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ABSTRACT

The separate climate effects of middle-atmospheric and tropospheric CO, doubling have been simulated and
analyzed with the ECHAM middle-atmosphere climate model. To this end, the CO, concentration has been
separately doubled in the middle-atmosphere, the troposphere, and the entire atmosphere, and the results have
been compared to a control run. During NH winter, the simulated uniformly doubled CO, climate shows an
increase of the stratospheric residual circulation, a small warming in the Arctic lower stratosphere, a weakening
of the zonal winds in the Arctic middle-atmosphere, an increase of the NH midlatitude tropospheric westerlies,
and a poleward shift of the SH tropospheric westerlies. The uniformly doubled CO, response in most regions
isapproximately equal to the sum of the separate responses to tropospheric and middle-atmospheric CO, doubling.
The increase of the stratospheric residual circulation can be attributed for about two-thirds to the tropospheric
CO, doubling and one-third to the middle-atmospheric CO, doubling. This increase contributes to the Arctic
lower-stratospheric warming and, through the thermal wind relationship, to the weakening of the Arctic middle-
atmospheric zonal wind. The increase of the tropospheric NH midlatitude westerlies can be attributed mainly
to the middle-atmospheric CO, doubling, indicating the crucial importance of the middle-atmospheric CO,
doubling for the tropospheric climate change. Results from an additional experiment show that the CO, doubling
above 10 hPa, which is above the top of many current GCMs, also causes significant changes in the tropospheric

climate.

1. Introduction

The notion that the stratosphere influences the tro-
posphere has been supported by many recent studies.
Low-frequency zonal wind variations propagate down-
ward from the upper stratosphere to the lower tropo-
sphere (e.g., Koderaet al. 1990). Anomaliesin the lead-
ing mode of variability of the Northern Hemispheric
(NH) circulation [known as either the Arctic Oscillation
(AO) or the Northern Hemisphere annular mode (NAM):
Thompson and Wallace 1998] generally first appear in
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the stratosphere and propagate to the surface within sev-
eral weeks (Baldwin and Dunkerton 1999). Several dy-
namical mechanismsfor this downward propagation have
been proposed: potential vorticity induction (Hartley et
al. 1998), wave—mean flow interactions (e.g., Shindell et
al. 2001) and meridional mass redistribution (Sigmond
et a. 2003). During the last 30 years, the index corre-
sponding to this leading mode of variability (the AO
index) has undergone a positive trend, which can explain
about 50% of the observed surface temperature increase
over the Eurasian continent (Thompson et a. 2000).
Since the AO is related to the midlatitude stratospheric
zona wind (e.g., Thompson et a. 2000), the observed
warming may be partially due to changes in the strato-
spheric circulation. Several GCM studies predict an in-
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creased westerly circulation in the (lower) tropospheric
NH midlatitudes (associated with a further increase of
the AO index) in response to increasing CO, concentra-
tions (Shindell et al. 1999; Fyfe et al. 1999; Paeth et al.
1999; Gillett et al. 2002). The increase of greenhouse
gases is believed to cool the polar stratosphere, to warm
the tropical upper troposphere and, consequently, to in-
crease the meridional temperature gradient in the tro-
popause region. Shindell et a. (2001) argue that this
causes stratospheric zonal wind changesthat in turn cause
the increased westerly circulation in the tropospheric NH
midlatitudes through wave-mean flow interactions. Sev-
eral other GCM studies aso indicate this downward in-
fluence (Boville 1984; Rind et al. 2002).

Other recent studies have addressed the question of
how well the stratosphere hasto berepresentedin GCMs
to capture this downward influence adequately. Shindell
et a. (1999) show that their model only captures the
observed AO index increase if it includes the region
between 10 and 0.01 hPa. However, Fyfe et al. (1999)
and Gillett et al. (2002) found an AO index increase in
response to increasing CO, concentrations in models
with an upper boundary at, respectively, 12 and 5 hPa.
The latter result did not notably change when the upper
boundary was raised to 0.01 hPa.

Greenhouse-gas-induced changes in the troposphere
are expected to change the stratospheric circulation. Tro-
pospheric waves propagate upward into the stratosphere,
where they are dissipated and drive a meridional over-
turning circulation, known as the residual or Brewer—
Dobson circulation (e.g., Holton et al. 1995). Tropo-
spheric greenhouse gas increases can alter the sources
and propagation patterns of the atmospheric waves that
drive the stratospheric residual circulation. In a GCM
experiment with increasing CO,, Butchart and Scaife
(2001) found an increase of the strength of this circu-
lation. They argued that such an increase would accel-
erate the removal of chlorofluorocarbons (CFCs) from
the stratosphere and, consequently, accelerate the re-
covery of the ozone layer.

Rind et al. (1990) investigated the causes of the mid-
dle-atmospheric response to a uniform doubling of CO,,
by performing experiments of one to three years time-
scalein which the CO, wasdoubled in either the middle-
atmosphere or the troposphere. They suggested that the
residual stratospheric circulation increase is due to both
the *“in situ” (middle-atmospheric) and the *‘remote”
(tropospheric) CO, doubling. The tropospheric response
to CO, doubling in either the troposphere or middle-
atmosphere was not considered in this study.

In the present study, the separate climate effects of
middle-atmospheric and tropospheric CO, increase are
investigated with the middle-atmosphere version of the
ECHAM global climate model. The control and uni-
formly doubled CO, climate have been simulated. In
addition, experiments have been performed in which the
CO, has been doubled in either the troposphere or the
middle-atmosphere. These idealized experiments have
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been performed to study the mechanisms leading to the
changes in the simulated uniformly doubled CO, cli-
mate. Changes found in the uniformly doubled CO, cli-
mate will be attributed to either middle-atmospheric or
tropospheric CO, doubling. We will investigate whether
this separation is allowed, which requires that the re-
sponse to a uniform CO, doubling is approximately
equal to the sum of the separate responses to tropo-
spheric and middle-atmospheric CO, doubling. We have
performed 30-yr equilibrium experiments to obtain sta-
tistically significant results. Since the stratosphere—tro-
posphere coupling is strongest in NH winter, we will
focus on this season.

This paper is organized as follows. In section 2 the
model and the setup of the experiments are described.
In section 3 the control climate and the response to a
uniform CO, doubling is described. The climate re-
sponses to nonuniform (i.e., only tropospheric or mid-
dle-atmospheric) CO, doubling are described in section
4. It is investigated to what extent the response to a
uniform CO, doubling can indeed be regarded as the
sum of the responses to tropospheric and middle-at-
mospheric CO, doubling. The downward influence of
middle-atmospheric CO,, doubling on the troposphere
is investigated in more detail in section 5. Finally, the
results are summarized and discussed in section 6.

2. Model and setup of the experiments
a. The general circulation model

The GCM used in this study is MA-ECHAM4 (Man-
zini et al. 1997), whichisthe middle-atmosphereversion
of the ECHAM4 model (Roeckner et al. 1996). The MA-
ECHAM4 model has 39 levels from the surface up to
0.01 hPa (about 80 km). Gravity wave drag is param-
eterized for both orographic gravity waves (McFarlane
1987) and a spectrum of nonstationary gravity waves
(Hines 1997a,b). Sensitivities to the specification of the
gravity wave parameterizations are discussed by Man-
zini and McFarlane (1998). The simulationsin this study
are performed at T42 horizontal resolution (about 2.8°
X 2.8°%) and theintegration time step is set to 10 minutes.
The ozone distribution (Brithl 1993) and the sea surface
temperatures (SSTs) are prescribed.

b. Experiments

Six 30-yr simulations have been performed, whose
configurations are summarized in Table 1. The atmo-
spheric CO, content has been doubled in the entire at-
mosphere from 353 ppmv in the control run (C run) to
706 ppmv in the uniformly doubled CO, run (A run).
Two additional runs have been performed in which the
CO, is separately doubled in the middle-atmosphere (M
run) and the troposphere (T run). A monthly mean, lon-
gitude- and latitude-dependent tropopause field was
used to select the regions where CO, should be doubled
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TasLE 1. Summary of the configurations of the experiments, see section 2b.

C-run

Middle

Atmosphere [1X CO,

Troposphere [1X CO, |

SST Control

MC-run [H-run

Control

inthe M and T runs. This climatology was calculated
with the WMO tropopause definition and was taken
from a control run of MA-ECHAMA4.

The atmospheric GCM is not interactively coupled to
an ocean model. Instead, monthly climatological SSTs
are prescribed. In the C and A runs these SSTs are taken
from a control and a doubled CO, run of ECHAM4
coupled to a slab layer ocean. The appropriate SSTsin
the M and T runs were calculated from these climatol-
ogies and calculated radiative forcings. The radiative
forcing (RF) is the net radiative flux change at the tro-
popause caused by aradiative perturbation (e.g., Hough-
ton et a. 2001), and is generally considered as a useful
measure for the surface temperature change. It is as-
sumed that

RF, = RF, + RF,, (1a)

where RF, is the radiative forcing due to the CO,, dou-
bling in region X (M for middle-atmosphere, T for tro-
posphere, and A for the entire atmosphere) and that the
climate sensitivity parameter A (=RF/AT,,;) isthe same
for each RF,.. Under these conditions, it can be derived
that

ASST; = ASST, X frac, (1b)
ASST,, = ASST, X (1 — frac), (1c)
where
RF
frac = ————. 1
"~ RF, + RF, (1)

The ASST, isthe change of SST compared to the control
run due to the CO, doubling in region X. To compute
RF,, we have performed three additional integrations
with the configurations of the M, T, and A runs, except
that the control SSTs are prescribed. Here RF, is ap-
proximated by the global-mean net radiative flux change
at the tropopause compared to the control run after one
time step. From the results (RF,, = 0.64 W m~—2, RF;
= 3.26 W m~2) a value of 0.84 for frac is obtained.
Since RF, = 3.89 W m~2, Eq. (1a) appears to be valid
almost exactly. Since frac is close to unity, the sea ice

distribution in the M run is prescribed to be equa to
that in the C run whereas the sea ice distribution in the
T run is equal to that in the A run. The approach that
we use is relatively simple because the possible depen-
dency of A on the vertical location of the CO, forcing
is not considered and we calculated frac from instan-
taneous radiative forcings, whereas it would have been
more appropriate to calculate it from the adjusted ra-
diative forcings.

To investigate to what extent the imposed SST chang-
es in the M run influence the results, an additional run
(denoted as the MC run) has been performed, which is
similar to the M run except that the control SSTs are
prescribed.

To investigate the influence of the CO, doubling in
the higher stratosphere and mesosphere on the tropo-
spheric climate, a run has been performed in which the
CO, isdoubled only above 10 hPa (H run). Theradiative
forcing due to the CO, doubling above 10 hPa is cal-
culated in the same way as for the other runs and was
found to be very small (0.02 W m~2). Therefore, control
SSTs could be imposed in the H run.

3. The climate response to a uniform CO,
doubling

a. The control climate

Figures 1a and 1b show, respectively, the zonally av-
eraged temperature and zonal wind in the control climate
in NH winter. The temperature distribution, the strength
of the NH stratospheric polar vortex, the subtropical jet
streams, and the SH middle-atmospheric easterliescom-
pare reasonably well with reference climatol ogies (Man-
zini and McFarlane 1998) except that the position of
the polar vortex wind maximum (60°N) is a bit too far
poleward. The residual mean streamfunction [computed
following the transformed Eulerian mean formulation
(Andrews et al. 1987)] depicted in Fig. 1c shows the
stratospheric residual circulation. This circulation is
driven by the wave drag from planetary and gravity
waves. The planetary waves are resolved by the model
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and their effect on the mean flow is quantified by
divF/p, [where divF is the divergence of the Eliassen—
Palm (E-P) flux and p, is the density], which is shown
in Fig. 1d. In regions where divF/p, is negative, the
waves decelerate the zonal wind, thus causing an im-
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Fic. 1. The (a) zonally averaged temperature and (b) zonal wind,
(c) the residual streamfunction, (d) the divergence of the E—P flux
divided by density, and (€) the surface-level zonal wind in the C run.
Results are averages over 30 years for the DJF season, and shading
indicates positive values. The contour interval is, respectively, 10 K
in(a,10mstin(b),2ms-tday*in(d) and 2 ms-tin (e).
The contour linesin (c) are at 0, =1, 2, +5, =10, =20, +50
kg m-* s-1, etc. The bold dashed line in (a)—(d) denotes the position
of the zonally averaged tropopause.

balance between the Coriolis force on the zonal-mean
zonal wind and the meridional pressure gradient force,
driving a poleward flow. The surface zonal wind (Fig.
le) is largest in the northern Atlantic and Pacific storm
track regions and in the SH midlatitudes.
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In this paper, we will focus on the December—Feb-
ruary (DJF) season, that is, NH winter and SH summer.
In this season the zonal wind in the SH middle-atmo-
sphereis easterly (Fig. 1a), constituting a barrier for the
transport of tropospheric wave activity into the middle-
atmosphere (Charney and Drazin 1961). Consequently,
in this season no strong stratosphere—troposphere inter-
actions are expected in the Southern Hemisphere, in
contrast to in the Northern Hemisphere. Therefore, the
differences between the Northern and the Southern
Hemisphere discussed in this paper are not caused by
hemispheric differences, but by seasonal differences.

b. The middle-atmospheric response to uniform CO,
doubling

Figure 2a shows the zonally averaged temperature
difference between the A run and the C run in NH winter
(denoted as AT,). As expected, the middle-atmosphere
generally cools in response to the uniform CO, dou-
bling, which can be explained by radiative arguments
(e.g., Felset al. 1980; Shindell et al. 2001). The changes
are statistically significant, except in some regions
where the changes are small. The main exception to the
middle-atmospheric cooling is the Arctic lower strato-
sphere, which slightly warms. Figure 2b shows the zon-
ally averaged zonal wind difference between the A and
the C run in NH winter (Au,), which is physically con-
sistent with Fig. 2a according to the thermal wind re-
lationship. The warming of the Arctic lower stratosphere
and the reduced cooling directly above this layer lead
to a decrease of the meridional temperature gradient in
the polar stratosphere, consistent with the weakening of
the Arctic middle-atmospheric zonal winds. The zonal
wind in the NH subtropical middle-atmospherestrength-
ens, with up to 9 m s near the stratopause and just
above the NH subtropical jet stream. The position of
the maximum wind speed in the polar vortex has shifted
equatorward from 60°N in the C run to 40°N in the A
run, and its value has decreased from 38 m st in the
C run to 34 m s=* in the A run (not shown). In the
Southern Hemisphere, the middle-atmospheric extra-
tropical easterlies significantly decrease in magnitude.

Figure 2c shows the change of the residual stream-
function in the A run compared to the C run (Ays,). The
strength of the stratospheric residual circulation gen-
erally increases except in the tropical middle strato-
sphere. The maximum of the NH residual streamfunc-
tion, which is located between 15° and 18°N and is a
measure for the NH extratropical mass flux from the
stratosphere to the troposphere (e.g., Rosenlof and Hol-
ton 1993), significantly increases 33% at 50 hPa and
39% at 100 hPa. Associated with this increase, the de-
scending motions near the North Pole increase. While
adiabatically heating the air, they contribute to the tem-
perature increase shown in Fig. 2a

To get an idea of the causes of the increased NH
extratropical residual circulation, the change of the re-
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sidual meridional wind is investigated. Figure 3a shows
for the A run in the NH extratropics the change of the
residual meridional wind, from which the streamfunc-
tion change depicted in Fig. 2¢c has been computed. This
residual meridional wind is defined as [Andrews et al.
1987, Eq. (3.5.18)]

L 3lpov' 0 (96/62) 1]
0 )

P )

where p, is the density, v is meridional wind, and 6 is
the potential temperature. The overbar denotes the zon-
al-mean value; the prime denotes the deviation from that
value. Figure 3a shows that in most of the NH extra-
tropical stratosphere v* increases in the doubled CO,
climate, which corresponds to the increased residual cir-
culation. Figure 3b shows the part of Av% that is due
to resolved waves (denoted as Avy redived), The y* resolved
has been computed by applying the continuity equation
to the vertical velocity due to planetary wave driving,
assuming ‘‘downward control”” (Haynes et al. 1991).
Since the analysis is focused on the extratropics, the
quasi geostrophic approximation can be applied. Assum-
ing quasigeostrophy and stationarity, this vertical ve-
locity can be written as

W resolved — ;i f (M) er
o COS¢ ad) z f $=const.

©)

where a is the radius of the earth, ¢ is latitude, and f
is the Coriolis parameter. Comparison of Figs. 3b and
4a for the resolved waves shows that the structure of
Av¥reoved js opposite to that of AdivF,/p,. The de-
creased (i.e., more negative) divF,/p, in the large part
of the NH stratosphere implies that the wave drag due
to the resolved waves on the zonally averaged zonal
flow increases, and that the resolved waves strengthen
the poleward flow (i.e., v*reved increases).

In the extratropical stratosphere and mesosphere,
changes in the direct thermally forced component of v*
are expected to be small. Therefore, the part of the
change in v* that is not due to resolved waves (denoted
as Avxresdid) in these regions is expected to be mainly
due to unresolved gravity waves. In the NH midlatitude
stratosphere Avyresdid js comparable to Av%redved, |n
some stratospheric regions (e.g., region 1) Avk is even
mainly due to Av%ressdd Therefore, it is concluded that
changes in both the resolved waves and other processes
(of which gravity waves are expected to be the most
important) drive the increased stratospheric NH extra-
tropical residua circulation in the doubled CO, climate.
In the mesosphere, planetary wave activity isvery small
due to absorption of these waves at lower levels, which
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dicate regions where the difference is statistically significant
at 95% (99%) level. The contour interval is 1 K in (a), the
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etc. in (c). The zero contour line in (d) has been omitted. (e)
The surface air temperature difference between the A run and
C run for the DJF season. Contours are at 1, 2, 3, 4, 5, 7.5,
and 10 K and shading indicates values higher than 5 K.

can explain why in this region Av}reoved js generally

smaller than Av%resdd, Thus, the mesospheric Avy is

mainly determined by gravity waves drag changes.
Figure 4a shows that in the NH stratosphere the pat-

tern of the AdivF,/p, issimilar to that of Au, (Fig. 2b):
they both decrease in the polar region and increase
around 40°N. This finding is consistent with the fact
that divF/p, is a force on the zonal-mean zonal wind.
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Fic. 3. The difference between the A and C runs of (a) v* and (b) v* v for NH winter. The zero contour line is
plotted. See section 3b for the meaning of the symbols. Only the NH extratropics are plotted.

The changes in the resolved waves are investigated in
more detail by decomposing divF/p, in its horizonta
and vertical components divFY/p, and divF/p,, which
in the quasigeostrophic approximation are given by

gation of the wave activity, and a positive FY corre-
sponds to a poleward propagation of wave activity. Fig-
ure 4 shows that in the NH upper stratosphere (region
I) and in the NH subtropical lower stratosphere (region
1) the structure of AdivF ,/p, (Fig. 4a, shaded) ismainly

divEy = 2F, (43) determined by AdivFy/p, (Fig. 4b, shaded), whereas in

ay the NH midlatitude middle stratosphere (region I11) it

i E is mainly determined by divF#/p, (Fig. 4c, shaded).

divF? = P (4b)  Changes in divFY/p, are related to changes in F¥ and,

o consequently, to changes in the meridional refraction of

Fy = —pou'v’, (4c)  wave activity. For example, in the middle of region I

L, — = Fv (Fig. 4b, contours) decreases, implying that waves

F* = pofa cospv' ¢ (96/02)*. (4d)  are refracted more to the equator (see arrow), leading

Here Fy and Fz are, respectively, the horizontal and to decreases of divFY/p, at the equatorward side of re-

vertical component of the Eliassen—Palm flux vector,
which is in the direction of the wave activity: Fz is
generally positive, corresponding to an upward propa-

gion Il and increases of divFY/p, at the poleward side
of region Il. Changes in divFZ/p, are related to changes
in FZzand, consequently, to changes in the vertical prop-
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FiG. 4. The difference between the A and C runsin NH winter of (a) divF/p,, (b) divFY/p, (shaded) and FY (contours), (c) divF?/p, (shaded)

and Fz X 102 (contours). See text for the meaning of the symbols. Here, divF/p, isin m s=* day-*. The contour lines of FY are at +0.2,
+1, £2, £3 Pa, etc. and the contour interval of Fzis 0.01 Pa The zero contour lines for both F¥ and Fz are omitted. The arrows indicate
the directions of the changes of the wave propagation discussed in the text. Only the NH extratropics are plotted.
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agation of the wave activity. Just below region Il F>=
(Fig. 4c, contours) increases, which correspondsto more
upward propagating wave activity (see upward arrow).
This increased wave activity is dissipated in region I,
causing a decrease of divFz/p,. In summary, the struc-
ture of AdivF,/p, is mainly determined by changes in
the meridional refraction of the wave activity in the NH
upper stratosphere (region |) and in the NH subtropical
lower stratosphere (region Il), and by the increase of
vertical wave activity in the NH midlatitude lower
stratosphere (just below region 111). Considering that the
tropospheric vertical wave activity isdecreased (seeFig.
4c), the lower-stratospheric increase can have two caus-
es. 1) the NH midlatitude tropopause is more ‘“trans-
parent” for tropospheric wave activity or 2) more wave
activity isproduced near the NH midlatitude tropopause.

The Arctic lower-stratospheric warming in response
to CO, increase (Fig. 2a) has been reported in several
GCM studies (e.g., Rind et al. 1990, 1998, 2002; Mah-
fouf et al. 1994; Gillett et al. 2003). An exception is
the study of Shindell et al. (1998) who report a cooling
of the polar vortex [see Gillett et a. (2003) for a dis-
cussion]. Gillet et al. also found a weakening of the
polar vortex whereas other studies (e.g., Rind et al.
1998; Shindell et al. 1998) found indications for a
strengthening of the vortex. In the present study the
Arctic lower-stratospheric warming is attributed to an
increased residual circulation dueto increased planetary
and gravity wave driving. It should be noted that the
change in the upward propagation of vertical wave en-
ergy quantified by AF% at 100 hPa was found to be
largest in November, causing a huge deceleration of the
polar vortex compared to the control run, and influenc-
ing the strength of the polar vortex in the succeeding
winter. Thus, the strength of the DJF polar vortex is not
only influenced by the DJF wave activity, but also by
that in November. The increase of the NH midlatitude
lower-stratospheric wave driving in NH winter is con-
sistent to what has been found by, for example, Butchart
and Scaife (2001) and Gillett et a. (2003). In the NH
subtropical lower stratosphere, the increased wave driv-
ing isdueto the equatorward refraction of wave activity,
which is consistent with the results of, for example, Rind
et a. (2002).

¢. The tropospheric response to uniform CO,
doubling

Figure 2a shows that the troposphere generally warms
in responseto auniform CO, doubling, with amaximum
warming of more than 6 K in the tropical upper tro-
posphere. Figure 2b shows that the zonally averaged
zonal wind in the tropospheric NH midlatitudesincreas-
es 0.5to 1 m s*. At the surface (Fig. 2d), these sig-
nificant zonal wind increases are found in the storm
track regions above the oceans. Above the northern At-
lantic, the zonal wind increases more than 1.5 m s71,
which is about 20% of the zonal wind in the C run. The

SIGMOND ET AL.

2359

increase of the tropospheric NH midlatitude westerlies
has been reported in several previous GCM studies (see
section 1). The decrease of the zonal wind around 40°S
and theincrease around 60°S throughout the troposphere
imply that the SH summer westerlies are shifted pole-
ward. Figure 2e shows the surface air temperature
changein response to auniform CO,, doubling. It shows
that the surface air temperature generally increases 2—
3 K, except at high latitudes, where the temperature
increases up to 12 K due to the high-latitude warming
amplification.

To summarize, the simulated uniformly doubled CO,
climate is characterized by a generally cooler middle-
atmosphere, an increased stratospheric residual circu-
lation (caused by increased planetary and gravity wave
driving) that is consistent with warmer temperatures in
the Arctic lower stratosphere and a weakening of the
zonal winds in the Arctic middle-atmosphere. Further-
more, the troposphere warms and the tropospheric NH
midlatitude westerlies increase.

4. The climate response to nonuniform CO,
doubling

Experiments in which the CO, is doubled nonuni-
formly (i.e., only in the troposphere or in the middle-
atmosphere) have been performed to study the mech-
anisms leading to the changesin the simulated uniform-
ly doubled CO, climate. Changes found in the uniformly
doubled CO, climate are attributed to either middle-
atmospheric or tropospheric CO,, doubling. This sepa-
ration is only alowed when the responses are additive,
that is, when the response to a uniform CO, doubling
can be regarded as the sum of the responses to CO,
doubling in the middle-atmosphere and in the tropo-
sphere. In other words, the foll owing rel ationship shoul d

apply:
AQA = AQM + AQTa (5)

where AQ, is the response to CO, doubling in region
X (i.e., the difference between the X run and the C run)
of the quantity Q. Relationship (5) will generally not
be satisfied exactly due to nonlinear middle-atmo-
sphere-troposphere interactions. It will be assumed that
the responses are additive if relationship (5) applies at
a more than 95% confidence level. A Student’'st test is
applied to (AQ,, + AQ; — AQ,) to test whether this
quantity significantly differsfrom zero. Significant non-
additives arise in regions where the value of (AQ,, +
AQ; — AQ,) islarge or whereitsinterannual variability
is small.

a. The middle-atmospheric response

Figure 5 shows for NH winter the zonally averaged
temperature response to middle-atmospheric CO, dou-
bling (AT,,, Fig. 5a) and to tropospheric CO, doubling
(AT, Fig. Bb). Figure 5c shows that the temperature
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Fic. 5. The difference of the zonally averaged temperature between (a) the M and C runs and (b) the T and C runs for the DJF season.

(c) The degree of nonadditivity of the temperature (i.e., AT, + AT,

— AT,, see text). Light (dark) shading denotes significance at 95%

(99%) level of the changes in (a) and (b) and of the nonadditivity in (c). The contour interval is 1 K. The bold dashed line denotes the

position of the tropopause.

changes satisfy additiveness (i.e., AT,, + AT, — AT,
=~ 0) inthelargest part of the middle-atmosphere, except
in some regions (shaded when not additive), which in-
cludes the tropical and part of the NH extratropical
stratosphere. Note that the temperature responses are
additive in the Arctic lower and middle stratosphere.
Figure 6 shows the zonally averaged zonal wind re-
sponse to middle-atmospheric CO, doubling (Au,,, Fig.
6a) and to tropospheric CO, doubling (Au,, Fig. 6b) in
NH winter. The shaded regions in Fig. 6¢ indicate re-
gions where the zonal wind responses are not additive.

Figure 5b shows that in the largest part of the middle-
atmosphere the temperature response to tropospheric
CO, doubling (AT;) is small. This is not surprising
considering that the CO, concentration in the T run is
not doubled in the middle-atmosphere so that direct ra-

diative effects are absent. However, a statistically sig-
nificant warming of more than 3 K in the Arctic lower
stratosphere (maximum at 20 hPa) and a statistically
significant cooling of morethan 2 K in thetropical lower
stratosphere (maximum at 50 hPa) is found. In the mid-
die-atmosphere, Au; is similar to Au, (Fig. 2b): they
both are positive in the Arctic and negative in the sub-
tropics. Figure 7b shows the change in the residua
streamfunction in the T run. Similar to what was found
in the A run, the residual circulation in the T run
strengthens in most of the NH lower and middle strato-
sphere. However, different from what was found in the
A run, the residual streamfunction does not increase in
the NH upper stratosphere and mesosphere. The max-
imum of the NH residual streamfunction increases 18%
at 50 hPa and 26% at 100 hPa. These changes are ap-
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(dark) shading denotes significance at 95% (99%) level of the changes in (a) and (b) and of the nonadditivity in (c).
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proximately two-thirds of the increases found in the A
run. Associated with this increase, the downward mo-
tions near the North Pole increase too, leading to adi-
abatic heating and causing the temperature increase
shown in Fig. 5b. Similarly, the upward motions in the
tropical lower stratosphere increase, causing adiabatic
cooling and atemperature decrease in the tropical lower
stratosphere. Also similar to what was found in the A
run, the increased extratropical stratospheric residual
circulation is driven by the increased wave driving by
both resolved (planetary) waves and unresolved (grav-
ity) waves. The effect of the resolved waves on the
zonal-mean flow is quantified by divF;/p,. The causes
of AdivF.;/p, (Fig. 8b) are similar to the causes of
AdivF,/p, described in section 3b: the negative values
of AdivF,/p, in the NH midlatitude lower stratosphere
are again mainly caused by dissipation of increased up-
ward propagating wave activity in the lower strato-
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sphere, and the pattern of AdivF./p, in the NH sub-
tropical lower stratosphere and in the NH upper strato-
sphere is again mainly determined by changes in the
meridional refraction of the planetary waves (not
shown). To summarize, the patterns and causes of the
middle-atmospheric changes in the T run are similar to
those in the A run, with the exception that in the T run
the middle-atmosphere does not cool dueto theradiative
effects of CO, doubling. The residual circulation in-
crease in the T run is about two-thirds of the increase
in the A run.

Figure 5a shows that the middle-atmosphere coolsin
response to middle-atmospheric CO, doubling, which
can be explained by radiative arguments. Since the tem-
perature responses in the Arctic lower stratosphere are
additive (Fig. 5c), it is tempting to conclude that the
positive AT, in the Arctic stratosphere (Fig. 2a) is a
small residual of anegative AT,, dueto radiative cooling
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(99%) level of the changes.
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and a somewhat larger positive AT, due to dynamical
heating. However, a more detailed investigation of the
responses in the M run revealsthat AT,, itself isaresult
of both radiative cooling and dynamical heating. Figure
7a shows that, similar to what was found in the A run,
the stratospheric residual circulation in the M run gen-
erally increases, with the exception of the tropical mid-
dle stratosphere. The amplitude of this increase is ap-
proximately one-third of that in the A run; the maximum
of the residual streamfunction in the M run increases
7% at 50 hPa and 13% at 100 hPa. Similar to what was
found in the A and the T runs, thisincrease is associated
with stronger downward motions in and a warming of
the Arctic lower stratosphere. Since AT,, is negative in
this region, it can be concluded that in the M run the
radiative cooling is larger than the dynamical heating.
The patterns of AdivF,,/p, (Fig. 8a), AdivFy/p, and
AdivF/p, (not shown) are similar to thosein the T and
A runs, but the amplitudes are smaller.

In summary, the simulated Arctic lower stratospheric
warming in the uniformly doubled CO, climate is a
small residual of radiative cooling and dynamical heat-
ing. The dynamical heating is caused by increased
downward motions associated with the increase of the
stratospheric residual circulation, which is caused by

Fic. 9. Asin Figs. 5a—c except for the surface zonal wind. The
contour lines are at =0.5, 1, +2, =3 m s%, etc., and the zero
contour line has been omitted. Light (dark) shading denotes signif-
icance at 95% (99%) level of the changes in (a) and (b) and of the
nonadditivity in (c).

the increase of both the resolved and unresolved wave
driving. The stratospheric residual circulation increase
can be attributed for about two-thirds to the (remote)
tropospheric CO,, doubling and for about one-third to
the (in situ) middle-atmospheric CO,, doubling.

b. The tropospheric and surface-level response

Figure 5c shows that the tropospheric temperature
changes satisfy additiveness in most regions, except in
thetropical upper troposphere and the polar troposphere.
Figure 6¢ shows that the tropospheric zonal wind chang-
es satisfy additiveness in most regions, including the
NH midlatitudes. Figure 9 shows the zonal wind re-
sponses at the surface. Figure 9c¢ shows that the surface
zonal wind responses are additive above the entire
northern Atlantic. In thisregion, both Au,, (Fig. 9a) and
Au; (Fig. 9b) are positive. The zonal wind responses
are not additive in large parts of the northern Pacific.
In this region, the pattern of Au; is similar to that of
Au,, whereasthe pattern of Au,, iscompletely different.
In the midlatitudes of the Southern Hemisphere the zon-
al wind responses are additive, and the patterns of both
Au,, and Au; are similar to that of Au,.

Figure 5a shows that in the largest part of the tro-
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posphere the temperature response to middle-atmo-
spheric CO,, doubling (AT,,) is small. This is not sur-
prising since in the M run the CO, is not doubled in
the troposphere, so direct radiative effects are absent.
The tropospheric AT,, is characterized by a **tongue”
of increased positive AT,, in both the NH and SH mid-
latitudes. Inthe NH midlatitudes Au,, (Fig. 6a) issimilar
to Au,. The tropospheric u,, increases in the region
north of 45°N. Thisincrease islargest around 55°N and
is generally statistically significant between 45° and
70°N. The amplitude of Au,, is here comparable to that
of Au,, implying that this tropospheric zonal wind re-
sponse to middle-atmospheric CO,, doubling is substan-
tial. Since the zona wind responses are nonadditive in
the regions around 35° and 70°N, the negative Au,, near
35°N and the positive Au,, north of 65°N will not be
further discussed. The poleward shift of the SH west-
erlies in the A run aso occurs in the M run. In this
region, Au,, is about one-third of Au,. Figure 9a shows
the surface zonal wind response to middle-atmospheric
CO, doubling. The positive Au,, in the western part of
the northern Atlantic is statistically significant, and only
dlightly smaller than Au, (Fig. 2d). Since the surface
zonal wind responses were shown to be nonadditive
above the northern Pacific (Fig. 9c), the pattern of Au,,
in this region will not be discussed. The surface air
temperature change in the M run (not shown) is gen-
erally smaller than 1 K. No high-latitude warming am-
plification is found because the sea ice distribution of
the control run has been used.

Figure 5b shows that the troposphere warms in re-
sponse to tropospheric CO, doubling, which is due to
the radiative effects of the increased CO, concentration.
In the troposphere, AT is about 80% of AT,. Since the
imposed SST increases in the T run are 84% of those
in the A run (see section 2), this result suggests that the
strength of the tropospheric warming is also influenced
by the imposed SSTs. The structure of AT is similar
to that of AT,: the largest values (more than 5 K) occur
in the tropical upper troposphere. In the NH midlatitude
troposphere Au; (Fig. 6b) is very small and not statis-
tically significant, in contrast to Au,, (Fig. 6a). Since
the zonal wind responses are additive in thisregion, this
result indicates that not the tropospheric CO, doubling,
but the remote middle-atmospheric CO, doubling is the
main cause of the increased tropospheric NH midlati-
tude westerlies in the uniformly doubled CO, climate.
It indicates that the downward influence of the middle-
atmospheric CO,, increase on the tropospheric climate
is quite pronounced, at least in the NH midlatitudes.
Figure 6b shows that the poleward shift of the SH west-
erlies also occurs in the T run. In this region, the am-
plitude of Au; is about two-thirds of that of Au,. As
the zonal wind responses are additive in thisregion, this
suggests that the poleward shift of the SH westerliesin
the uniformly doubled CO, climate is mainly due to
tropospheric CO, doubling. In contrast to the tropo-
spheric zonal mean Au,, the surface Au; (Fig. 9b) is
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statistically significant in some parts of the NH mid-
latitudes. The surface zonal wind above the northern
Atlantic increases in response to tropospheric CO, dou-
bling, but this increase is only significant in a small
region in the east part of the northern Atlantic. The
pattern of the surface air temperature change in the T
run (not shown) isvery similar to that in the A run (Fig.
2e). The high-latitude warming amplification is aso
found in the T run because the sea ice distribution of
the A run has been used.

To summarize, the middle-atmospheric CO, doubling
causes significant increases in the tropospheric NH mid-
latitude westerlies, in contrast to the tropospheric CO,
doubling. Since the zonal wind responses are additive
in this region, it can be concluded that the middle-at-
mospheric CO, doubling is the main cause of the in-
creased tropospheric NH midlatitude westerlies in the
uniformly doubled CO, climate.

5. Additional experiments on the response of the
troposphere to middle-atmospheric CO,
doubling

In section 4b it has been shown with the M run that
the middle-atmospheric CO,, doubling causes significant
increases in the tropospheric NH midlatitude westerlies
during DJF. To account for the effect of the radiative
forcing of middle-atmospheric CO, doubling on the
SSTs, the imposed SST increase in the M run is 16%
of that in the A run (see section 2b).

Two questions arise that will be addressed in this
section:

1) Which part of the tropospheric response in the M-
run is caused by the imposed SST changes, and
which part is caused by the middle-atmospheric CO,
doubling?

2) How well should the middle-atmosphere be repre-
sented in GCMs to capture the middle-atmospheric
influence on the troposphere?

Thefirst question will be addressed in section 5a, where
results will be presented from an experiment (denoted
as the MC run) with the same configurations as the M
run, except that the control SSTs are prescribed. The
second question will be addressed in section 5b, where
results will be presented from an experiment in which
the CO, is doubled only above 10 hPa. The responses
found in this experiment will give an indication of how
much of the middle-atmospheric CO,, doubling influ-
ence on the troposphere is not captured in GCMs with
an upper boundary around 10 hPa.

a. The tropospheric response to middle-atmospheric
CO, doubling without change of SSTs

Figure 10a shows that the tropospheric pattern of the
temperature response in the MC run (denoted as AT,,¢)
is similar to that in the M run (Fig. 5a) in the Northern
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Hemisphere, but different from that in the M run in the
Southern Hemisphere: in the MC run the tongue of in-
creased temperatures is only found in the Northern
Hemisphere. The AT, is 0.3-1 K smaller than AT,,.
These results show that the imposed SST changesin the
M run cause arather uniform tropospheric warming and
a tongue of additional warming in the SH midlatitudes.
Similar conclusions can be drawn for the tropospheric
zonal wind (Fig. 10b): the significant midlatitude zonal
wind increases in the M run only occur in the MC run
in the midlatitudes of the Northern Hemisphere. The
tropospheric Au,,. is even larger than the Au,,, sug-
gesting that in the M run the imposed SSTs weaken the
tropospheric zonal wind response to middle-atmospher-
ic CO, doubling. Similar results are found for the sur-
face zonal wind: above the northern Atlantic the surface
Auyc (Fig. 10c) is about twice larger than the surface
Au,,. It can thus be concluded that, in the M run, the
increased NH westerlies are not caused by the imposed
SSTs, but by the middle-atmospheric CO, doubling.
From this result and the results presented in section 4b,
it can be concluded that the middle-atmospheric CO,
doubling and not the imposed SSTs or tropospheric CO,
doubling is the main cause of the increased NH west-

erlies in the uniformly doubled CO, climate. On the
other hand, the poleward shift of the SH westerlies in
the M run is not found in the MC run, suggesting that
the SH response in the M run is caused by the imposed
SST changes. It is concluded that not the middle-at-
mospheric CO, doubling, but the tropospheric CO, dou-
bling and the imposed SSTs cause the poleward shift of
the SH midlatitude westerlies in the uniformly doubled
CO, climate.

b. The tropospheric response to CO, doubling above
10 hPa

Now that it has been demonstrated that the middle-
atmospheric CO,, doubling is important for the tropo-
spheric and surface climate response in the uniformly
doubled CO, climate, one may wonder how well the
middle-atmosphere has to be represented in GCMs to
capture this downward influence. As described in sec-
tion 1, several authors have addressed the issue of how
high the model top should beto producerealistic climate
simulations. Gillett et al. (2002) and Shindell et al.
(1999) compared the AO responses to increasing green-
house gases in ahigh (upper boundary around 0.01 hPa)
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and a low (upper boundary around 10 hPa) version of
their models, and found contrasting results. Rind et al.
(1998) also addressed the model top question and found
that the stratospheric responses to doubled CO,, in mod-
elswith model topsat 0.01 and 1 hPaare similar. Instead
of investigating the required minimum model top height
for producing reliable climate predictions, here we ad-
dress a dlightly different issue. An additional run has
been performed in which the CO, is doubled between
10 and 0.01 hPato investigate directly the influence of
CO, changes above 10 hPa on the surface climate. SSTs
from the control run are imposed in this run, which will
be referred to as the H run.

Figure 11a shows that the tropospheric temperature
response to CO, doubling above 10 hPa (AT,,) is gen-
eraly small. The tropospheric zonal wind response in
the NH midlatitudes (Au,, Fig. 11b) is surprisingly
large: Au,, is not much smaller than Au,, (Fig. 6a) and
about 50% of Au,. (Fig. 10b). Asin the M and MC
runs, the zonal wind decreases significantly around
35°N. The zonal wind in the SH troposphere does not
change significantly in the H run. The structure of the
surface Au,, is again similar to that of Au,,. (Fig. 10c)
and Au,, (Fig. 98), whereas the amplitude is slightly

smaller than the amplitude of Au,, and about 50% of
the amplitude of Au,,.. These results suggest that CO,
doubling above 10 hPa significantly contributes to the
strengthening of the tropospheric NH midlatitude west-
erlies in the uniformly doubled CO, climate.

6. Discussion and conclusions

In this paper, the separate climate effects during NH
winter of tropospheric and middle-atmospheric CO,
doubling have been studied with the middle-atmosphere
version of the ECHAM global climate model. It has
been investigated to what extent the changes in the uni-
formly doubled CO, climate can be considered as the
sum of the separate tropospheric and middle-atmospher-
ic CO, doubling responses. Thereafter, changes in the
uniformly doubled CO, climate have been attributed to
either tropospheric or middle-atmospheric CO, dou-
bling. In addition, the question of how well the middle-
atmosphere has to be represented in GCMs to acquire
reliable tropospheric climate predictions has been ad-
dressed.

Since planetary waves originating from the tropo-
sphere are dissipated in the stratosphere and drive a
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meridional circulation and the stratosphere is thought
to exert a significant downward influence on the tro-
posphere, the coupling between the middle-atmosphere
and the troposphere is anticipated to be important for
understanding the changes in the doubled CO, climate
(section 1). In the doubled CO, climate the Arctic lower
stratosphere slightly warms, causing a decrease of the
meridional temperature gradient and, consequently, a
weakening of the Arctic middle-atmospheric zonal wind
(section 3). The small warming is thought to be caused
by increased downward motions associated with an in-
creased residual circulation. In the Arctic lower strato-
sphere the temperature response in the uniformly dou-
bled CO, climate can be regarded as the sum of the
responses to CO, doubling in the middle-atmosphere
and in the troposphere. The increased residual circula-
tion contributing to the small Arctic lower stratospheric
warming in the uniformly doubled CO, climate can be
attributed for about two-thirds to the tropospheric CO,
doubling and about one-third to the middle-atmospheric
CO, doubling (section 44a). These results are consistent
with those presented by Rind et a. (1990), who with
much shorter experiments found that both middle-at-
mospheric and tropospheric CO, doubling contribute to
the increase of the residual circulation. However, the
increase of the stratospheric residual circulation and the
resulting dynamical heating due to ““in situ” middle-
atmospheric CO, doubling is probably larger in their
study. In their STRAT run, which can be compared to
our M run, the dynamical heating due to the strato-
spheric residual circulation increase exceeds the radia-
tive cooling, resulting in an upper-stratospheric warm-
ing (their Fig. 4). In our M run the dynamica heating
is smaller than the radiative cooling, resulting in a cool-
ing in the entire middle-atmosphere (Fig. 5a). However,
the STRAT run was integrated for one winter, whereas
our M run was integrated for 30 years. Therefore, the
different results may be due to model differences, but
also due to differences in the length of the integration.

In the uniformly doubled CO, climate the tropo-
spheric NH midlatitude westerlies increase and the SH
westerlies shift poleward (section 3). The zona wind
responses were shown to be additive in these regions.
The increased tropospheric NH midlatitudes westerlies
are mainly caused by the (remote) middle-atmospheric
CO, doubling and not by the tropospheric CO, doubling
(section 4b). The middle-atmosphere contains only
~15% of the total atmospheric mass. If we consider the
zonal wind response in terms of response per kg CO,
increase, the zonal wind response to middle-atmospheric
CO, doubling is even more dominant over that due to
tropospheric CO, doubling. In contrast, the poleward
shift of the SH tropospheric westerlies has been attri-
buted to the tropospheric CO,, doubling.

It has been concluded that in NH winter the middle-
atmospheric CO,, doubling has an important effect on
the NH tropospheric climate change. The question of
how well the middle-atmosphere has to be represented
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in GCMs to capture this downward influence has been
addressed in section 5b. It has been shown that CO,
doubling above 10 hPa aready causes significant in-
creases of the tropospheric NH midlatitude westerlies.

The question of which mechanisms are responsible
for the downward influence of the middle-atmosphere
in the doubled CO, climateisstill under debate. Shindell
et a. (1999) argue that the change in the meridional
temperature gradient in the midlatitude tropopause re-
gion in response to increasing greenhouse gases causes
changes in the stratospheric circulation that could in-
fluence the tropospheric circulation through wave-mean
flow interactions. The attribution of the tropospheric NH
midlatitude zonal wind increase to middle-atmospheric
CO, doubling, and the attribution of the poleward shift
of the tropospheric SH summer westerlies to tropo-
spheric CO, doubling are consistent with this hypoth-
esis. The middle-atmospheric zonal wind in NH winter
is easterly in the SH, constituting a barrier for the trans-
port of tropospheric wave activity into the middle-at-
mosphere (Charney and Drazin 1961). Because of the
lack of wave activity in the middle-atmosphere, the mid-
dle-atmosphere cannot influence the tropospheric cli-
mate through wave-mean flow interactions. Therefore,
the changes in the SH summer troposphere in the dou-
bled CO, climate are expected to be the result of changes
in the troposphere itself, and not from the coupling with
the middle-atmosphere. In the Northern Hemisphere
winter, the NH middle-atmospheric zonal wind is west-
erly, allowing tropospheric wave activity to propagate
into the stratosphere, which, through wave—-mean flow
interactions can influence the troposphere. Shindell et
al. (1999) found a strengthening of the Arctic vortex in
response to increasing greenhouse gases and argued that
it induces a strengthening of the (lower) tropospheric
westerlies through wave-mean flow interactions. Our
results do not support this argument since we also find
a strengthening of the tropospheric NH midlatitude
westerlies, but a weakening of the stratospheric Arctic
zonal winds[both results are also found in other models,
see Gillett et al. (2003)]. This does not contradict the
hypothesis that the tropospheric NH midlatitude zonal
wind changes are induced by stratospheric zonal wind
changes through wave—-mean flow interactions, but the
exact mechanism remains unclear.

In summary, in this paper the importance of the tro-
pospheric climate change for the increase of the strato-
spheric residual circulation and associated middle-at-
mospheric responses (small Arctic lower stratospheric
warming and weakening of zonal wind in the Arctic
middle-atmosphere) in the uniformly doubled CO, cli-
mate has been shown. In addition, the results indicate
the crucial role of the middle-atmospheric climate
change in the increase of the tropospheric NH midlat-
itude westerlies in the uniformly doubled CO, climate.
Finally, the need to include the region above 10 hPain
GCMs to acquire realistic climate predictions has been
advocated.
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