated by changes to 
refractive indices or to reflective sur-
faces, see Harnik and Lindzen, 2001)?

2) Is there a contradiction between 
the apparent consensus between 

 different models regarding the 
 response of tropical upwelling to cli-

mate change (Butchart et al., 2006), 
and the more mixed results in the Arctic 
(e.g., Austin et al., 2003)? Can this be 
explained by changes in the structure 
of the BDC, in which case the tropical 
upwelling and polar downwelling may 
change independently of each other?

 
3) Which part of the BDC response to cli-

mate change is attributable to greenhouse 
warming/cooling and which to ozone 
depletion? This might be a surprisingly 
difficult question to answer from obser-
vations as evidence accumulates that 
both greenhouse warming and ozone de-
pletion cause similar annular-mode type 
responses in the zonal-mean circulation 
of the stratosphere and troposphere.

4) To what extent are the models sensi-
tive to their treatment of unresolved 
(e.g. gravity) waves and other dissipa-
tive processes? This may be a question 
of particular importance in understand-
ing the climate-change response of the 
Southern Hemisphere, in which grav-
ity wave drag on the vortex is presum-
ably very important. Shaw and Shep-
herd (2006) have recently argued that 
the gravity wave drag response to a 
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Figure 1: Scatter diagrams of the winter-
time mid-latitude heat flux at 100 hPa (a 
proxy for the polar downwelling) plotted 
against year for NCEP data (black line in 
all panels), and for a set of CCMs. Upper 
panel: transient runs with a model with 
Rayleigh friction or non-orographic grav-
ity wave drag. Middle panel: transient 
runs with three different CCMs. Lower 
panel: time-slice runs with two different
CCMs. (From Austin et al. 2003)

climate perturbation should be much 
more robust if angular momentum is 
conserved in the implementation of 
the gravity wave drag parameterization
something that is generally not             
done  in practice). Additionally, how 
are the simulated BDC and its sen-
sitivity to climate change affected 
by model resolution and lid height?

Proposed SPARC subproject

Given these and other questions, we pro-
pose to establish a SPARC subproject to 
understand the dynamics of climate change 
in the stratosphere, with a focus on the 
changes in the wave driven BDC. The 
idea is to analyse a wide range of models 
with a well resolved stratospheric com-
ponent, which might or might not include 
interactive chemistry. We propose to start 
with existing integrations, and to develop 
tools that could be quickly applied to new 
simulations as they become available, for 
example through the IPCC AR4 archive 
and CCMVal. Thus, this activity will help 
develop and refine robust dynamical diag-
nostics that can be subsequently included 
within CCMVal. We divide the activities 
of this subproject into the following tasks:

Task 1: Baseline diagnosis of changes to the 
stratospheric zonal-mean circulation and 
to stationary-wave structures, and resulting 
changes to wave driving and to the BDC

The first step is to analyse the response 
of basic quantities to climate change in 
different models, using existing simu-
lations from GCMs and CCMs. These 
quantities include temperature, wind, 
geopotential height, the residual stream 
function, wave activity and wave 
driving. It will also include an analysis of 
the eddy amplitude and the phase structure 
for individual planetary-scale waves (wave 
number 1-4) and the response of these 
waves to climate perturbations. Our initial 
focus will be upon the stationary wave field 
of Northern Hemisphere winter. The key 
question here is if we can identify a set of 
common responses among the models, and 
common dynamical mechanisms acting in 
them. 

Task 2: Analysis of stratospheric wave 
responses using linear models

This step will use stationary wave models 
to analyse the response of the stratospheric 
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portion of the stationary wave field to cli-
mate perturbations. Following the method 
of Ting et al. (1994), we will analyse the 
separate effects of changes to the differ-
ent zonally  asymmetric forcings (diabatic 
heating, the interaction with the transient 
eddies, and the interaction of the station-
ary eddies with the basic state). Finally, 
there is limited evidence (see Joseph et al., 
2004) that, in the troposphere, the changes 
to the zonal mean circulation (as opposed 
to changes in the zonally asymmetric forc-
ings) heavily influence the stationary wave 
response to climate perturbations. An open 
question is if this would also be the case for 
the stratosphere.

Task 3: Analysis of changes to the 
stratospheric wave environment

As a complement to the stationary wave 
analysis of Task 2, we propose to carry 
out an analysis of changes to the strato-
spheric environment as a medium for 
wave propagation. This task would involve 
calculation of different indices of refrac-
tion and reflective surfaces, largely based 
on the climatological field output from 
the models (e.g., Perlwitz and Harnik, 
2003). These linear modelling approaches 
would complement the stratospheric sta-
tionary wave model described in Task 2. 

Task 4: Response of simplified GCMs 
to stratospheric and tropospheric eddy 
forcing changes

The idea of this task is to use simplified 
atmospheric GCMs to study how the 
zonal-mean extratropical circulation 
responds to imposed eddy forcing derived 
from climate change runs (e.g., Kushner 
and Polvani, 2004). One such approach, 
following Hall et al. (2001), is to tune the 
diabatic heating in a dry ʻdynamical core  ̓
GCM to fit the circulation climatologies of 
the various models. 

Conclusion

Despite the abundance of simulations of the 
future stratospheric climate, many dynami-
cal issues remain unresolved. In particular, 
it is not clear how the wave forcing will 
respond to climate change. General cir-
culation models predict an increase of the 
tropical upwelling in response to climate 

change, but the results in the extratropics 
are less clear. By clarifying the dynamical 
mechanisms of the responses we hope to 
be able to place more confidence in model 
projected changes in the strength of the 
BDC and its implications for chemical and 
physical climate.
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