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ABSTRACT

The steady-state extratropical atmospheric response to thermal forcing is investigated in a simple atmo-

spheric general circulation model. The thermal forcings qualitatively mimic three key aspects of anthropo-

genic climate change: warming in the tropical troposphere, cooling in the polar stratosphere, and warming at

the polar surface. The principal novel findings are the following:

1) Warming in the tropical troposphere drives two robust responses in the model extratropical circulation:

poleward shifts in the extratropical tropospheric storm tracks and a weakened stratospheric Brewer–Dobson

circulation. The former result suggests heating in the tropical troposphere plays a fundamental role in the

poleward contraction of the storm tracks found in Intergovernmental Panel on Climate Change (IPCC)-class

climate change simulations; the latter result is in the opposite sense of the trends in the Brewer–Dobson

circulation found in most previous climate change experiments.

2) Cooling in the polar stratosphere also drives a poleward shift in the extratropical storm tracks. The

tropospheric response is largely consistent with that found in previous studies, but it is shown to be very

sensitive to the level and depth of the forcing. In the stratosphere, the Brewer–Dobson circulation weakens at

midlatitudes, but it strengthens at high latitudes because of anomalously poleward heat fluxes on the flank of

the polar vortex.

3)Warming at the polar surface drives an equatorward shift of the storm tracks. The storm-track response to

polar warming is in the opposite sense of the response to tropical tropospheric heating; hence large warming

over theArcticmay act to attenuate the response of theNorthernHemisphere storm track to tropical heating.

4) The signs of the tropospheric and stratospheric responses to all thermal forcings considered here are robust

to seasonal changes in the basic state, but the amplitude and details of the responses exhibit noticeable dif-

ferences between equinoctial and wintertime conditions. Additionally, the responses exhibit marked non-

linearity in the sense that the response to multiple thermal forcings applied simultaneously is quantitatively

different from the sum of the responses to the same forcings applied independently. Thus the response of the

model to a given thermal forcing is demonstrably dependent on the other thermal forcings applied to themodel.

1. Introduction

There is increasing evidence that anthropogenic forc-

ing has driven and will drive several robust changes in

the extratropical circulation. Among the most robust

changes are poleward shifts in the extratropical storm

tracks consistent with positive trends in the northern and

southern annular modes of variability. Observations re-

veal robust positive trends in the southern annular mode

(SAM) during austral spring/summer that are consistent

with forcing by the Antarctic ozone hole (Thompson and

Solomon 2002). Observations also reveal positive trends

in the northern annular mode (NAM; Hurrell 1995;

Thompson et al. 2000), albeit the trends in theNAMhave

weakened since the late 1990s (e.g., Overland and Wang

2005).

Similar behavior is found in climate models. Numer-

ical simulations forced by the observed stratospheric

ozone depletion are capable of reproducing the ampli-

tude, structure, and seasonality of the observed trend in

the SAM (Gillett and Thompson 2003; Arblaster and

Meehl 2006; Miller et al. 2006), and simulations forced

by future ozone recovery reveal a SAM trend in the

opposite sense (Son et al. 2008). Numerical simulations

forced with increasing atmospheric carbon dioxide also

reveal marked positive trends in the annular modes,

with more robust trends in the Southern Hemisphere
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(Shindell et al. 1999; Fyfe et al. 1999; Kushner et al. 2001;

Cai et al. 2003; Shindell and Schmidt 2004; Brandefelt

and Kallen 2004; Yin 2005; Miller et al. 2006; Arblaster

andMeehl 2006; Lu et al. 2008). In fact, the tropospheric

storm-track responses to future increases in greenhouse

gases and past Antarctic ozone depletion are among the

most robust circulation changes found in the Inter-

governmental Panel on Climate Change (IPCC) Fourth

Assessment Report (AR4) runs (Hegerl et al. 2007).

Why are trends in the annular modes so ubiquitous

in both observations of past and simulations of future

climate change? Presumably, the annular modes (and

hence the latitude of the extratropical jet and storm track)

are sensitive to spatial gradients in the temperature field

induced by stratospheric ozone depletion and increas-

ing greenhouse gases. Unfortunately, the extratropical

storm-track response to spatially varying thermal forcing

is difficult to assess in observations, and only a hand-

ful of studies have examined the response of the at-

mospheric circulation to thermal forcing in numerical

models. Polvani and Kushner (2002) and Kushner and

Polvani (2004) examined the response of a simple at-

mospheric general circulation model (AGCM) to polar

stratospheric cooling. Gerber and Polvani (2009) and

Chan and Plumb (2009) revealed the sensitivity of the

results in Polvani and Kushner (2002) to the presence of

topography and the tropospheric equilibrium tempera-

ture profile, respectively. Son and Lee (2005), Ring and

Plumb (2008), and Lim and Simmonds (2008) docu-

mented the circulation response to thermal forcing at

both tropical and high latitudes. Eichelberger and Hart-

mann (2005) explored the effects of heating in the tropical

troposphere on the strength of the stratospheric Brewer–

Dobson circulation. Haigh et al. (2005) and Simpson et al.

(2009) examined the response to heating in the tropical

stratosphere. Lorenz and DeWeaver (2007) considered

the effect of anthropogenically induced changes in tro-

popause height on the extratropical circulation.

The above studies are groundbreaking in that they

are among the first to examine the AGCM response to

thermal forcing in an idealized context. But numerous

aspects of the atmospheric circulation response to ther-

mal forcing remain to be addressed, particularly with

regard to the response to anthropogenic forcing. For ex-

ample, the experiments in Polvani and Kushner (2002)

are relevant for understanding the annular mode re-

sponse to Antarctic ozone depletion, but the sensitivity

of their results to changes in the altitude and shape of

the polar stratospheric cooling is unknown. The tropical

heating profile in Son and Lee (2005) is much narrower

than the expected response to increasing greenhouse

gases, and their analysis is focused largely on the effects of

tropical and polar heating on the number of jets in the

extratropical circulation. Eichelberger and Hartmann

(2005) do not consider the response of the tropospheric

flow to the imposed tropical tropospheric heating and do

not test the sensitivity of their results to changes in the

shape of the forcing. Lim and Simmonds (2008) focus

only on the Southern Hemisphere storm track response

to tropical tropospheric heating, do not consider the

sensitivity of their response to changes in the location and

scale of the forcing, and use a full physics AGCM rather

than the idealized configuration used here. Haigh et al.

(2005) and Simpson et al. (2009) focus on the thermal

effects of the solar cycle in the tropical stratosphere.

Lorenz and DeWeaver (2007) focus on the height of the

tropopause—not the thermal forcing itself—as the key

forcing mechanism.

The goal of this study is to identify and document the

role of select thermal forcings in driving large-scale

changes in the atmospheric circulation. We focus on the

three principal heatings most commonly associated with

anthropogenic forcing: enhanced warming in the tropi-

cal troposphere (which mimics increased latent heat-

ing by condensation of water vapor in the free tropical

troposphere), enhanced cooling in the polar strato-

sphere (which mimics the cooling associated with polar

ozone depletion), and enhanced warming at the surface

over the polar regions (which mimics the heating asso-

ciated with snow–ice–albedo feedback in the Arctic).

The analyses are designed not to provide quantitatively

precise reproductions of the full IPCC-class model re-

sponse to anthropogenic forcing, but rather to identify

the relative importance of different thermal forcings in

driving the large-scale changes in the atmospheric cir-

culation that are so pervasive in such simulations.

In section 2, we discuss the model and model climatol-

ogy. In section 3,wepresent the results for thermal forcings

centered in the tropical troposphere, polar stratosphere,

and polar surface. In section 4, we review the sensitivity of

the results to multiple forcings applied simultaneously and

to changes in the background state. In the final section, we

summarize the key findings and speculate on the role of

different forcing mechanisms in driving the simulated re-

sponses. A quantitative assessment of the forcing mecha-

nisms is forthcoming in a companion paper.

2. Model description and climatology

The experiments are run on the dry dynamical core of

the Colorado State University general circulationmodel

(CSUGCM; Ringler et al. 2000). The vertical coordinate

is hybrid sigma/isentropic (Konor and Arakawa 1997),

and the model is discretized in the horizontal using

a geodesic grid (Heikes and Randall 1995). The vertical

coordinate transitions smoothly from sigma (s 5 p/ps)
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near the surface to isentropic in the free troposphere and

stratosphere, and the geodesic grid is constructed from an

icosahedron through recursive division of each triangular

face. The advantages of the geodesic grid are that it has

no singularity at the poles and has approximately ho-

mogeneous and isotropic resolution throughout the globe

(Heikes and Randall 1995); the advantages of the hybrid

vertical coordinate are that it benefits from terrain-

following sigma coordinates near the earth’s surface but

quasi-Lagrangian isentropic coordinates aloft (Konor

and Arakawa 1997).

The parameters used in the control run are identical

to those specified in Held and Suarez (1994). All ex-

periments are run with no topography, with 10 242

geodesic horizontal grid cells (which yields a resolution

of;250 km) and 25 vertical layers with the model top at

1 hPa. The experiments are integrated for 2160 days

with a model time step of 80 s. The first 360 days of all

runs are discarded to account for initial spinup, which

leaves 1800 days for the analysis of each run (the zonal-

mean wind and temperature fields both reach their long-

term mean values within ;200 days).

All runs are considered using an equinoctial radiative

equilibrium temperature profile specified in Held and

Suarez (1994) with the exception of the experiments in

section 4, which are adapted to wintertime conditions.

The control climatology of the model run under equi-

noctial conditions is shown in Fig. 1. The top panel

shows the climatological-mean, zonal-mean tempera-

ture, and eddy heat fluxes; the middle panel shows the

climatological-mean, zonal-mean zonal wind, and eddy

momentum fluxes. In both panels, the dark black lines

indicate the approximate height of the tropopause,

which is estimated as the pressure level where the lapse

rate (dT/dz) changes sign. The eddy momentum and

heat fluxes are found as u9y9 and y9T9, respectively,

where the overbars denote the zonal-mean and the

primes denote departures from the zonal-mean. The

eddy fluxes are calculated on daily time scales before

being averaged over all days in the integration.

Consistent with Held and Suarez (1994), the zonal-

mean zonal wind is westerly throughout the upper tro-

posphere poleward of ;108 latitude and peaks around

30 m s21 near 250 hPa and 458 latitude. The largest

eddy momentum fluxes are found near ;250 hPa be-

tween;308 and 408 latitude, and hence the surface flow is

westerly poleward of ;408 but easterly equatorward of

;308 latitude. The tropopause height is approximately

210 hPa at the poles and 110 hPa at the tropics (the tro-

popause height is highly variable across the axis of the

model jet and is thus not shown in the subtropics).

The eddy heat fluxes exhibit two distinct maxima: one

near the surface at;408 latitude; the other near 200 hPa

at ;458 latitude (Fig. 1a). The former lies along the

largest gradient in surface temperature and is consistent

with the generation of baroclinic waves in the lower

troposphere; the latter reflects the flux of wave activity

into the model stratosphere and thus the driving of the

model Brewer–Dobson circulation. The model strato-

spheric residual circulation is evidenced by the reversal

of the stratospheric equator-to-pole temperature gradi-

ent above ;250 hPa (Fig. 1a) and—as discussed in the

following section—the poleward residual circulation at

stratospheric levels. We will consider the effects of

changing the model climatology to a wintertime radia-

tive equilibrium temperature profile in section 4.

The leading pattern of variability in the model wind

field is shown in Fig. 1c (note that the top panels are

shown from pole to pole, but that the bottom panel is

shown for only one hemisphere). Here the leading pat-

tern of variability is defined as the first empirical or-

thogonal function (EOF) of the zonal-mean zonal wind

field and is found by 1) removing the long-term mean

from the zonal-mean wind field, 2) weighting the zonal-

mean zonal wind field by the square root of the cosine

of latitude and density, and 3) eigenanalyzing the co-

variance matrix for the region poleward of 208 latitude

from 1000 hPa to the model top. The EOF and its as-

sociated momentum fluxes are found by regressing the

zonal wind and momentum flux fields onto standardized

values of the resulting leading principal component time

series. The leading EOF of the zonal flow is reminiscent

of those found in other simple AGCMs (e.g., Robinson

1991; Yu and Hartmann 1993; Ring and Plumb 2007;

Gerber et al. 2008) and is characterized by out-of-phase

fluctuations in the zonal-mean zonal wind field with

centers of action located near 358 and 558 latitude and by

anomalously poleward momentum fluxes near 250 hPa

and 458 latitude. The pattern in Fig. 1c is hereafter re-

ferred to as the model annular mode, and its positive

polarity is defined as periods when themomentumfluxes

are anomalously poleward across 458 latitude.

The time scale of the model annular mode is impor-

tant since the amplitude of its response to external

forcing is directly related to the model decorrelation

time scale (Ring and Plumb 2008; Gerber et al. 2008). As

noted in Gerber et al. (2008) and Chan and Plumb

(2009), experiments with very long model annular mode

time scales (e.g., as in Kushner and Polvani 2004) are

thought to have unrealistically large responses to ex-

ternal forcing. The time scale of the annular mode can

be improved by increasing the spatial resolution of the

model, adding zonal asymmetries such as topography, or

adjusting model parameters such as the momentum and

thermal damping (Gerber and Vallis 2007). The time

scale can also be improved by increasing the amplitude
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of the stratospheric wave drag and variability (e.g.,

Norton 2003). The decorrelation time scale of the annu-

lar mode in the model used here is ;26 days (64.4 days

as per the error estimate given in Gerber et al. 2008) for

equinoctial conditions, which is comparable to the time

scale of the observed annularmodes (;10–20 days) and is

close to the benchmark range proposed by Gerber et al.

(2008). As mentioned in section 4, the time scale of the

annular mode increases substantially under wintertime

conditions (;176 days), in agreement with Chan and

Plumb (2009) who note that the time scale is dependent

on the tropospheric background state.

We quantify the component of the model response

that projects onto the model annular mode (outlined in

Table 5 below). The annular mode fit is found by 1)

regressing the surface zonal wind response onto the

surface component of the annular mode shown in Fig. 1c

and 2) multiplying the full annular mode pattern in Fig.

1c by the resulting regression coefficient (e.g., Kushner

et al. 2001).

3. The model response to climate change–like

thermal forcings

In this section we document and explore the response

of the CSU AGCM to three thermal forcings, which are

designed to qualitatively mimic the primary spatially

varying heatings associated with anthropogenic emis-

sions of carbon dioxide and ozone-depleting substances.

The forcings are 1) enhanced warming in the tropical

troposphere, which mimics increased latent heating by

condensation of water vapor at low latitudes; 2) en-

hanced cooling in the polar stratosphere, which mimics

the cooling associated with polar ozone depletion; and

3) enhanced warming at the surface over the polar re-

gions, which mimics the heating associated with the

snow–ice–albedo feedback in the Arctic. The analytic

functions for all thermal forcings are summarized in

Table 1. In all results, the ‘‘response’’ to a given forcing

is defined as the differences between the long-term

means of the perturbed and control simulations. As

noted in the introduction, the experiments are designed

to explore the robustness and structure of the AGCM

atmospheric circulation response to climate change–like

thermal forcings, and not to provide quantitatively pre-

cise reproductions of the full IPCC-class response to

FIG. 1. The model control climatology for the equinoctial basic

state. Bold black lines in all plots represent the control run tropo-

pause height. (a) Contours: zonal-mean temperature (K). Shading:

eddy heat flux (K m s21). (b) Contours: zonal-mean zonal wind

(m s21). Shading: eddy momentum flux (m2 s22). (c) Contours:

 

leading EOF of the zonal-mean zonal wind poleward of 208 lati-

tude. Units are m s21 per standard deviation of the principal com-

ponent (PC) time series. Shading: eddy momentum flux anomalies

regressed onto the PC time series of the zonal-mean zonal wind

(m2 s22 per standard deviation of the PC time series).
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anthropogenic emissions. For this reason, the thermal forc-

ings all have the same maximum amplitude (0.5 K day21);

as such, variations in the response are due solely to changes

in the structure and location of the forcing.

The significance of key features in the responses is

documented in Tables 2–4 using a two-tailed test of the

t statistic for the difference of means: Table 2 documents

the significance of the polar stratospheric cooling in

Fig. 2; Table 3 documents the significance of the tropi-

cal stratospheric temperature changes (as shown in

Figs. 5 and 6); Table 4 documents the significance of the

changes in the surface winds, eddy heat fluxes, and eddy

momentum fluxes found in all figures. The number of

independent samples (and thus the degrees of freedom)

is assessed using the criteria outlined in Bretherton et al.

(1999).

a. Heating in the tropical troposphere

In the first set of experiments, we examine the model

response to zonally symmetric heating in the tropical

troposphere. We consider first the forcing and responses

shown in Fig. 2a. The left panel shows the thermal forc-

ing, the middle panel shows the responses in the zonal-

mean temperature field and the eddy heat flux, and the

right panel shows the responses in the zonal-mean wind

field and the eddy momentum flux. The forcing is cen-

tered at 300 hPa and the equator, and amplitudes greater

than 0.25 K day21 are limited to the region bounded

by 175 hPa, 425 hPa, and 278 latitude (Table 1). There is

weak heating (less than 0.1 K day21) in the lower tropical

stratosphere, but, as demonstrated in the sensitivity ex-

periments below, this feature has little bearing on the

response. Since the forcing is symmetric about the equa-

tor, we show the response in only one hemisphere.

The response to the thermal forcing includes several

pronounced features. In the temperature and eddy heat

flux fields, these include (Fig. 2a, middle) 1) warming in

the tropical troposphere that extends to ;458 latitude,

2) warming in the tropical stratosphere juxtaposed against

cooling in the polar stratosphere, 3) increased poleward

heat fluxes north of 508 juxtaposed against reduced pole-

ward heat fluxes south of 508 latitude at most levels, and

4) a maximum in anomalous poleward heat fluxes in the

upper troposphere near;508 latitude and 300 hPa. In the

wind and the eddy momentum flux fields, the most

pronounced features include (Fig. 2a, right) 1) westerly

anomalies that amplify with height between about 308–

708 latitude above 250 hPa, 2) anomalous westerly sur-

face winds centered near 558 and anomalous easterly

surface winds centered near 358 latitude, and 3) anoma-

lous poleward momentum fluxes centered near 200 hPa

and 458 latitude.

The warming of the tropical troposphere and the in-

crease of the extratropical westerly wind shear above

;300 hPa are expected on the basis of the zonal-mean

balanced response to the heating. But the other aspects

of the response are not readily predicted by linear the-

ory. In the troposphere, the pronounced changes in the

eddy fluxes of heat and momentum are consistent with

a poleward shift in the model storm track (the long-term

mean eddy fluxes from the control and perturbed runs

are superposed in Figs. 3a,b). The poleward contrac-

tion of the midlatitude storm tracks is accompanied

by a poleward extension and weakening of the model

Hadley cell circulation in the tropics (as indicated by the

Eulerian-mean meridional streamfunction in Fig. 3c),

a phenomenon also noted in observations and numerical

simulations (Fu et al. 2006; Seidel and Randel 2007;

Frierson et al. 2007; Lu et al. 2007, 2008; Seidel et al.

2008). Consistent with previous analyses of the AGCM

response to thermal forcings (e.g., Polvani and Kushner

2002; Kushner and Polvani 2004) and the IPCC-model

response to anthropogenic forcing (e.g., Miller et al.

TABLE 2. Zonal-mean temperature response at 100 mb averaged

608–908 for the tropical tropospheric heating runs in Fig. 2. NS 5

not significant (,90% significance).

Heating run

Mean temperature response

100 mb, 608–908

[difference (K), significance]

Heating in tropical upper

troposphere (Fig. 2a)

24.85, .99%

Shallow heating in tropical

upper troposphere (Fig. 2b)

22.61, .99%

Narrow heating in tropical

upper troposphere (Fig. 2c)

23.05, .99%

Heating in tropical middle

troposphere (Fig. 2d)

20.27, NS

TABLE 3. Zonal-mean temperature response at 100 mb averaged

08–308 for the stratospheric cooling runs in Figs. 5 and 6. NS5 not

significant (,90% significance).

Heating run

Mean temperature response

100 mb, 08–308 [difference

(K), significance]

Cooling in lower polar

stratosphere (Fig. 5a)

20.17, NS

Cooling in midpolar

stratosphere (Fig. 5b)

20.04, NS

Cooling in upper polar

stratosphere (Fig. 5c)

0.04, NS

Shallow cooling in lower

stratosphere @ 200 mb (Fig. 6a)

0.20, NS

Shallow cooling in lower

stratosphere @ 175 mb (Fig. 6b)

20.49, .95%

Shallow cooling in lower

stratosphere @ 150 mb (Fig. 6c)

0.04, NS
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2006), the eddy component of the tropospheric response

to the heating in Fig. 2a projects strongly onto the pos-

itive polarity of the model annular mode; 97% of the

hemispherically integrated root-mean-square changes in

the surface wind are linearly congruent with the model

annular mode (Table 5). Interestingly, in the subtropics

the warming exhibits minima at stratospheric levels but

maxima at tropospheric levels (Fig. 3d) that are remi-

niscent of similar features found in the observed tem-

perature trends at those levels (Fu et al. 2006).

In the stratosphere, the out-of-phase temperature anom-

alies between polar and tropical latitudes are accompa-

nied by a meridional dipole in the flux of wave activity

into the stratosphere, with anomalously negative heat

fluxes equatorward of 408 juxtaposed against anomalously

positive heat fluxes poleward of 458 latitude (Fig. 2a,

middle). The reduction in wave fluxes in subtropical lat-

itudes is larger than the increase at polar latitudes, and

thus the hemispheric-mean anomaly in stratospheric

wave driving is negative (Table 4). The reduction in

subtropical wave fluxes is associated with a weakening

of the poleward residual circulation in the lowermost

stratosphere (Fig. 4, dashed line; the meridional com-

ponent of the residual circulation is calculated follow-

ing the formulation in Andrews et al. 1987, section 3.5).

The polar stratospheric cooling is statistically signifi-

cant (Table 2), and both the meridional dipole in strato-

spheric temperatures and the diminished meridional

residual flow are indicative of a weakening of the model

Brewer–Dobson circulation.

The results in Fig. 2a thus reveal three key aspects of

the AGCM response to tropical tropospheric heating:

1) a poleward contraction in the model storm tracks

(and hence a shift toward the positive polarity of the

model annular modes);

2) a weakening of themodel Brewer–Dobson circulation;

3) a poleward expansion of the model Hadley cell cir-

culation.

Recent studies have argued that the poleward shifts in

the storm tracks found in the IPCC AR4 runs may be

driven by tropical heating (e.g., Chen and Held 2007; Lu

et al. 2007, 2008; Chen et al. 2008), and at least one study

has revealed that the latitude of the SH storm track

is sensitive to such heating in an AGCM (Lim and

Simmonds 2008). The results in Fig. 2a confirm a direct

linkage between tropical heating and the latitude of the

storm tracks in the dry dynamical core of an AGCM. The

inferred weakening of the model stratospheric over-

turning circulation is in the opposite sense of that found

in experiments run on both simple (Eichelberger and

Hartmann 2005) and complex (e.g., Rind 1998; Butchart

and Scaife 2001; Li et al. 2008) climate models.T
A
B
L
E
4
.Z

o
n
a
l-
m
e
a
n
e
d
d
y
m
o
m
en

tu
m

fl
u
x
(m

2
s2

2
),
zo
n
a
l
w
in
d
U
(m

s2
1
),
a
n
d
e
d
d
y
h
e
a
t
fl
u
x
(K

m
s2

1
)
re
sp
o
n
se

fo
r
th
e
h
e
at
in
g
ru
n
s
sp
e
ci
fi
e
d
in

th
e
le
ft
co
lu
m
n
a
t
le
v
e
ls
a
n
d
la
ti
tu
d
e

b
a
n
d
s
in
d
ic
a
te
d
.
N
S
5

n
o
t
si
g
n
ifi
ca
n
t
(,

9
0
%

si
gn

ifi
ca
n
ce
).

H
e
a
ti
n
g
ru
n

E
d
d
y
m
o
m
en

tu
m

fl
u
x

re
sp
o
n
se

2
5
0
m
b
,
4
5
8–
5
58

[d
if
fe
re
n
ce

(m
2
s2

2
),
si
g
n
ifi
ca
n
ce
]

S
u
rf
a
ce

U
re
sp
o
n
se
,
5
5
8–
6
58

[d
if
fe
re
n
ce

(m
s2

1
),

si
g
n
ifi
ca
n
ce
]

E
d
d
y
h
e
a
t
fl
u
x
re
sp
o
n
se
,
1
0
0
m
b
,

0
8–
9
0
8
[d
if
fe
re
n
ce

(K
m

s2
1
),

si
g
n
ifi
ca
n
ce
]

H
e
a
ti
n
g
in

tr
o
p
ic
al

u
p
p
er

tr
o
p
o
sp
h
e
re

(F
ig
.
2
a
)

3
3
.2
,
.
9
9
%

4
.9
8,

.
9
9
%

2
0
.8
7
,
.
9
9
%

S
h
a
ll
o
w
h
e
a
ti
n
g
in

tr
o
p
ic
a
l
u
p
p
e
r
tr
o
p
o
sp
h
e
re

(F
ig
.
2
b
)

2
6
.7
,
.
9
9
%

3
.9
6,

.
9
9
%

2
0
.6
5
,
.
9
9
%

N
a
rr
o
w
h
e
a
ti
n
g
in

tr
o
p
ic
a
l
u
p
p
e
r
tr
o
p
o
sp
h
e
re

(F
ig
.
2
c)

1
7
.2
,
.
9
9
%

2
.3
9,

.
9
9
%

2
0
.4
9
,
.
9
9
%

H
e
a
ti
n
g
in

tr
o
p
ic
al

m
id
d
le

tr
o
p
o
sp
h
e
re

(F
ig
.
2
d
)

1
6
.3
,
.
9
9
%

1
.7
6,

.
9
9
%

2
0
.2
2
,
.
9
5
%

C
o
o
li
n
g
in

lo
w
e
r
p
o
la
r
st
ra
to
sp
h
e
re

(F
ig
.
5
a
)

1
2
.8
,
.
9
9
%

2
.6
7,

.
9
9
%

0
.4
3
,
.
9
9
%

C
o
o
li
n
g
in

m
id
p
o
la
r
st
ra
to
sp
h
e
re

(F
ig
.
5
b
)

7
.7
1,

.
9
9
%

1
.6
8,

.
9
9
%

0
.3
5
,
.
9
9
%

C
o
o
li
n
g
in

u
p
p
e
r
p
o
la
r
st
ra
to
sp
h
e
re

(F
ig
.
5
c)

2
5
.5
5,

.
9
9
%

2
0
.8
3,

.
9
9
%

0
.0
2
,
N
S

S
h
a
ll
o
w
co
o
li
n
g
in

lo
w
e
r
st
ra
to
sp
h
e
re

(F
ig
.
6
a
)

1
0
.0
,
.
9
9
%

1
.2
8,

.
9
9
%

2
0
.0
3
,
N
S

S
h
a
ll
o
w
co
o
li
n
g
in

lo
w
e
r
st
ra
to
sp
h
e
re

(F
ig
.
6
b
)

2
1
0
.5
,
.
9
9
%

2
1
.2
5,

.
9
9
%

0
.3
2
,
.
9
9
%

S
h
a
ll
o
w
co
o
li
n
g
in

lo
w
e
r
st
ra
to
sp
h
e
re

(F
ig
.
6
c)

2
0
.3
8,

N
S

0
.0
2,

N
S

2
0
.0
1
,
N
S

H
e
a
ti
n
g
a
t
p
o
la
r
su
rf
ac
e
(F
ig
.
7
)

2
1
3
.7
,
.
9
9
%

2
1
.8
3,

.
9
9
%

2
0
.0
1
,
N
S

C
o
m
b
in
a
ti
o
n
(F
ig
.
8
b
)

N
H
:
2
7
.1
,
.
9
9
%

N
H
:
3
.9
6,

.
9
9
%

N
H
:
2
0
.7
8
,
.
9
9
%

S
H
:
2
4
1
.8
,
.
9
9
%

S
H
:
6
.9
0,

.
9
9
%

S
H
:
2
0
.6
4
,
.
9
9
%

3480 JOURNAL OF CL IMATE VOLUME 23

Unauthenticated | Downloaded 08/24/22 07:42 PM UTC



FIG. 2. The zonal-mean response to tropical tropospheric heating. Bold black lines in all plots represent the control run tropopause

height. (left) The thermal forcing (K day21). (middle) The total eddy heat flux response (shading) (K m s21) and the temperature re-

sponse (contours) (K). (right) The total eddy momentum flux response (shading) (m2 s22) and the zonal-mean zonal wind response

(contours) (m s21). (a) Results for tropical upper-tropospheric heating; (b) results for shallow tropical upper-tropospheric heating;

(c) results for narrow tropical upper-tropospheric heating; (d) results for tropical heating centered at 500 hPa. Note the forcings are shown

pole–pole but the responses are shown for only one hemisphere. The thermal forcings are detailed in Table 1.
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How robust are the key responses found in Fig. 2a?

In Figs. 2b–d we examine the sensitivity of the model

response to changes in the shape and altitude of the

tropical heating. The results in Figs. 2b–d are derived

from forcings similar to that used in Fig. 2a, except that

in Fig. 2b the forcing is compressed vertically, in Fig. 2c

it is compressed meridionally, and in Fig. 2d it is com-

pressed vertically and lowered so that it is centered at

500 hPa. The analytic expressions for all thermal forc-

ings are summarized in Table 1.

Compressing the heating in the vertical direction

(Fig. 2b) weakens slightly the extratropical wind and

temperature responses but overall has no effect on the

key features of the response. The model jet and eddy

fluxes are still shifted poleward, themodel annular mode

is still nudged toward its positive polarity, and themodel

Brewer–Dobson circulation is still weakened. Com-

pressing the heating in themeridional direction (Fig. 2c)

only slightly weakens the amplitude of the stratospheric

response and has a more pronounced effect on the am-

plitude of the extratropical tropospheric response. But

even in this case the tropospheric wind and eddy mo-

mentum fluxes are still shifted poleward, the eddy heat

fluxes still exhibit a distinct maximum in the upper tro-

posphere at ;408 latitude, and the surface eddy heat

fluxes are still anomalously poleward at ;558 latitude.

Interestingly, the meridional scale of the tropical tropo-

spheric warming is unchanged between Figs. 2a and 2c,

FIG. 3. Additional results from the forcing considered in Fig. 2a. (a) Long-term means of the total eddy heat fluxes from the forced

(contours) and control (shading) runs (K m s21). Both contour intervals are 3 K m s21. (b) Long-termmeans of the total eddymomentum

fluxes from the forced (contours) and control (shading) runs (m2 s22). Both contour intervals are 10 m2 s22. (c) Long-term means of the

Eulerian-mean meridional streamfunction from the forced (contours) and control (shading) runs [(kg s21) 3 109]. Solid contours cor-

respond to clockwise circulation; dashed contours correspond to counterclockwise circulation. (d) The responses in zonal-mean tem-

peratures from Fig. 2a highlighted at 50 mb (black) and 400 mb (gray) (K).
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despite the fact that the imposed heating has been com-

pressed substantially in the meridional direction. When

the heating is compressed vertically and limited to the

middle troposphere (Fig. 2d), the sign of the responses in

the wind and temperature fields remain unchanged, but

the amplitudes of the responses are diminished consider-

ably, particularly in the polar stratosphere.

b. Cooling in the polar stratosphere

In the second set of experiments, we apply a zonally

symmetric thermal forcing in the polar stratosphere,

that is, in the region most strongly affected by Antarctic

ozone depletion. We first consider the forcing shown in

Fig. 5a. Here the cooling is centered at 100 hPa and

damps to 0.25 K day21 by 215 hPa and 728 latitude

(Table 1). The cooling is analogous but not identical to

that used in Polvani and Kushner (2002) and Kushner

and Polvani (2004).

As expected from the zonal-mean balanced response,

the thermal forcing is associated with cooling in the polar

stratosphere (Fig. 5a, middle) and anomalous westerly

shear in the extratropical stratosphere (Fig. 5a, right).

But, as is the case for tropical heating, the response

to polar stratospheric cooling also includes pronounced

changes in the eddy fluxes of heat and momentum. The

changes in the eddy fluxes are for themost part consistent

with those found in Polvani and Kushner (2002). Cooling

in the polar stratosphere drives increased poleward mo-

mentum fluxes across ;508 latitude and thus equivalent

barotropic westerlies that extend from the surface to the

lower stratosphere. As is the case for tropical heating,

the changes in the zonal flow reflect a poleward shift in

the model extratropical jet, and the barotropic compo-

nent of the response projects strongly onto the positive

polarity in the model annular mode (Table 5).

As is the case for tropical heating, the response to polar

stratospheric cooling is marked by a meridional dipole in

the flux of wave activity into the stratosphere (Fig. 5a,

middle). But in this case the anomalously negative heat

fluxes equatorward of 408 are considerably weaker than

the anomalously positive heat fluxes poleward of 458

latitude at the tropopause level. The changes in the re-

sidual circulation (Fig. 4; gray line) reveal a weakening of

the equator-to-pole residual flow equatorward of ;508

latitude but a strengthening of the residual flow at high

latitudes. The anomalous downgradient stratospheric heat

fluxes along the flank of the stratospheric vortex are con-

sistent with enhanced wave driving in the polar strato-

sphere and are highly significant (Table 4, column 3).

Hence, the extratropical stratospheric response to polar

stratospheric cooling (Fig. 5a) differs considerably from

the response to tropical tropospheric heating (Fig. 2a),

despite the fact both responses are associated with tem-

perature falls in the polar stratosphere. In the case of

tropical tropospheric heating (Fig. 2a), the polar tem-

perature falls are driven adiabatically by changes in the

stratospheric circulation, and the meridional residual

flow is weakened at all latitudes. In the case of polar

stratospheric cooling (Fig. 5a), the polar temperature

falls are diabatically driven, and the meridional residual

flow is weakened in the subtropics but strengthened at

high latitudes (Fig. 4).

How sensitive to the location of the forcing is the cir-

culation response to polar stratospheric cooling? In Figs.

5b,c we examine the effect of lifting the lower bound of

TABLE 5. The rms of the surface wind responses averaged 08–908; the rms of the components of the response averaged 08–908 that are

linearly congruent with the model annular mode; and the corresponding percentage found by dividing the second column by the first.

Heating run

Rms of surface zonal

wind (m s21)

Rms of surface annular

mode component (m s21) Percentage

Heating in tropical upper troposphere (Fig. 2a) 2.53 2.45 97%

Cooling in lower polar stratosphere (Fig. 5a) 1.29 1.10 85%

Heating at polar surface (Fig. 7) 0.98 0.91 93%

FIG. 4. Time-mean, zonal-mean residual meridional circulation

(y*) (m s21) for the equinoctial state runs: control (black line; Fig. 1),

tropical tropospheric heating (dashed line; Fig. 2a), and polar

stratospheric cooling (gray line; Fig. 5a). The residual circulation is

calculated using the formulation outlined in Andrews et al. (1987,

section 3.5).
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the cooling while continuing to allow the upper bound of

the cooling to extend through the top of the stratosphere.

When the center of the heating is lifted by 25 hPa (Fig.

5b), the amplitude of the response is damped by ;50%,

but the structure of the response is unchanged and the

key features remain significant: the heat fluxes are still

anomalously positive in the polar stratosphere, the upper-

tropospheric momentum fluxes are still anomalously

poleward across 508 latitude, and the surface zonal flow is

still anomalously easterly along ;408 and westerly along

;608 latitude (see also Table 4). However, when the

center of the heating is lifted by 50 hPa (Fig. 5c), the

barotropic component of the tropospheric response

largely vanishes.

The sensitivity of the tropospheric response to polar

stratospheric cooling is investigated further in Fig. 6. We

again examine the effect of lifting the cooling, but in this

case the depth of the cooling is only;100 hPa. Figure 6a

shows results for shallow cooling centered at 200 hPa.

The structure of the response is largely unchanged from

that shown in the top of Fig. 5, albeit the amplitude of

the response is weaker. Note that in the case of shallow

cooling the increased heat fluxes in the polar strato-

sphere are confined to the levels where cooling is oc-

curring (Fig. 6a, middle panel). Figures 6b,c show results

for the same shallow cooling, but in these cases the

cooling has been lifted by 25 hPa (Fig. 6b) and 50 hPa

(Fig. 6c). Lifting the cooling has little effect on the changes

in polar stratospheric temperatures (middle column), but it

has a dramatic effect on the changes in the tropospheric

circulation (right column). When the cooling is lifted

by 25 to 175 hPa (Fig. 6b), the tropospheric response

FIG. 5. As in Fig. 2, but for (left) the responses to the polar stratospheric thermal forcings. The forcings are documented in Table 1 and are

centered at (a) 100, (b) 75, and 50 hPa (c). (right) Note the shading scaling is about half that for Fig. 2.
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changes sign: the momentum fluxes are anomalously

equatorward and the model jet is shifted equatorward

(the equatorward momentum fluxes are statistically sig-

nificant; Table 4). When the cooling is lifted by 50 to

150 hPa (Fig. 6c), the tropospheric response is negligi-

ble. Note that in all cases the vertical shear of the zonal

flow is westerly in the upper troposphere along 608 lat-

itude (as required by thermal wind): in Figs. 6a,c the

shear is associated with increasing westerly anomalies

with height; in Fig. 6b it is associated with weakening

easterly anomalies with height.

c. Warming at the polar surface

The third forcing we examine is zonally symmetric

heating at the surface over the pole, that is, the region

predicted to warm most dramatically over the next

century because of the snow–ice–albedo feedback over

the Arctic. The heating is detailed in Table 1, and the

structure of the heating and the corresponding responses

are shown in Fig. 7. The tropospheric response is dom-

inated by anomalously equatorward momentum fluxes

across;408 latitude, anomalously weak eddy heat fluxes

at ;508 latitude, and significant barotropic wind anom-

alies at ;558 latitude and ;358 latitude. The changes in

the momentum fluxes and zonal flow are statistically

significant (Table 4) and project strongly onto the neg-

ative polarity of the model annular mode (Table 5).

Hence the AGCM response to shallow polar warming

is consistent with an equatorward shift in the model jet

and is reminiscent of the midwinter response of the an-

nular mode to predicted sea ice trends in fully coupled

AGCMs (Deser et al. 2010). The annular mode response

FIG. 6. As in Fig. 2, but for (left) the responses to the polar stratospheric thermal forcings. The forcings are documented in Table 1 and are

centered at (a) 200, (b) 175, and (c) 150 hPa.
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to polar warming is in the opposite sense of the response

to both tropical tropospheric warming and polar strato-

spheric cooling.

4. Sensitivity to multiple thermal forcings and

changes in the basic state

The atmospheric basic state likely plays an important

role in determining the response of the eddy fluxes of

heat and momentum to thermal forcing (e.g., Sigmond

and Scinocca 2010). In this section, we examine the ef-

fects of the background state in two ways: 1) we examine

the effects of applying multiple thermal forcings simul-

taneously, and 2) we examine the effects of changing the

basic state from equinoctial to wintertime conditions.

a. Multiple thermal forcings

In Fig. 8 we examine the combined response to mul-

tiple forcings and then compare the results with the sum

of the responses to the individual forcings. We consider

three principal thermal forcings: the tropical tropo-

spheric heating from Fig. 2a, the polar stratospheric

cooling from Fig. 5a, and the polar surface warming

from Fig. 7. The stratospheric cooling is limited to the

SH to represent hemispheric asymmetries in ozone de-

pletion; the polar surface warming is limited to the NH

to represent hemispheric asymmetries in polar climate

change. The combined forcing is shown in the top panel

in Fig. 8; the responses to the combined forcing are

shown in Fig. 8b; and the sums of the individual re-

sponses to the three forcings from Fig. 2a, Fig. 5a (ap-

plied to the SH), and Fig. 7 (applied to the NH) are

shown in Fig. 8c.

The results in Fig. 8 confirm that the effects on the

extratropical storm tracks of tropical tropospheric and

polar surface warming are in the opposite sense. Thus

the simulated response of the storm track to tropical

tropospheric warming is mitigated in the Northern

Hemisphere by Arctic warming, and this mitigation may

provide an explanation for the relatively weak annular

mode trends found in the NH in several climate change

simulations (e.g., Miller et al. 2006). More surprisingly,

the results in Fig. 8 highlight a high degree of nonlinearity

in the response to multiple thermal forcings. The re-

sponse to the combined forcings (Fig. 8b) is structurally

similar but very different in amplitude to the sum of

the individual responses (Fig. 8c), particularly in the SH.

The most pronounced differences between the combined

responses and the sum of the individual responses are

stronger cooling in the SH and tropical stratosphere in

the combined response (cf. the left panels in Figs. 8b,c)

but larger tropospheric zonal wind anomalies in the sum-

med responses (cf. the right panels in Figs. 8b,c). The

results in Figs. 8b,c thus reveal that the amplitude of the

response to a given thermal forcing is strongly dependent

on the other thermal forcings applied to the system.

b. Changing the basic state from equinoctial to

wintertime conditions

In Figs. 9–11 we examine the effects of changing the

basic state from equinoctial to wintertime conditions

on some of our key results. In the experiments described

in section 3, the basic state is driven by relaxation to ra-

diative equilibrium temperatures that approximate equi-

noctial conditions. The equinoctial basic state is associated

with strong westerly jets that peak near 250 hPa and 458

latitude and decrease with height into the stratosphere

(Fig. 1b). The extratropical stratospheric zonal flow is

weaklywesterly and thus permits the vertical propagation

of Rossby waves. The stratospheric residual circulation is

poleward throughout the stratosphere (Fig. 4; black line).

Figure 9 shows the model basic state for radiative

equilibrium temperatures that approximate wintertime

conditions. Here we use the wintertime equilibrium

FIG. 7. As in Fig. 2, but for (left) the responses to the polar surface thermal forcing.
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FIG. 8. (a) The combined forcing. (b) The responses to the combined forcing (results are organized as in the middle

and right panels of Fig. 2). (c) The linear sum of the responses from Figs. 2a, 5a, and 7, where the responses in Fig. 5a

are applied only to the Southern Hemisphere and the responses in Fig. 7 are applied only to the Northern Hemisphere.

See text for details. Note that the shading scale is different than that in Fig. 2a.
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FIG. 9. As in Figs. 1a,b, but for the model control climatology for the wintertime basic state.

Bold black lines in all plots represent the control run tropopause height. (a) Contours: zonal-

mean temperature (K). Shading: eddy heat flux (K m s21). (b) Contours: zonal-mean zonal

wind (m s21). Shading: eddy momentum flux (m2 s22).
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temperature profile applied by Polvani and Kushner

(2002; the basic state is defined as their g 5 2 configu-

ration). The most pronounced differences in the model

climate between the equinoctial and wintertime radia-

tive conditions are found in the stratosphere: whereas

the equinoctial basic state is associated with weak

westerly flow and eddy heat fluxes that decrease with

height through the lower midlatitude stratosphere (Fig.

1), the wintertime basic state includes a distinct polar

stratospheric vortex (Fig. 9b) and a secondary maximum

in heat fluxes in the middle stratosphere (Fig. 9a). As

noted below, the stratospheric residual flow is more pro-

nounced under equinoctial conditions than it is under

wintertime conditions, which may reflect the filtering of

small-scale Rossby waves by the stronger wintertime

stratospheric flow (note that the model has no topogra-

phy and thus weak planetary waves). The wintertime

conditions given by Polvani and Kushner (2002) yield

a somewhat lower tropical tropopause (;175 hPa) than

the equinoctial conditions used in the previous section

(;110 hPa).

Figure 10 examines the model response to the tropical

tropospheric heating used in Fig. 2a, but applied to the

wintertime basic state. The results in the top panel of

Fig. 10 are a reproduction (from Fig. 2a) of the model

response to the tropical heating applied to the equinoc-

tial basic state; the results in the bottom panel of Fig. 10

show the model response to the same heating applied

FIG. 10. The responses to the heating shown in the top left panel of Fig. 2a applied to different seasonal configurations of the flow. (top)

The responsewhen the heating is applied to the equinoctial basic state (results are reproduced from themiddle and right panels in Fig. 2a).

(bottom) The response to the same heating applied to the wintertime basic state. (left) The total eddy heat flux response (shading)

(K m s21) and the temperature response (contours) (K). (right) The total eddy momentum flux response (shading) (m2 s22) and the

zonal-mean zonal wind response (contours) (m s21). Note that the shading scheme in the top panels is slightly different than that used in

Fig. 2a to facilitate comparison with the wintertime runs.

1 JULY 2010 BUTLER ET AL . 3489

Unauthenticated | Downloaded 08/24/22 07:42 PM UTC



to the wintertime basic state. Similarly, Fig. 11a repro-

duces results from Fig. 4 for the model stratospheric re-

sidual circulation response under equinoctial conditions;

Fig. 11b shows the model stratospheric response under

wintertime conditions.

The key tropospheric responses to tropical heating are

robust to seasonal changes in the basic state. The tro-

pospheric heat and momentum fluxes are anomalously

equatorward ;258–308 latitude and anomalously pole-

ward ;508 latitude, regardless of whether the model is

run under equinoctial or wintertime conditions (Fig. 10).

The key features of the tropospheric response are shifted

equatorward by ;58 latitude and are considerably

stronger under wintertime conditions. The stronger tro-

pospheric circulation responses for the wintertime con-

ditions are consistent with and may be related to the

longer decorrelation time scales under this basic state

(Chan and Plumb 2009).

The sign of the stratospheric responses to tropical

heating are also robust to changes in the seasonal con-

figuration. The residual meridional circulation is weak-

ened at middle and high latitudes (Fig. 11, dashed lines)

and the polar stratosphere is cooled at polar latitudes

(Fig. 10) regardless of whether the tropical heating is

applied to equinoctial or wintertime conditions. How-

ever, the amplitudes of the differences between the

control and perturbed stratospheric residual flow are

much more pronounced under equinoctial conditions

than under wintertime conditions (Fig. 11).

Figure 12 shows analogous results to those shown

in Fig. 10, but for the responses to polar stratospheric

cooling. The results in the top panels are reproduced

from Fig. 5a; the results in the bottom panels show the

responses to the same cooling applied to the wintertime

basic state. In the troposphere, the sign of the changes in

the extratropical flow and momentum fluxes are again

robust to seasonal changes in the basic state (e.g., com-

pare Figs. 12b and 12d). However, the latitude of the

tropospheric responses is shifted notably equatorward

as the background state is changed from equinoctial to

wintertime conditions. The shift in the tropospheric re-

sponse is in part consistent with the differences between

the control climatologies: under equinoctial conditions

the jet is centered ;458 latitude (Fig. 1b); under win-

tertime conditions it is centered ;358 latitude (Fig. 9b).

In the stratosphere, the polar stratospheric cooling

drives poleward heat fluxes near 608 latitude and equa-

torward heat fluxes near 408 latitude regardless of whether

the cooling is applied to equinoctial or wintertime con-

ditions (Figs. 12a,c). However, the anomalous poleward

heat fluxes aremuchmore pronouncedwhen the cooling is

applied to equinoctial conditions. Since the polar strato-

spheric downgradient heat fluxes are larger under equi-

noctial conditions (Fig. 12a), it follows that the changes

in the polar vortex under equinoctial conditions are

damped relative to wintertime conditions (Figs. 12b,d).

The smaller differences in poleward heat fluxes between

the control and forced runs when the cooling is applied

to wintertime conditions (Fig. 12c) suggest that once the

polar vortex is established (as in winter), any additional

cooling has little further effect on the amount of wave

activity that propagates into the polar stratosphere. The

weakening of the meridional residual circulation at low

latitudes is most pronounced when the polar strato-

spheric cooling is applied to the wintertime basic state

(Fig. 11; gray lines).

FIG. 11. Time-mean, zonal-mean residual meridional circulation

(y*) (m s21) for (a) the equinoctial basic-state runs (reproduction

of Fig. 4) and (b) the wintertime basic-state runs. In both panels,

the control results are indicated by black lines, the response to

tropical tropospheric heating by the dashed lines, and the response

to polar stratospheric cooling by the gray lines.
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5. Summary and discussion

a. Summary

In this study we examined the structure and robustness

of the simple AGCM response to three thermal forcings.

The forcings were chosen for their qualitative resem-

blance to the primary spatially varying heatings associated

with anthropogenic climate change: enhanced warming

in the tropical troposphere, enhanced cooling in the polar

stratosphere, and enhanced warming at the polar surface.

We also examined the nonlinearity of the response to

multiple forcings and documented the robustness of the

principal findings to changes in the basic state.

The results highlight several novel aspects of the

AGCM response to thermal forcing.

1) Heating in the tropical troposphere drives a robust

poleward contraction of the extratropical storm track

and its associated fluxes of heat and momentum

(Fig. 2). Similar changes in the storm tracks have been

found in fully coupled climate models forced by in-

creasing CO2 (Fyfe et al. 1999; Kushner et al. 2001;

Yin 2005; Miller et al. 2006; Arblaster and Meehl

2006; Lu et al. 2008). At least two studies (Chen and

Held 2007; Lu et al. 2008) have argued that the

tropical warming found in such simulations plays

a key role in the simulated storm-track response, and

at least one study has revealed that the latitude of the

SH storm track is sensitive to such heating in a full

physics AGCM (Lim and Simmonds 2008). The re-

sults shown here confirm the robustness of the link-

ages between tropical heating and the latitude of the

storm tracks in the dry dynamical core of an AGCM.

The result is robust to seasonal changes in the basic

state (Fig. 10), and it suggests that tropical heating

FIG. 12. The zonal-mean response to the polar stratospheric cooling shown in Fig. 5a applied to (top) the equinoctial basic state and

(bottom) the wintertime basic state. (left) The total eddy heat flux response (shading) (K m s21) and the temperature response (contours)

(K). (right) The total eddy momentum flux response (shading) (m2 s22) and the zonal-mean zonal wind response (contours) (m s21).

Panels (a) and (b) are reproduced from Fig. 5a.
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plays a central role in driving the simulated trends in

the extratropical storm tracks in IPCC-class climate

change simulations (e.g., Miller et al. 2006; Hegerl

et al. 2007).

2) Deep cooling in the polar stratosphere also drives a

robust poleward contraction of themidlatitude storm

track and its associated fluxes of heat andmomentum

(Fig. 5). The tropospheric circulation response is ro-

bust to seasonal changes in the basic state (Fig. 12)

and is generally consistent with the response pre-

sented in Polvani and Kushner (2002) and Kushner

and Polvani (2004). However, when the strato-

spheric cooling is relatively shallow (;100 hPa),

the amplitude and sign of the tropospheric re-

sponse is strongly dependent on the level of the

forcing. In this case, the tropospheric response

changes dramatically as the cooling is lifted vertically:

when the cooling is centered at 200 hPa, the tropo-

spheric storm track is shifted poleward; when the

cooling is centered at 175 hPa, the tropospheric storm

track is shifted equatorward; when the cooling is lifted

to 150 hPa, the tropospheric response is negligible

(Fig. 6). The results suggest that the seemingly robust

response of the Southern Hemisphere storm track to

Antarctic ozone depletion is dependent not only on

the height but also the vertical scale of the associated

cooling.

3) Heating in the tropical troposphere is associated

with substantial changes in the model stratospheric

wave driving. The heating drives anomalously pole-

ward stratospheric heat fluxes near 608 latitude and

anomalously equatorward stratospheric heat fluxes

near 408 latitude (Figs. 2, 10). Under both equinoc-

tial and wintertime conditions, the changes in the

stratospheric heat fluxes are associated with a weak-

ening of the model Brewer–Dobson circulation

throughout the extratropics, as indicated by a re-

duction in the poleward residual flow in the model

lower stratosphere (Figs. 4, 11). The changes in the

Brewer–Dobson circulation are surprising since they

are in the opposite sense of those found in most

previous climate change simulations: Rind (1998),

Butchart and Scaife (2001), and Li et al. (2008) note

a strengthening of the Brewer–Dobson circulation

in response to increasing greenhouse gases, and

Eichelberger and Hartmann (2005) reveal a strength-

ening of the Brewer–Dobson circulation in response

to prescribed tropical tropospheric heating. However,

McLandress and Shepherd (2009) find a weakening

of the Brewer–Dobson circulation in SH winter and

spring in response to climate change. The weaken-

ing of the Brewer–Dobson circulation found here

stems from the anomalously equatorward eddy

heat fluxes at the tropopause near ;408 latitude

(Figs. 2, 10).

4) Deep cooling in the polar stratosphere also drives

anomalously poleward stratospheric heat fluxes

near 608 latitude and equatorward stratospheric heat

fluxes near 408 latitude (Figs. 5, 12).Under equinoctial

conditions, the poleward heat fluxes near 608 latitude

are substantial, and the stratospheric residual flow

is anomalously poleward in the high-latitude strato-

sphere but anomalously equatorward in themidlatitude

stratosphere (Fig. 4). Under wintertime conditions,

the poleward heat fluxes near 608 latitude are rela-

tively weak (Fig. 12c), and the equatorward heat

fluxes near 408 latitude drive a broader weakening

of the model Brewer–Dobson circulation (Fig. 11b).

In all cases, the heat fluxes along 608 latitude act to

dampen the response of the polar stratospheric tem-

peratures to the imposed diabatic cooling.

5) Warming at the surface over polar regions is associated

with an equatorward shift of the tropospheric storm

track (Fig. 7). The changes in themodel storm track are

the same sign as those found during midwinter in

coupled climate simulations forced with predicted de-

creases in Arctic sea ice, albeit the coupled response is

only significant during the month of February (Deser

et al. 2010). The response of the storm track to surface

polar warming is in the opposite sense of the response

to tropical tropospheric heating. Though the model

lacks realistic planetary waves, which may also play

a role in the NH circulation response, the results sug-

gest that the simulated response of the storm track to

greenhouse warming is likely to be weaker on average

in the NH where polar warming is largest.

6) The model response to the sum of the thermal forc-

ings is structurally similar to but quantitatively very

different than the sum of the responses to the indi-

vidual forcings (Fig. 8). The nonlinearity of the re-

sponse to multiple forcings complicates predictions

of the circulation response to a given thermal forcing,

as the response to a single thermal forcing is a func-

tion of the other forcings applied to the system.

b. Discussion

What physical processes drive the responses of the

model storm track and Brewer–Dobson circulation to

thermal forcing? The linear, zonal-mean response to

thermal forcing is straightforward and can be deduced

from, for example, the balanced vortex equations of

Eliassen (1951). The eddy components of the response

are more complicated to predict, as they require pre-

dicting and quantifying the wave response to changes

in the wind and temperature fields. Numerous recent
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studies have demonstrated the key role of eddies in the

atmospheric response to thermal forcing (e.g., Kushner

and Polvani 2004; Son and Lee 2005; Eichelberger and

Hartmann 2005; Lorenz and DeWeaver 2007; Simpson

et al. 2009), and several studies have offered specific

physical hypotheses in an effort to explain the resulting

response of the storm tracks (e.g., Lorenz and DeWeaver

2007; Chen and Held 2007; Frierson 2008; Simpson et al.

2009). But as of this writing, the key mechanism(s) that

underlie the eddy response to thermal forcing are still

open to debate. Below we summarize current hypotheses

and discuss their relevance to our results.

1) MECHANISMS RELATED TO THE

STORM-TRACK RESPONSE

The mechanisms that may drive the response of the

tropospheric storm track can be organized into two

broad categories: 1) those associated with vertical gra-

dients in the heating and 2) those associated with me-

ridional gradients in the heating. The former category

involves changes in static stability and/or tropopause

height. For example, Frierson (2008) argues that in-

creases in tropical and midlatitude tropospheric static

stability should act to reduce baroclinic eddy generation

on the equatorward side of the storm tracks and thus

shift poleward the region of largest eddy generation.

Lorenz and DeWeaver (2007) suggest that lifting the

tropopause plays a similarly key role in driving the storm

track poleward, albeit the causal linkages between the

height of the tropopause and the latitude of the storm

track remain to be determined.

The latter set of mechanisms involves changes in the

meridional temperature gradient at either upper levels

or near the surface. Changes in the surface equator-to-

pole temperature gradient are thought to play a sec-

ondary role in driving the storm track poleward in the

IPCC AR4 simulations (Lorenz and DeWeaver 2007).

In contrast, changes in the upper-tropospheric temper-

ature gradient are theorized to play a central role, pri-

marily through the associated changes in the upper

tropospheric zonal flow. For example, Chen and Held

(2007) and Chen et al. (2008) theorize the following

series of linkages to explain the causal relationship be-

tween tropical warming and/or polar stratospheric cool-

ing and the latitude of the extratropical storm track:

1) Enhancedmeridional temperature gradients at upper-

tropospheric levels are associated with enhanced

westerly flow in the midlatitude upper troposphere/

lower stratosphere via the thermal wind relation;

2) the phase speed of Rossby waves is directly related to

the amplitude of the background flow, and hence the

enhanced westerly flow in the upper midlatitude

troposphere leads to increased phase speeds there;

3) a component of the eddies in the midlatitude tropo-

sphere propagate equatorward and ‘‘break’’ where

the background flow matches the eddy phase speed,

so that waves with anomalously high phase speeds

break at anomalously poleward latitudes in the sub-

tropics;

4) the associated changes in the convergence of the

eddy momentum flux in the subtropics drive a ther-

mally damped meridional circulation cell that en-

hances the tropospheric baroclinicity in middle lat-

itudes; and

5) the enhanced lower-tropospheric baroclinicity draws

the region of largest wave generation and hence heat

fluxes poleward, ultimately shifting the location of

the storm tracks poleward (see also Robinson 2000).

How relevant are the abovemechanisms for the storm-

track responses revealed here? As suggested in Lorenz

and DeWeaver (2007), the effects of changes in surface

baroclinicity appear to be secondary, in that the same

amplitude forcing yields a much larger eddy response

when applied at upper levels rather than at the surface

(e.g., compare Figs. 2 and 7). The linkages between tro-

popause height and the storm tracks proposed in Lorenz

and DeWeaver (2007) also hold for all of the runs in this

study but for one notable exception: the lifting of the

polar stratospheric cooling in Fig. 6 induces an equator-

ward shift in the model storm track, whereas Lorenz and

DeWeaver’s mechanism predicts a poleward shift due

to the raising of the tropopause. We view the height of

the tropopause as indicative of the induced changes in

the atmospheric circulation but not necessarily a forcing

mechanism in its own right. Likewise, the mechanism

proposed by Frierson (2008) is consistent with the re-

sponses to the tropical tropospheric heating shown here,

but it does not provide an explanation for the changes

in the tropospheric response as the polar stratospheric

cooling is lifted.

The mechanism provided by Chen and Held (2007)

and Chen et al. (2008) and outlined above seemingly

provides a physically consistent explanation for all of the

results shown in this study. The tropical heating and

polar stratospheric cooling are both associated with

westerly wind anomalies in the upper troposphere/lower

stratosphere and thus their mechanism holds—at least

qualitatively—for the response to both these thermal

forcings. The mechanism also appears to provide a qual-

itative explanation for the change in the tropospheric

response as the polar cooling is lifted with height. For

example, the instantaneous response to the shallow polar

cooling should be associated with out-of-phase potential
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vorticity anomalies above and below the cooling region,

with cyclonic vorticity anomalies immediately above the

cooling but anticyclonic vorticity anomalies immediately

below the cooling. We hypothesize that, if the region of

largest climatological eddy momentum fluxes in the up-

per troposphere/lower stratosphere is overlain by west-

erly anomalies in the instantaneous (linear) response,

then the phase speeds of the majority of eddies will be-

come anomalously westerly and the storm track will be

shifted poleward. However, if the region of largest clima-

tological eddymomentumfluxes in the upper troposphere/

lower stratosphere is overlain by easterly anomalies,

then the phase speeds of the majority of eddies will

become anomalously easterly and the storm track will

be shifted equatorward.

2) MECHANISMS THAT MAY DRIVE THE

BREWER–DOBSON RESPONSE

The simulated changes in the stratospheric Brewer–

Dobson circulation can be interpreted in the context of

poleward shifts in the vertical propagation of wave ac-

tivity in the lowermost stratosphere. At 100 hPa, the

responses to both tropical warming and polar strato-

spheric cooling are associated with a reduction in ver-

tical wave propagation (i.e., anomalously equatorward

heat fluxes) near 408 latitude but an increase in vertical

wave propagation near 608 latitude. In the case of the

tropical warming, the former reduction is larger than the

latter increase, and the residual meridional circulation is

anomalously equatorward. In the case of polar strato-

spheric cooling, the amplitude of the heat fluxes along

608 latitude varies considerably from equinoctial to win-

tertime conditions, and thus so does the response of the

model Brewer–Dobson circulation: under equinoctial

conditions, the anomalous poleward heat fluxes near 608

latitude are large and the residual meridional circulation

is anomalously poleward at high latitudes but equator-

ward at midlatitudes; under wintertime conditions, the

anomalous poleward heat fluxes near 608 latitude are

small and the residual meridional circulation is anoma-

lously equatorward at nearly all latitudes.

As is the case for themechanisms that drive the response

of the tropospheric storm track, themechanisms that drive

the response of the wave-driven Brewer–Dobson circu-

lation can be divided into two general themes: 1) changes

in the source of eddy activity at tropospheric levels (e.g.,

Butchart and Scaife 2001; Rind et al. 2002; Eichelberger

and Hartmann 2005) and 2) changes in the configuration

of the lower-stratospheric background flow (e.g., Garcia

and Randel 2008; Sigmond and Scinocca 2010). Both

mechanisms seem to be important in our experiments.

On the one hand, the vertical coherence of the changes in

the heat fluxes from the surface to themiddle stratosphere

in, for example, Fig. 2, suggests that the anomalous wave

fluxes at stratospheric levels are driven in part by the

anomalous wave fluxes in the troposphere. On the other

hand, the differences in the eddy heat flux response to the

same polar stratospheric cooling applied to wintertime

and equinoctial conditions (Fig. 12) indicate that the

configuration of the stratospheric flow also plays a key

role in determining the model Brewer–Dobson circula-

tion response. In this case, strengthening the vortex be-

yond its wintertime state seems to have little effect on the

amount of wave activity that propagates into the polar

stratosphere.

The physical mechanisms that determine the signs and

amplitudes of both the tropospheric and stratospheric

eddy responses will be investigated quantitatively in a

companion paper (Butler and Thompson 2010, unpub-

lished manuscript).
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