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[1] A simple general circulation model is used to explore
the response of the Brewer-Dobson circulation to warming
of the tropical troposphere typically associated with
greenhouse gas warming in climate models. The strength
of the modeled Brewer-Dobson circulation increases in
response to tropospheric tropical warming. The tropical
warming causes the midlatitude baroclinicity to increase,
which leads to an increase in the wave activity at synoptic
and planetary scales. Increased wave propagation from the
troposphere causes stronger EP flux convergence in the
stratosphere. The EP flux convergence drives a stronger
Brewer-Dobson circulation via downward control
arguments. These results are compared to other recent
GCM studies. Citation: Eichelberger, S. J., and D. L.

Hartmann (2005), Changes in the strength of the Brewer-

Dobson circulation in a simple AGCM, Geophys. Res. Lett., 32,

L15807, doi:10.1029/2005GL022924.

1. Introduction

[2] Recent General Circulation Model (GCM) studies
have investigated the response of the Brewer-Dobson cir-
culation (BDC) in an environment with increased CO2

concentrations. Rind et al. [1998, 2002], Butchart and
Scaife [2001], and Sigmond et al. [2004] all find that the
strength of the BDC increases due to CO2 forcing. The
details of each model’s response are different, but results
agree qualitatively. The dynamical mechanism that forces
the change is, however, not yet well established. In the work
by Sigmond et al. [2004], the tropospheric vertical wave
flux decreases in their doubled CO2 simulation. Butchart
and Scaife [2001] and Rind et al. [2002], though, report that
the increase in the BDC is accompanied by a larger vertical
flux of wave activity from the troposphere. Thus, although
CO2 forcing causes the BDC to increase in each model, the
wave response varies greatly.
[3] The temperature response of these simulations and

several other models is quite consistent. In each model,
increased CO2 forcing causes deep warming of the tropics
and cooling of the stratosphere. This warming leads to
strengthening of meridional thermal gradients in the upper
troposphere and strengthening of the subtropical jets. We
hypothesize that the warming of the tropics is a critical part
of the mechanism for forcing the increased BDC in the
GCM’s.
[4] To test this hypothesis, we use a GCM with highly

simplified physics and apply idealized heating to qualita-
tively mimic the tropical upper tropospheric warming

typically associated with a doubled CO2 climate. This
allows us to focus on a basic dynamic mechanism respon-
sible for driving changes in the BDC.

2. Methods

[5] Our GCM solves the dry hydrostatic primitive equa-
tions on a sphere. The model was originally developed by
R. Saravanan [Saravanan, 1992]. Model resolution is T21
with 50 levels evenly spaced in log pressure extending
from the surface to approximately 10�3 mb. Polvani and
Kushner [2002] showed that results from T21 and T42 runs
are consistent provided the vertical resolution is not too
coarse. We verified this result with a short T42 simulation.
The bottom boundary of the model is flat; thus, stationary
waves are not included in our simulations. A sponge layer
is applied above 10�1 mb to eliminate reflections from the
top boundary. Damping in the sponge layer is applied to
the momentum equations using the following coefficient,

g(z) = 0.25 � 1þ tanh z�85
5

� �� �
days�1, with z given in

km. Forcing in the model is applied via Newtonian
relaxation of temperature to a prescribed zonally symmetric
radiative equilibrium temperature field using a height
dependent Newtonian cooling coefficient: a(z) = 0.05 +

0.2 exp � z�50
10

� �2h i
days�1. Thus the radiative damping

time is 20 days�1 in the troposphere and decreases to 4 days�1

at �1 mb in the stratosphere.
[6] The model is run under perpetual January conditions;

therefore, the radiative equilibrium temperature field, Trad,
is steady in time. Trad is given by

Tradðf; zÞ ¼
Ttrop if z < zT
w Tstrat þ ð1� wÞ Ttrop if zT < z < zS
Tstrat if z > zS

8<
:

where zT = 6 km, zS = 14 km, and w = z�zT
zS�zT

. Ttrop is defined

as by Polvani and Kushner [2002], and Tstrat is equal to
January radiative equilibrium temperatures [Shine, 1987].
[7] In the Winter Hemisphere upper stratosphere and

mesosphere, the meridional gradient of January radiative
equilibrium temperature is very large. If these temperatures
were achieved, gradient wind balance implies a polar vortex
with westerly winds in excess of 200 m/s. Such strong
winds are not observed in the real atmosphere because
gravity waves deposit easterly momentum in the meso-
sphere [Holton, 1983]. To incorporate the effect of gravity
waves in our model, we apply a flow-independent force per
unit mass on the zonal-mean zonal wind that is constant in
time. This zonal-mean zonal wind tendency is designed to
provide the drag needed to reproduce the observed distri-
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bution of zonal-mean zonal winds in the upper stratosphere
and mesosphere in the model. (A separate model run is used
to calculate the zonal-mean zonal wind tendency. In this
model, damping is applied towards the initial state (Jan.
climatology) with a timescale of 20 days. The zonal-mean
zonal wind tendency is calculated by taking the difference
of the initial and final (steady-state) zonal-mean zonal wind
fields of this run and multiplying by the 20 day damping
timescale.) Our zonal-mean zonal wind tendency is
qualitatively similar to that shown by Sassi et al. [2002,
Figure 1b]. Simulations using different versions of the zonal
force were conducted, and the results reported below are
consistent among all runs.
[8] To qualitatively simulate a doubled CO2 climate, a

zonally symmetric tropical heat source is introduced into the
model,

Qðf; zÞ ¼ Q0 exp � f� f0

fw


 �2
" #

sin
pz
z0


 �
ð1Þ

for z � z0. Parameters are chosen to represent a tropospheric
heat source centered on the equator spanning the tropics:
Q0 = 0.5 K/day, f0 = 0�, fw = 18�, and z0 = 12 km. The
amplitude of the heat source asymptotically increases to Q0

over the first 30 days and then remains constant. Because
atmospheric circulations rapidly smooth tropical tempera-
ture anomalies, results are not sensitive to f0 and fw.
[9] Initial zonal-mean temperature and zonal wind fields

are set to January climatology. Variability is initiated by
adding white noise to the day zero fields. Model runs are
integrated for 5000 days using a 15 minute timestep. We
allow 500 days for model spin-up.

3. Results

[10] The transformed Eulerian-mean (TEM) residual
streamfunction, y, is used as a diagnostic for the BDC.
Using the TEM mass continuity equation, the residual
streamfunction is defined as

�v* ¼ � 1

r0 cosf
@y
@z

; �w* ¼ 1

r0a cosf
@y
@f

: ð2Þ

[11] Notation follows that of Andrews et al. [1987] where
�v* and �w* are the residual mean meridional and vertical
velocities, respectively. We evaluate y by integrating �v* in
the vertical; �v* is calculated from gridded model output
using

�v* ¼ �v� 1

r0

@

@z
r0v0q

0=�qz
� �

: ð3Þ

[12] Figure 1 shows the difference between the time-
averaged residual streamfunction of the control and heat
source runs. The tropopause in Figures 1 and 2 is defined by
using the lower of the 3.5 PVU surface or the 380 K zonal-
mean potential temperature surface. Results are only pre-
sented up to 1 mb since changes above this level are small.
Cross-hatching denotes regions that are not significant at the
95% level. (The number of degrees of freedom in the
significance calculation is determined using the method of

Figure 1. Time-mean difference of the residual stream-
function, kg/m/s (Heat Source–Control). White contour
interval is 100; bold dashed line is the tropopause. Cross-
hatched regions are not significant at the 95% level.

Figure 2. Time-mean difference of zonal-mean tempera-
ture (Heat Source–Control). Shading contour is 0.5 K; zero
contour is black. Bold dashed line is the tropopause. Cross-
hatched regions are not significant at the 95% level.

Figure 3. Wavenumber decomposition of the time-mean
difference of the zonal–mean heat flux (Heat Source–
Control) at 660 mb. Positive contours are solid red; negative
contours are dashed blue. Contours are 0.125 ± 0.25 K m/s.
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Bretherton et al. [1999].) Since the control run y, which
resembles the January-mean, is positive in the Winter
Hemisphere and negative in the Summer Hemisphere, these
changes indicate that the BDC is stronger in both hemi-
spheres for the heat source run. Changes are largest in the
troposphere and decrease with height because the residual
streamfunction is weighted by density. y increases by 15%
at 100 mb and 4–5% at 10 mb in the Winter Hemisphere.
The change shown in Figure 1 implies a 5.0 � 108 kg/s
increase in tropical upwelling. This compares well with
Butchart and Scaife [2001], who found that the annual-
mean tropical upwelling increased by 8.7 � 108 kg/s in
response to increased CO2 forcing. We will now focus on
explaining a dynamical mechanism that leads to this result.
[13] The time-mean temperature difference between the

heat source and control runs is shown in Figure 2. Temper-
atures are warmer throughout the tropical troposphere in the
heat source run, with slight cooling above in the strato-
sphere. The most important effect of the temperature
response is that the meridional temperature gradient
increases in the midlatitudes for the heat source run. This
causes the baroclinicity (=(gqy)/(q0 N )) to increase at
midlatitudes. The Eady wave growth rate [Eady, 1949] is
proportional to the baroclinicity; thus, baroclinic wave
generation is expected to be greater within the region of
enhanced baroclinicity. The eddy heat flux, v0q0 , is propor-
tional to the vertical flux of wave activity via the Eliassen-
Palm (EP) wave flux [Dunkerton et al., 1981]:

F ¼ F fð ÞF zð Þ
� �

F fð Þ ¼ �r0a cosf v0u0
� �

F zð Þ ¼ r0a cosf f v0q0
� �

= �qz:
ð4Þ

[14] Figure 3 shows the wavenumber decomposition of
the time-mean difference of the eddy heat flux at 660 mb
between the two model runs in the Winter Hemisphere. v0q0

is generally stronger for the heat source run throughout the
troposphere in the Winter Hemisphere, with differences
maximized in two regions: a wavenumber 5 increase
centered near 30�N and a broad wavenumber 2 increase

from 35�N to 55�N. The increase in wavenumber 5 is
expected due to the stronger baroclinicity. The wavenumber
2 increase likely results from the energy cascade from
smaller scales [Tung and Orlando, 2003] or via organization
of the baroclinic eddies into planetary-scale wave packets as
shown by Scinocca and Haynes [1998]. Although the
wavenumber 5 flux is confined to the troposphere, the
wavenumber 2 increase is seen at levels throughout
the stratosphere (not shown). Thus, warming of the tropics
causes an increase in the vertical propagation of wave-
number 2 out of the troposphere.
[15] Figure 4a displays the time-mean difference of the

divergence of the EP flux between the heat source and
control runs. Here we see that the EP flux convergence
(negative divergence) increases throughout the troposphere
and in the subtropics of the stratosphere. The region of
strongest convergence in the stratosphere occurs between
20�N and 35�N, which is also where the increase in y is
largest. Figure 4b shows that the majority of the increase in
EP flux convergence in the stratosphere is due to wave-
number 2. This increase in the EP flux convergence is
critical for explaining the increase in the strength of the
BDC.
[16] Via the downward control principle, Haynes et al.

[1991] showed that the residual streamfunction in the quasi-
geostrophic and steady-state limit may be written as

y ¼
Z 1

z1

r0 cosf
f

� Forceð Þ
� �

f¼const:

dz0: ð5Þ

[17] The ‘Force’ in Equation 5 is the total zonal force per
unit mass, which is mostly due to Rossby and gravity wave
breaking. In our model the effect of gravity wave breaking
is a constant zonal force, and therefore does not change
between the control and tropical heat source runs. The zonal
force due to Rossby waves, which is equal to the divergence
of the EP flux, changes when the tropical heat source is
introduced (Figure 4). Thus, the vertically integrated change
in the EP flux divergence causes the change in the residual
streamfunction, y. This is seen by calculating the mass
flux forced by only the resolved Rossby waves. As shown

Figure 4. A) Time-mean difference of EP flux divergence (Heat Source–Control). Contour is 0.2 m/s/day with extra
contours at ±0.1. Zero contour is omitted. Cross-hatched regions are not significant at the 95% level. B) Wavenumber 2
component of A).
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by Rosenlof [1995], the hemispherically integrated down-
ward mass flux equals 2pay(ft), where ft is the latitude
where jyj is a maximum, i.e. the ’turnaround’ latitude.
Figure 5 shows the mass flux forced by the resolved Rossby
waves in the Winter Hemisphere for both model runs (solid
lines). The downward mass flux is stronger, implying a
stronger BDC, throughout the stratosphere for the heat
source run. The mass flux difference decreases with height,
which is consistent with our mechanism of a stronger
tropospheric wave source driving changes in the strato-
spheric EP flux divergence.
[18] Although our analysis has focused on the Winter

Hemisphere, where the BDC and its change are larger, the
same process also occurs in the Summer Hemisphere. This
is verified by examining the Summer Hemisphere down-
ward mass fluxes shown by the dashed lines in Figure 5.
The change in mass flux in the lower stratosphere is similar
between the two hemispheres. An estimate of the tropical
upwelling forced by the resolved waves is computed by
summing the downward mass fluxes in both hemispheres.
(Tropical upwelling balances extratropical downwelling.)
This calculation yields tropical upwelling of 4.5 �
108 kg/s at 67 mb, which accounts for 90% of the total
change in upwelling. Thus, most of the change in the BDC
is forced by an increase in the EP flux convergence of the
resolved waves. The majority of the increase in EP flux
convergence in the stratosphere is due to wavenumber2,
which propagates up from the troposphere.
[19] The resolved mass fluxes at 90 mb in Figure 5 are

approximately half the magnitude of those calculated by
Alexander and Rosenlof [2003] using the UK Met Office’s
assimilated data set. This is not surprising since our model
does not include stationary waves.

4. Conclusion

[20] Our results show that tropical tropospheric warming
and associated changes in the subtropical jet structure
associated with CO2 warming can lead to strengthening of

the BDC. In agreement with Butchart and Scaife [2001] and
Rind et al. [2002], the BDC increases because of an
increased wave flux out of the troposphere. We further
show that the region of enhanced tropospheric wave flux is
coincident with a region of increased baroclinicity. The
baroclinicity increases due to a stronger meridional temper-
ature gradient that is driven by tropical warming. This is
consistent with our hypothesis that tropical warming is
critical to explaining the response of the BDC.
[21] The temperature response in the work by Sigmond et

al. [2004] is also consistent with an increased meridional
temperature gradient. Despite this, they do not show an
increase in tropospheric wave activity. This suggests that
the basic dynamical mechanism described here may be
masked by other processes and/or parameterizations in their
simulations.
[22] Although we have shown the BDC can increase

without stationary waves, it is of interest to investigate the
effect of stationary waves on our results. Additional shorter
simulations were performed that included a 1000 m sinu-
soidal wavenumber 1 mountain centered at 45�N in order to
excite stationary waves. The downward mass fluxes are
larger in these simulations (a result of increased EP flux
convergence by stationary waves), but preliminary results
indicate that the change caused by tropical warming is quite
similar. This provides support for our assertion that
the BDC in the stratosphere increases in response to
baroclinically forced planetary-scale waves, which propa-
gate upward from the troposphere into the stratosphere.
However, further work and longer model runs are needed to
verify these results.
[23] All results were obtained from perpetual January

simulations. Adding a seasonal cycle to our model would
generate greater variability in the winter stratosphere, which
might reduce the significance of our results. The mechanism
described here, though, does not require coherent changes in
the polar winter stratosphere (where variability would be
greatest). In addition, the baroclinic wave response to the
increased temperature gradient is fairly rapid. Therefore, we
feel that the mechanism would operate similarly in a model
with a seasonal cycle. Moreover, the GCM used by Butchart
and Scaife [2001] included a seasonal cycle, and they found
tropical upwelling increased in each season in response to
CO2 forcing.
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