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Abstract Storm tracks play a major role in regulating the

precipitation and hydrological cycle in midlatitudes. The

changes in the location and amplitude of the storm tracks in

response to global warming will have significant impacts

on the poleward transport of heat, momentum and moisture

and on the hydrological cycle. Recent studies have indi-

cated a poleward shift of the storm tracks and the midlati-

tude precipitation zone in the warming world that will lead

to subtropical drying and higher latitude moistening. This

study agrees with this key feature for not only the annual

mean but also different seasons and for the zonal mean as

well as horizontal structures based on the analysis of

Geophysical Fluid Dynamics Laboratory (GFDL) CM2.1

model simulations. Further analyses show that the merid-

ional sensible and latent heat fluxes associated with the

storm tracks shift poleward and intensify in both boreal

summer and winter in the late twenty-first century (years

2081–2100) relative to the latter half of the twentieth

century (years 1961–2000). The maximum dry Eady

growth rate is examined to determine the effect of global

warming on the time mean state and associated available

potential energy for transient growth. The trend in maxi-

mum Eady growth rate is generally consistent with the

poleward shift and intensification of the storm tracks in the

middle latitudes of both hemispheres in both seasons.

However, in the lower troposphere in northern winter,

increased meridional eddy transfer within the storm tracks

is more associated with increased eddy velocity, stronger

correlation between eddy velocity and eddy moist static

energy, and longer eddy length scale. The changing char-

acteristics of baroclinic instability are, therefore, needed to

explain the storm track response as climate warms. Diag-

nosis of the latitude-by-latitude energy budget for the

current and future climate demonstrates how the coupling

between radiative and surface heat fluxes and eddy heat

and moisture transport influences the midlatitude storm

track response to global warming. Through radiative

forcing by increased atmospheric carbon dioxide and water

vapor, more energy is gained within the tropics and sub-

tropics, while in the middle and high latitudes energy is

reduced through increased outgoing terrestrial radiation in

the Northern Hemisphere and increased ocean heat uptake

in the Southern Hemisphere. This enhanced energy

imbalance in the future climate requires larger atmospheric

energy transports in the midlatitudes which are partially

accomplished by intensified storm tracks. Finally a

sequence of cause and effect for the storm track response in

the warming world is proposed that combines energy

budget constraints with baroclinic instability theory.

Keywords Storm tracks � Global warming

1 Introduction

Mid-latitude storm tracks play an important role in the

Earth’s climate system. Eddies within the storm tracks

transport large amounts of energy poleward affecting the
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mean climate while much climate variability on seasonal to

decadal timescales is associated with changes in the storm

tracks. Previous studies have contributed greatly to our

understanding of the dynamics of the storm tracks in the

present climate (see a review by Chang et al. (2002)). It is

expected that the storm tracks will change as a conse-

quence of greenhouse warming. Yin (2005) found that the

zonal mean storm tracks tend to intensify and to shift

poleward and upward in climate projections from the

Intergovernmental Panel on Climate Change (IPCC) Fourth

Assessment Report (AR4) for the late twenty-first century.

However, the physical mechanism underlying such a shift

is not well understood. Recent studies using Reanalyses for

the latter half of the twentieth century (e.g., McCabe et al.

(2001); Fyfe (2003)) or general circulation models (GCMs)

forced with increased greenhouse gases (e.g., Lambert

(1995); Geng and Sugi (2003); Lambert and Fyfe (2006);

Gastineau and Soden (2009)) indicate an increase in

intensity of extratropical cyclones and a decrease in fre-

quency. Hall et al. (1994) found northward shifted and

downstream intensified storm tracks in a high-resolution

GCM with doubled carbon dioxide. However, some models

(e.g., Stephenson and Held (1993); Bengtsson et al. (2006);

Frierson et al. (2006); O’Gorman and Schneider (2008))

found a weakening or insignificant intensification of mid-

latitude transient eddies in the warming world.

The disagreement among models and analyses indicates

the complex dynamics of the storm track response to

increased greenhouse gases (Held (1993)). First of all, the

conversion of available potential energy in the atmosphere

supplies the energy for the growth of transient eddies

according to linear baroclinic instability theory. The linear

baroclinic instability growth rate is affected by both static

stability and meridional temperature gradients in the

atmosphere. In a warmer climate, temperature gradients

near the surface in northern winter are expected to weaken 1

due to strong high latitude warming whereas those in the

upper troposphere strengthen (e.g., Meehl et al. (2007)).

Consequently, the resulting baroclinicity tends to weaken in

the lower troposphere but strengthen in the upper tro-

posphere. It is unclear in the real atmosphere which of the

two opposing changes dominates the storm activity

although linear instability theory and numerical experi-

ments suggest that the lower-tropospheric baroclinicity has

a stronger influence on mid-latitude eddy activity (e.g.,

Held and O’Brien (1992); Pavan (1995); Lunkeit et al.

(1998)). However, the reduced lower-tropospheric baro-

clinicity in northern winter is not consistent with increased

eddy kinetic energy in previous studies (Yin (2005); Hall

et al. (1994)). Second, previous studies have noted the

strong influence of atmospheric moisture on the midlati-

tude dynamics and eddy energy fluxes (Emanuel et al.

(1987); Lapeyre and Held (2004); Frierson et al. (2007)),

which can occur in varying ways (e.g., Held (1993); Pavan

et al. (1999)). For example, increased latent heat release in

the warm sector of rising air in the storm system can

provide a source of available potential energy leading to

more intense storms (Emanuel et al. (1987); Held (1993));

on the other hand, less intense and less frequent storms

can be expected as the eddies in moist air are more efficient

in transferring energy poleward (Held (1993)). However,

Lorenz and DeWeaver (2007) suggested that the midlati-

tude circulation response to global warming is caused

by the rising tropopause height rather than increased

atmospheric moisture content and changes in low-level

baroclinicity.

The poleward energy transport in the midlatitudes is

dominated by the atmospheric component which contains a

significant contribution from the midlatitude storm tracks

(Trenberth and Caron (2001); Trenberth and Stepaniak

(2003)). It is expected that changes in storm track locations

and amplitudes can be related to changes in global plane-

tary (atmospheric plus oceanic) and atmospheric energy

balance and energy transports. This allows a further

exploration of the dynamics underlying the storm track

response as climate warms by connecting the midlatitude

storm systems with the planetary energy balance. Hall

et al. (1994) found that the zonal mean poleward energy

transport by transient eddies, particularly the contribution

from transient moisture flux, increases with doubled carbon

dioxide by using the UK Meteorological Office GCM with

a mixed-layer slab ocean model. However, they did not

explore the links to radiative and nonradiative energy

fluxes in the atmosphere.

In this study, we use the Geophysical Fluid Dynamics

Laboratory (GFDL) CM2.1 model simulations to analyze

the changes in the location and intensity of the storm tracks

in twentieth and twenty-first centuries. Focusing on one

single model allows an indepth analysis of the phenomenon.

Ultimately this work should be repeated with other models.

The GFDL CM2.1 global coupled climate model has been

widely used to study a variety of phenomena both in the

atmosphere and the ocean and for global anthropogenic

climate change projections (e.g., Meehl et al. (2007); Yin

(2005); Russell et al. (2006b); Held and Soden (2006); Lu

et al. (2007); Seager et al. (2007)). Furthermore, this model

is able to simulate not only the climatological storm track

state (shown in Sect. 3) but also the seasonal and inter-

annual variabilities (Delworth et al. (2006)). The future

storm track projections are also broadly consistent with those

previously identified Yin (2005). Yin (2005) pointed out the

consistent poleward and upward shift and intensification

1 The projected surface warming has a local minimum in the North

Atlantic region due to the weakening of the Atlantic Meridional

Overturning Circulation (MOC) predicted by climate models.
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of the midlatitude storm tracks in 15 coupled IPCC

AR4 GCMs. These features are accompanied by the

enhanced warming in the tropical upper troposphere and the

associated change in midlatitude baroclinicity, as well as

the poleward shifts in surface wind stress and precipitation.

A brief description of the data and methods is given in

Sect. 2. Section 3 presents the storm track climatology as

well as the storm track response to warming in both sum-

mer and winter. The relevance of the changes in baroclinic

eddy energy transports to the changes in baroclinic insta-

bility and the time mean states is give in Sect. 4, followed

by the change in atmospheric and planetary energy budget

in Sect. 5. Conclusions and discussions are presented in

Sect. 6.

2 Data and methods

The model output analyzed in this paper is from GFDL’s

CM2.1 global coupled climate model developed at the

GFDL of the National Oceanic and Atmospheric Admin-

istration (NOAA) in 2004 (Delworth et al. (2006)). The

resolution of the land (LM2.1) and the atmospheric

(AM2.1) components is 2o latitude 9 2.5o longitude with

24 vertical levels in the atmosphere structured in a hybrid

coordinate. The dynamical core of AM2.1 uses the finite

volume method from Lin (2004). This model has been used

prominently for climate change experiments in the Inter-

governmental Panel on Climate Change Fourth Assessment

Report (IPCC AR4) and the US Climate Change Science

Program (US CCSP) reports. In a doubling CO2 concen-

tration scenario (A1B scenario), this model has a climate

sensitivity of 3.4 K in the global mean.2 In addition we use

the daily data from the National Centers for Environmental

Prediction-National Center for Atmospheric Research

(NCEP-NCAR) reanalysis (Kalnay et al. (1996)) to vali-

date the current climate transient eddy activity in the

GFDL CM2.1 global climate model.

We use both the twentieth and the twenty-first century

simulations in this study. For the twenty-first century

simulation, we use the daily data from the A1B scenario.

To identify the climate change response, we compare the

time mean of the late twenty-first century (years 2081–

2100) with that of the latter half of the twentieth century

(years 1961–2000) and define the trend of climate change

as the difference between the two periods. A 21-point

standard band-pass filter is applied to daily data to retain

the variability on synoptic time scales of 2–8 days

(Blackmon (1976)). All transient eddy statistics computed

in this study are based on band-pass filtered data.

3 Poleward shift and intensification of the storm tracks

The storm track activities in this study are represented by

several major transient eddy statistics (band-pass filtered)

including the transient momentum flux u0v0
� �

and the

variance of eddy meridional velocity v0v0
� �

at 250 mb, the

meridional sensible heat flux v0T 0
� �

and moisture flux

v0q0
� �

at 700 mb.

We first compare the transient eddy statistics in the

current climate simulations of the GFDL CM2.1 model to

that in the NCEP-NCAR reanalysis. Figure 1 shows the

climatology of v0v0 at 250 mb and the zonal mean ½v0v0� (the

square bracket denotes zonal average) as a function of

latitude and pressure levels in December–February (DJF)

averaged over the years 1961–2000 from the NCEP-NCAR

reanalysis and the GFDL CM2.1 model simulation. The

locations of the Pacific and Atlantic storm tracks are well

simulated as well as those in the Southern Hemisphere

(SH). But the North Atlantic storm track simulated in the

model is more zonally oriented than that in observations.

The Northern Hemisphere (NH) storm tracks are weaker in

the GFDL CM2.1 model than in observations while the

magnitude of the SH storm tracks is well simulated. Sim-

ilar results are found comparing other eddy statistics

between the model simulation and reanalysis in both DJF

and June–August (JJA) (not shown).

3.1 Horizontal structures

Figure 2 shows the twenty-first century trend in horizontal

structures of various eddy statistics in DJF and JJA (colors)

along with the twentieth century climatology (black con-

tours). The predominant features are the poleward and

eastward (downstream) intensifications of the storm activity

accompanied by a weak equatorward reduction for both the

North Pacific and North Atlantic storm tracks. These lead to

a slight poleward shift and a large poleward and eastward

expansion of the storm tracks in the late twenty-first cen-

tury. The response of the North Atlantic storm tracks is

much stronger than that of the North Pacific one in both

seasons. Take v0T 0 at 700 mb as an example: there is an

approximately 2o poleward shift and 20–30% increase in

maximum intensity in northern winter (Fig. 2e). At the

entrance regions of the two storm tracks, i.e. off the eastern

coasts of Asia and North America, there is a weakening of

2 The GFDL CM2.1 model included both stratospheric ozone

depletion in the twentieth century simulation and ozone recovery in

the A1B scenario simulation. Son et al. (2008, 2009) found that the

recent poleward shift of the midlatitude westerly jet and the poleward

expansion of the Hadley Cell in the Southern Hemisphere were

partially forced by ozone depletion and will be likely to be weakened

or even reversed (depending on models) by anticipated ozone

recovery in the current century. Ozone change and its effect are

almost negligible in the Northern Hemisphere.
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the transient meridional sensible heat flux due to reduction

in land–sea temperature contrast and resulting reduction in

surface upward sensible heat flux from the ocean, while the

magnitude increases significantly in the downstream and

exit regions stretching northeastward to the west coast of

North America and into Western Europe (Fig. 2e). The

transient moisture flux v0q0 also intensifies in both seasons in

the two storm track regions (Fig. 2g, h). These changes in

eddy activity largely agree with Hall et al. (1994). In the

Southern Hemisphere, the intensification on the poleward

flank of the storm track regions is significant and zonally

symmetric in both seasons.

3.2 Zonal mean structures

The zonal mean eddy statistics are shown in Fig. 3 with the

twentieth century climatology in contours and the twenty-

first century changes in colors. The consistent poleward

shift and intensification on the poleward flank of all the

eddy statistics can be seen in both seasons in both hemi-

spheres. In some eddy statistics, there is an upward shift as

well. Furthermore, the increased meridional moisture

transport in the future climate is consistent with the pole-

ward shift and intensification of the midlatitude precipita-

tion zone and the resulting poleward expansion and drying

of the subtropical dry zones (e.g., Seager et al. (2007)). It is

worth noting that the trend in zonal mean meridional heat

transport in southern winter (JJA) is a local intensification

rather than a poleward intensification and expansion

(Fig. 3f).

4 Relating changes in baroclinic eddy energy

transports to changes in instability

and the mean state

The maximum intensity in synoptic eddy activity in the

midlatitudes has long been related to the existence of

strong baroclinic zones and the associated baroclinic

instability which converts available potential energy of

the time mean flow to eddy kinetic energy (e.g., Lorenz

(1955); Eady (1949); Charney (1947)). One of the mea-

sures of linear baroclinic instability is the maximum Eady

growth rate, which has been mathematically simplified

and shown to be a useful estimate of the growth rate of

the most rapidly growing instability in a range of baro-

clinic instability problems (Lindzen and Farrell (1980)).

Hoskins and Valdes (1990) used the parameter to quantify

the geographical location and intensity of the storm

tracks.

Fig. 1 Comparison of band-

pass filtered variance of

meridional velocity, v0v0;
produced in the GFDL CM2.1

model simulations (right
column) with that derived in the

NCEP-NCAR reanalysis (left
column). a Shows the

climatology of v0v0 at 250 mb

and c shows the zonal mean

½v0v0� as a function of latitude

and pressure (mb) in

December–February (DJF)

during the years 1961–2000

from the NCEP-NCAR

reanalysis. b and d Are the

counterparts from the model

simulations. Contour intervals

are 20 m2/s2. An 8-day band-

pass filter has been applied to

produce the variability of

2–8 days
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Fig. 2 Global warming trends

in a and b u0v0 at 250 mb, c and

d v0v0 at 250 mb, e and f v0T 0 at

700 mb and g and h v0q0 at

700 mb, in DJF and JJA,

respectively, from the GFDL

CM2.1 model simulations,

plotted in colors, with the

twentieth century climatology in

contours. Contour intervals are

5 m2/s2 for a and b, 20 m2/s2 for

c and d, 2 m/s K for e and f and

1 9 10-3 m/s for g and h
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Here we first apply the maximum Eady growth rate to

determine the changes in baroclinicity of the mean states in

the late twenty-first century from that in the latter half of

the twentieth century as simulated in the GFDL CM2.1

model. A simple approximate result for the maximum

growth rate of baroclinic instability is given by

Fig. 3 Same as Fig. 2 but for

the twenty-first century trend in

zonal mean eddy statistics as a

function of latitude and pressure

(mb), i.e. a and b ½u0v0�, c and d
½v0v0�, e and f ½v0T 0�, g and h
½v0q0�, in DJF and JJA,

respectively, plotted in colors,

with the 1961–2000 climatology

in contours

Y. Wu et al.: Changes in storm tracks and energy transports in a warmer climate

123



rD ¼ 0:31g
1

N

1

T

o �T

oy

����

���� ð1Þ

(Lindzen and Farrell (1980)), where N is the Brunt–Vaisala

frequency, a measure of static stability. Figure 4a and b

show the twenty-first century trend in zonal mean tropo-

spheric temperature ½ �T � (colors) as well as the twentieth

century climatology (contours). It shows a strong upper

tropospheric warming in both seasons and an enhanced

Arctic warming in northern winter. The tropical upper

tropospheric warming is caused by enhanced tropical

convection which transports heat trapped by the additional

greenhouse gases upward with the tropical atmosphere

retaining a moist adiabatic lapse rate under a warmer

condition. The large warming located in the Arctic in

winter, where the ice-albedo feedback is weak, is largely a

result of large atmospheric static stability concentrating the

warming at low levels (Hansen et al. (1984)). The associ-

ated climatology and trend in zonal mean meridional

temperature gradients jo½ �T �
oy j is given in Fig. 4e and f. Strong

gradients of temperature can be seen in the midlatitudes,

particularly in the vicinity of the subtropical jet (shown in

Figs. 4c, d). The trend in both seasons in both hemispheres

demonstrates a poleward shift and intensification in mid-

latitude meridional temperature gradients. The one excep-

tion is in the lower troposphere in northern winter when the

warming at the Arctic winter surface leads to a reduced

zonal mean meridional temperature gradient there.3 Fig-

ure 4g and h represent the climatology and trend of the

static stability in the atmosphere. The whole lower and

middle troposphere becomes more statically stable except

for the middle and high latitudes in northern winter. The

rising subtropical tropospheric static stability has been

related to the poleward expansion of the Hadley Cell by Lu

et al. (2007). The reduced static stability in the middle and

high latitudes in northern winter is again due to the strong

warming near the surface. The jet stream in a warmer

climate tends to shift poleward and upward and intensify

on the poleward and upward flank of the climatological jet

in both seasons in both hemispheres (Fig. 4c, d). This

change in the jet stream is consistent with that in the storm

tracks. These changes are representative of the changes in

the time-mean states of many GCMs with increased

greenhouse gases (e.g., Meehl et al. (2007)).

4.1 Zonal mean structures of baroclinic instability

As the dry Eady growth rate is determined by both the

meridional temperature gradient and static stability, future

changes in both terms will impact the change in the

baroclinic instability of the time-mean flow. The zonal

mean of the dry Eady growth rate is shown in Fig. 5a and b

for both DJF and JJA. The climatology maximizes in the

midlatitudes and is stronger in the winter hemisphere due

to stronger meridional temperature gradients. The change

in the dry Eady growth rate follows that in the meridional

temperature gradient, i.e. a poleward shift and an intensi-

fication on the poleward flank in the middle and upper

troposphere of the midlatitudes except for the lower tro-

posphere in northern winter. The contribution from the

static stability according to the dry Eady growth rate is

small, but the rising tropospheric static stability south of

40oN helps to stabilize the subtropical jet streams on the

equatorward flank whereas the reduced static stability north

of 40oN acts to enhance the instability of the jet streams on

the poleward flank, which would assist a poleward shift

of the storm tracks. Therefore, as can be seen in Fig. 5a and b,

the poleward shift and enhancement of the dry Eady

growth rate in the midlatitudes of both hemispheres in both

seasons (except for the lower troposphere in northern

winter) fully supports the storm track changes. The results

in Fig. 5a and b confirm the relevance of the changing

characteristics of baroclinic instability in driving the storm

track changes. The results further indicate that eddies are

influenced by the baroclinicity in the upper troposphere

rather than the surface instability, as the enhancement of

the instability growth rate in the upper troposphere from

225 to 550 mb well corresponds to the storm track response

in this region in terms of ½u0v0� and ½v0v0� . However, it is not

clear what role the decrease in instability growth rate in the

lower troposphere plays in explaining the storm track

response in northern winter.

4.2 Eddy transfer and mean state gradients

In order to explain that the transient eddy sensible heat

transport in the middle latitudes of both hemispheres in

both seasons increases as climate warms (Fig. 3e, f) despite

the decreased temperature gradients in the lower tropo-

sphere in northern winter, we apply mixing length theory in

this section to attribute the increasing transient eddy energy

transfer to eddy properties and mean state gradients in

boreal winter.

Based on the theoretical work of Charney (1947), Eady

(1949) and Green (1970) proposed a theory for the large-

scale eddy transfer, based on eddy mixing, by relating eddy

transfer properties to eddy motion and mean gradients as

follows:

v0m0 ¼ kjv0jjm0j ¼ kjv0j �Lmix

om

oy

� �
¼ �D

om

oy
ð2Þ

where v
0
m
0

is the meridional transport of any conserved

property m, D is defined as the eddy diffusivity, i.e. D = k

3 The zonal mean meridional temperature gradient reduces despite an

increase in temperature gradient in the North Atlantic region.
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Lmix |v
0
| with k the correlation coefficient between v

0
and m

0
,

Lmix the mixing length scale, and |v
0
| and |m

0
| rms ampli-

tudes of eddy velocity and m, and om
oy is the time mean state

gradient. The complete form in Green (1970) for the

transfer in meridional-vertical section has additional con-

tribution from vertical mixing which is neglected here. We

apply Eq. 2 to the conserved quantity moist static energy,

band-pass filtered transients and zonal mean fields (with

Fig. 4 Same as Fig. 2 but for

the twenty-first century trend in

zonal mean climatological

states, i.e. a and b ½T �, c and d

½u�, e and f jo½ �T �
oy j , g and h ½N�, in

DJF and JJA, respectively,

plotted in colors, with the

twentieth century climatology in

contours. Contour intervals are

225 K for a and b, 5 m/s for

c and d, 1 K/1,000 km for e and

f and 2.5/1,000 s-1 for g and h
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square brackets denoting zonal averages neglected here)

and compute k and Lmix by definition, i.e. k ¼ v0m0

jv0 jjm0 j and

Lmix ¼ jm
0 j

�om
oy

for both the twentieth and twenty-first century

simulations. Here moist static energy (MSE) is defined as

m ¼ CpT þ Uþ Leq with Cp the specific heat capacity for

the atmosphere, U the geopotential height and Le the latent

heat of evaporation. Because of the quasi-geostrophic

nature of eddies, the zonally averaged eddy potential

energy transfer can be neglected and the transient eddy

MSE transport can be written as v0m0 � Cpv0T 0 þ Lev0q0 . It

is noted that the original intention of Eq. 2 is for para-

meterizing eddy transfer using large-scale quantities. Our

study here, however, is using Eq. 2 as a diagnostic tool for

understanding the change in transient eddy energy transfer

(v0m0) in terms of correlation coefficient (k), transient eddy

velocity (v
0
), mixing length scale (Lmix) and mean state

gradients (om
oy).

Therefore, the change in eddy MSE transport can be

written as

Dðv0m0Þ
|fflfflfflffl{zfflfflfflffl}
ðaÞ

¼ D kLmixjv0jð�
om

oy
Þ

� �

� DðkÞLmixjv0j �
om

oy

� �

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
ðcÞ

þ kDðLmixÞjv0j �
om

oy

� �

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
ðdÞ

þ kLmixDðjv0jÞ �
om

oy

� �

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
ðeÞ

þ kLmixjv0jD �om

oy

� �

|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
ðf Þ

ð3Þ

which decomposes the impact of the change in correlation

coefficient [term (c)], mixing length scale [term (d)], eddy

velocity [term (e)] and mean MSE gradient [term (f)] on the

change in total transient eddy MSE transport. Figure 6a

shows the DJF change in transient eddy MSE transport for

the late twenty-first century (colors), with the twentieth

century climatology shown in contours. It illustrates an

enhanced poleward transient eddy MSE transport in both

hemispheres. The sum of terms (c–f) in Eq. 3 is shown in

Fig. 6b in contours, with the twenty-first century trend in

v0m0 in colors. The agreement between contours and colors

in Fig. 6b indicates that the nonlinear contributions ignored

on the right hand side of Eq. 3 are insignificant.

When separating the total change in v0m0 into contribu-

tions from k, Lmix, |v
0
| and om

oy (Fig. 6c–f), it is found that all

of the terms contribute significantly. The colors in Fig. 6c–

f indicate the total change as shown in Fig. 6a. The most

dominant contribution in the midlatitudes of the Northern

Hemisphere comes from the increasing correlation between

transient eddy velocity and eddy MSE while in the

Southern Hemisphere it is the enhancement of mean state

gradients. As shown in Fig. 6f, the reduction in mean

energy gradient in the lower-troposphere of the middle and

high northern latitudes (caused by a decreased meridional

temperature gradient dominating over a specific humidity

gradient increase) would reduce the poleward energy

transport by the storm tracks. In contrast, in the midlati-

tudes of the Southern Hemisphere and the mid-troposphere

in the Northern Hemisphere, the increase in mean energy

gradient would lead to an increase in transient eddy energy

transport and this dominates the total in these regions. The

contribution from the other three terms in general is posi-

tive to the total. In particular, in the lower troposphere of

the midlatitude Northern Hemisphere, it is mainly the

increasing correlation coefficient, and to a lesser extent, the

increasing eddy velocity and mixing length scale that

overwhelms the decreasing contribution from the mean

gradient and leads to the intensified transient eddy energy

transport.

The question to be addressed in the following is what

causes the increasing correlation coefficient between

Fig. 5 Same as Fig. 2 but for the twenty-first century trend in zonal mean Eady growth rate rD in (a) DJF and (b) JJA, in colors, with the

twentieth century climatology in contours. Contour intervals are 0.5 day-1. Units are day-1
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transient eddy motion and eddy energy and the increasing

mixing length scale as climate warms. It is found that the

wave packets in one-point correlation maps (Chang (1993))

become longer in the lower troposphere in the Northern

Hemisphere in future projections (not shown), which

implies more persistent wave structures and increasing

correlation over greater distances. This can also be viewed

through a cross-spectral analysis of the lower tropospheric

eddy MSE transfer as in Randel and Held (1991). Figure 7

shows a zonal wavenumber–frequency contour diagram for
1

Cp
v0m0 at 700 mb, averaged over the midlatitudes between

40oN and 60oN in DJF, with the twentieth century clima-

tology in black contours and the twenty-first century trend

in red. The climatological cross-spectrum shows a strong

covariance for eastward propagating waves of zonal

Fig. 6 Shown in contours are a the twentieth century climatology in

band-pass filtered transient meridional eddy moist static energy

(MSE) transfer ½v0m0� ; b sum of c, d, e and f as indicated by the

mixing length theory; changes in eddy MSE transfer caused by c the

change in correlation coefficient k between eddy motion v
0

and eddy

MSE m
0
, d the change in mixing length scale Lmix, e the change in

eddy intensity |v
0
|, and f the change in mean MSE gradients. Contour

intervals are 2 9 103 m/s �J/kg for a, 0.5 9 103m/s �J/kg for b and

0.25 9 103 m/s �J/kg for c–f. Colors in a–f are the twenty-first century

trend in ½v0m0� . Units are m/s J/kg
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wavenumber 7 and with a time scale of 4–5 days. In future

projections, there is an increase in spectral power in part of

the spectrum related to longer wavelengths and longer time

scales. This intensification in smaller zonal wavenumbers

is also true for the lower-level transient eddy velocity

variance (not shown) and the upper troposphere transient

eddy momentum flux (Chen et al. (2008)). Although the

reason is not entirely clear, previous studies have shown

that the growth rate of baroclinic eddies can depend on the

basic state vertical shear and stratification in the strato-

sphere and the tropopause height (Harnik and Lindzen

1997; Vallis 2006; Wittman et al. 2007; Kunz 2008), all of

which are expected to change under global warming. Some

results here well correspond to the explanation that in a

warmer climate longer waves become more baroclinically

unstable and subsequently transport more moist static

energy to the poles. The detailed mechanisms will be

explored in the future.

In summary, although the midlatitude lower-level tem-

perature gradient reduces in northern winter, the transient

eddy poleward energy transfer intensifies as climate

warms. As suggested by the mixing length theory, it mainly

generates from the contributions of the increasing coher-

ence between transient eddy motion and eddy energy, and

to a lesser extent, the increasing eddy velocity and eddy

mixing length scale, sum of which overwhelms the reduced

mean state gradients.

5 Links between changes in storm tracks and changes

in the energy transports

5.1 Changes in the energy budget of the atmosphere

The latitudinal distribution of the radiation budget at the

top of the atmosphere (TOA) balances the meridional

divergence of atmospheric and oceanic energy transports.

In the future climate, the distribution and amplitude of the

energy fluxes at the TOA and at the surface, including both

radiative and non-radiative fluxes, is expected to change.

The midlatitude storm tracks, as part of the global large-

scale general circulation, are expected to change as well. In

this section, we study the mechanisms for the future storm

track projections from the perspective of the energy budget

of the atmosphere. By combining the total atmospheric

energy transport with the radiative fluxes at the TOA and at

the surface, and the surface sensible and latent heat fluxes,

a diagnosis of the latitude-by-latitude energy budget for the

future climate can be performed and compared with that for

the current climate.

Hall et al. (1994) examined the total zonal mean pole-

ward energy transport in both control and doubled carbon

dioxide experiments by using the UK Meteorological

Office GCM with a mixed-layer slab ocean model and

found slight differences. The planetary energy budget

requirements are satisfied by this difference which is

mainly due to increased latent heat transport by transient

eddies. Here we examine the changes in atmospheric

energy transport in the GFDL CM2.1 model and, building

on Hall et al. (1994), link these to changes in the TOA

radiative and surface fluxes.

Figure 8(top) gives a summary of the global energy

balance and changes due to global warming. The values

inside the arrows are the global annual mean for years

1961–2000 from the GFDL CM2.1 model simulations and

the values outside the arrows show the corresponding

changes from the twentieth century to the twenty-first

century (to be discussed later). The positive or negative

signs of relative changes are with respect to the clima-

tological direction of energy fluxes. The model’s simu-

lations of these radiative and non-radiative fluxes in the

current climate compare reasonably well with observa-

tions (e.g., Trenberth et al. 2001, 2009). Figure 8(bottom)

shows the corresponding latitudinal distribution of the

annual and zonal mean energy fluxes, where the net

energy flux into the atmosphere (Fnet
atm) is defined as

Fnet
atm ¼ RTOA � Rsurface þ SH þ LH. The top of the atmo-

sphere radiation (RTOA) shows a net gain of solar radiation

in the tropics and subtropics and a net loss of terrestrial

radiation in the high latitudes. The net radiative flux at the

surface (Rsurface) is almost everywhere positive downward,

indicating a net gain of radiation by the surface in the

Fig. 7 The global warming trend in transient eddy poleward moist

static energy (MSE) transfer (normalized by Cp), i.e. 1
Cp
½v0m0�; as a

function of zonal wavenumber and frequency, at 700 mb, averaged

over the midlatitudes between 40oN and 60oN, in DJF, plotted in red
contours, with the twentieth century climatology in black contours.

Contour intervals are 0.1 m/s K day. Positive and negative frequency

correspond to westward and eastward propagation, respectively
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form of net solar and terrestrial radiation. It is balanced

by the loss of energy into the atmosphere in terms of

upward sensible (SH) and latent heat fluxes (LH). The net

energy flux into the atmosphere maximizes in the tropics

and has a local minimum around the equator due to the

presence of strong ocean heat divergence and suppressed

surface latent heat flux (Seager et al. 2003). The seasonal

energy fluxes are similar except for hemispheric shifts

(not shown).

In response to global warming it is expected that each

component of the energy fluxes will change as a conse-

quence of increased greenhouse gases. Figure 9 shows the

zonal mean trend from the twentieth to the twenty-first

century of all the energy fluxes. Figure 10, as an aid to

interpretation, shows the twenty-first century trend in

zonal mean precipitation and total cloud fraction. As

projected by the GFDL CM2.1 model simulations, the

downward radiative flux at the TOA (RTOA) increases by

about 2 W/m2 in the tropics and subtropics between 40oS

and 40oN in DJF (Fig. 9a). This is caused by a reduction

in solar reflection (except equatorial deep convective

region) due to reduced cloud cover (shown in Fig. 10a)

and a reduction in outgoing longwave radiation (OLR)

around the equator due to enhanced deep convection. On

the contrary, RTOA decreases at the middle and high lat-

itudes in both hemispheres. In the Northern Hemisphere,

the reduction in RTOA comes from the increased OLR

which follows the surface terrestrial radiation, whereas in

the Southern Hemisphere it is the increased cloudiness

and resulting increased solar reflection that reduces the

TOA radiation gain. This increase in radiative gain in the

tropics and subtropics and radiative loss in the middle and

high latitudes is an important factor in determining the

change in atmospheric poleward energy transport (to be

discussed).

At the surface, the downward radiative flux is expected

to increase almost everywhere on Earth because of the

increased downward longwave emission from the atmo-

sphere but is offset at the middle and high latitudes of the

summer hemispheres where increased cloudiness reflects

more solar radiation to space. A notable change in surface

non-radiative fluxes is the reduction in both upward sen-

sible and latent fluxes in both seasons over the Southern

Ocean. This is consistent with the results of Russell et al.

(2006a) who used the same model to show increased

ocean heat uptake in response to increased greenhouse

gases via increased ocean upwelling (forced by stronger

westerlies), which reduces the air–sea temperature and

humidity gradients. In addition, it is interesting to note

that the partition between surface sensible and latent heat

fluxes in response to global warming is seasonally and

geographically dependent in the Northern Hemisphere. In

northern winter, the evaporation over the ocean in general

(except the North Atlantic ocean) increases as a result of

increased greenhouse effect whereas the upward sensible

heat flux reduces up to 70oN due to reduced land–sea

temperature contrast and increases north of 70oN because

of the sea ice melting (Fig. 9b). In northern summer, the

increased subtropical drying (e.g., Gregory et al. 1996;

Held and Soden 2006; Seager et al. 2007) tends to

Fig. 8 Top summary of the global energy balance illustrating the

notation and direction of energy fluxes. At the top of the atmosphere

(TOA), the net downward radiative flux RTOA (positive downward) is

made up of the incoming and reflected solar radiation and the

outgoing longwave radiation (OLR). The surface flux is made up of

the net radiative flux Rsurface (positive downward), the surface sensible

heat flux SH (positive upward) and the surface latent heat flux LH

(positive upward). The surface radiative flux is comprised of the

downward solar radiation, the surface reflected solar radiation, the

surface emitted longwave radiation, the longwave radiation emitted

back from the atmosphere. The values inside and outside the arrows

are the global annual mean for years 1961–2000 and relative changes

from years 1961–2000 to 2081–2100, respectively, from the GFDL

CM2.1 model simulation. Positive or negative signs in relative

changes are with respect to the climatological direction of energy

fluxes. Bottom annual and zonal mean energy fluxes for years 1961–

2000. It comprises RTOA, Rsurface, SH, LH and the net energy flux into

the atmosphere Fnet
atm. Units are W/m2
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increase the upward sensible heat flux and decrease the

evaporation over land, especially around the latitude band

of 40oN. In contrast, there is a reduction in sensible heat

flux and an increase in latent heat flux over land between

about 60oN and 80oN because of moistening of conti-

nental land masses (Fig. 9d).

As a consequence of the TOA radiation, the surface

radiation, and sensible and latent heat fluxes, the net energy

flux into the atmosphere is found to increase within the

tropics and subtropics between about 40oS and 40oN and

decrease elsewhere in both seasons (Fig. 9b, d, f).4 Con-

sequently the gradient between the energy surplus in the

tropics and subtropics and the energy deficit at the middle

and high latitudes becomes greater in the future climate

independent of season. Furthermore, the enhanced energy

imbalance in the future climate is primarily radiative

Fig. 9 Global warming trend in zonal mean energy fluxes, i.e. a, c, e
RTOA, Rsurface and the net radiative flux into the atmosphere Ratm, and

b, d, f SH, LH and the net energy flux into the atmosphere Fnet
atm; in

DJF, JJA and annual mean, respectively. Units are W/m2. A cubic

smoothing spline has been applied to the trend of Fnet
atm to remove

small scale noises

4 In order to pick out the major feature of the change in Fnet
atm, a cubic

smoothing spline has been applied to it in the meridional direction to

remove small scale noises.
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driven. To achieve an equilibrium state, the total atmo-

spheric energy transport from the equator to the poles must

increase. This can be accomplished, all or in part, by

intensified transient eddy heat transport.

5.2 Changes in the atmospheric energy transport

In this section we quantitatively measure the amount of

increased energy transport in the atmosphere required by

the energy budget change and examine how it is partitioned

among the mean meridional circulation and transient and

stationary eddies. We will demonstrate that the increased

atmospheric energy transport is concentrated in mid-lati-

tudes and is partially accomplished by the intensified

transient eddies, particularly the storm tracks in both sea-

sons in both hemispheres.

The total atmospheric energy transport was first esti-

mated based on the energy budget of the atmosphere as

follows:

SA ¼ Fnet
atm �r � FA ð4Þ

where SA is the energy storage rate in the atmosphere and

FA is the total atmospheric energy transport. Although the

atmospheric heat content increases during the latter half of

the twentieth century due to anthropogenic warming (e.g.,

Levitus et al. (2001)), it is at least one order of magnitude

smaller than the net energy flux into the atmosphere and is

neglected. Averaged over a time period and over longitude

domain, ½FA� satisfies

1

R cos /
d

d/
ð½FA� cos /Þ ¼ ½Fnet

atm� ð5Þ

where R is the Earth’s radius and / is latitude. Integrating

from any specific latitude /o, the energy transport in the

atmosphere across any latitudinal wall /, denoted by ½TEB
A �,

can therefore be written as

½TEB
A � ¼2pR cos /½FA�

¼2pR2

Z/

/o

½Fnet
atm� cos /d/þ ½TEB

A �j/o

ð6Þ

where ½TEB
A �j/o

is an integral constant and is the total

atmospheric energy transport at latitude /o. The integral is

commonly taken from the North Pole where ½TEB
A �j/o¼p

2
¼ 0

(e.g., Hall et al. (1994)) and corrections are made to elimi-

nate the occurrence of spurious nonzero transports of energy

at both poles (Carissimo et al. (1985)). In this case, the

Fig. 10 Global warming trend in zonal mean total cloud fraction (in unit of %) and precipitation (in unit of mm/day), in a DJF, b JJA and c the

annual mean, from the GFDL CM2.1 model simulations
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integral constant is determined with respect to the atmo-

spheric energy transport derived from daily data in the

model, for example, at the Equator, to ensure accurate

estimates. Figure 11 shows ½TEB
A � for DJF, JJA and the

annual mean during the years 1961–2000 and is broadly

consistent with the estimates of the meridional atmosphere

heat transport in Trenberth and Caron (2001).

For the second method, the total atmospheric energy

transport is computed directly from the daily data of

velocity, temperature and humidity by integrating the

energy transport throughout the whole atmosphere column

on hybrid coordinates (Delworth et al. (2006); Lin (2004)).

It, denoted by ½TA� can be written as

½TA� ¼ 2pR cos /
1

g

Zps

0

½FE/�dp ð7Þ

where ½FE/� ¼ ½vE� ¼ Cp½vT� þ ½vU� þ Le½vq� þ ½vK� which

comprises the meridional transport of sensible heat, geo-

potential energy, latent heat and kinetic energy K. It is also

shown in Fig. 11 and agrees well with the estimates from the

energy balance requirement. The total atmospheric energy

transport is furthermore decomposed into the contributions

from different dynamical processes such as the mean

meridional circulation (MMC), the transient eddies and the

stationary waves, i.e. ½vE� ¼ ½v�½E� þ ½v0E0� þ ½v�E��; where
� denotes the deviation from zonal average. The storm tracks

are the high-frequency part of the transient eddies and the

low-frequency component in this study is defined as the

difference between the total transient eddies and the storm

tracks. The twentieth century climatology for each term is

shown in Fig. 11, in which the energy transport by transient

eddies in large part dominates the atmospheric energy

transport in mid-latitudes while the mean meridional cir-

culation transports a large amount of energy to the poles in

the tropics. It is also noted that the midlatitude heat transport

within the high-frequency transient eddies is as large as that

in stationary waves and is smaller than that in low-frequency

eddies. Figure 12 shows the corresponding trend for each

term. The total atmospheric energy transport increases

almost everywhere across the globe in the late twenty-first

century, especially in the regions of the mid-latitudes where

eddies dominate the energy transport in the atmosphere.

With respect to the contribution from each dynamical

process, the increased atmospheric energy transport, in part,

comes from the intensified storm tracks in both seasons in

both hemispheres; moreover, the location of the maximum
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Fig. 11 Estimates of the total atmospheric energy transport, i.e. ½TEB
A �

derived from the energy budget of the atmosphere and ½TA� derived

directly from daily data (more in the text), and the energy transport in

the atmosphere from the mean meridional circulations (MMC), the

storm tracks (band-pass filtered transient eddies with period of 2–8

days), the low-frequency eddies (difference between total transient

eddies and the storm tracks) and the stationary waves, for

a December–February (DJF), b June–August (JJA) and c the annual

mean, respectively, during years 1961–2000 from the GFDL CM2.1

model simulations. Units are PW

c
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energy transport associated with the storm tracks also shifts

to the poles in the warming world, which is consistent with

the discussions of previous sections. It is also noticed that the

intensified stationary waves and low-frequency eddies also

have significant contributions to the increased midlatitude

energy transport. It is also noticed that the poleward energy

transport within the Hadley Cell in DJF in the NH branch

decreases in response to global warming because of the

increased equatorward transport of atmospheric moisture.

Therefore, this quantitative analysis further confirms the

strengthening of the storm tracks in the future climate as an

important component of the large-scale general circulation

in the atmosphere. The storm tracks intensify in tandem

with the atmospheric energy transport in midlatitudes,

serving to achieve energy balance in the atmosphere in a

warmer climate. Combined with the analysis of baroclinic

instability, a possible dynamical mechanism underlying the

intensification and the poleward shift of the storm tracks
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Fig. 12 Global warming trend in zonal mean atmospheric energy

transport, i.e. a, c, e ½TEB
A �; ½TA� the energy transport by the mean

meridional circulations (MMC) and total eddies (transient and

stationary eddies), and b, d, f the energy transport by the storm

tracks, the low-frequency eddies and the stationary waves, in DJF,

JJA and the annual mean, respectively, from the GFDL CM2.1 model

simulations. Units are PW
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can be summarized as the follows. As climate warms, the

planetary and atmospheric energy imbalance enhances

which is primarily radiative driven. This provides more

available potential energy in the atmosphere causing the

midlatitude storm tracks to intensify and to shift towards

the poles.

In addition to the thermal structure and the energy

transport in the atmosphere, the midlatitude ocean fronts

are also important in the formation and development of the

storm tracks. Although the oceanic heat transport in the

midlatitudes is smaller relative to the atmospheric com-

ponent (Trenberth and Caron (2001)), the coupling

between the atmosphere and the ocean in driving the

midlatitude storm tracks has been noticed in both obser-

vations and model experiments (see a review by Nakamura

et al. (2004)). We have found that the annual mean

meridional oceanic heat transport derived from the surface

energy balance (with the differential ocean heat storage

rate taken into account) reduces in the future projections

(Fig. 13; see Appendix). The reduction in oceanic heat

transport is, in fact, consistent with the reduction in sea

surface temperature contrast and salinity contrast between

low and high latitudes, and the weakening of the Meridi-

onal Overturning Circulation (MOC) in the North Atlantic

and North Pacific (Hazeleger (2005); Meehl et al. (2007)).

The detailed analysis of how change in oceanic heat

transport impacts the storm tracks in future climate, how-

ever, is beyond the scope of this study.

6 Conclusions

In this paper we have examined the future projections in

the location and amplitude of the storm tracks from the

GFDL CM2.1 global coupled climate model simulations,

the A1B scenario. We have identified a poleward shift,

poleward expansion, and intensification on the poleward

flank, of storm tracks in the future climate from several

band-pass filtered transient eddy statistics. In particular, we

have noticed a prominent change in meridional moisture

transport associated with the storm tracks, which is

important in regulating the hydrological cycle (Seager and

Vecchi (2010)); Seager et al. (2010) and atmospheric

large-scale general circulation.

The future projections in transient eddy activity and its

heat transport well correspond to the changes in baroclinic

instability. To first order, the linear baroclinic instability

growth rate is in large part determined by the meridional

temperature gradients and associated available potential

energy. In a warmer climate, the upper troposphere in the

tropics warms up more than that at higher latitudes, which

implies increasing available potential energy, and thus the

linear instability growth rate strengthens and shifts to the

poles in the midlatitude upper troposphere. This is con-

sistent with the strengthened transient eddy activity in this

region. The zonal mean growth rate decreases in the mid-

latitude lower troposphere in northern winter because of

the significant warming at the high latitude surface, how-

ever, the storm tracks intensify on their poleward flank

throughout the whole troposphere. This implies that the

transient eddy activity is more determined by the barocli-

nicity in the troposphere as a whole. It is also found that the

contributions from the increasing correlation coefficient

between eddy motion and eddy energy, the increasing eddy

mixing length scale and the increasing eddy velocity

overwhelm that from the reduction in mean state gradients

and increase transient eddy poleward energy transport in

the lower troposphere in northern winter.

As have been found, the enhanced planetary energy

imbalance is primarily radiative driven and provides more

available potential energy in the atmosphere. The mid-

latitude transient eddies respond by shifting towards the

poles and intensifying on the poleward flank. Analysis of

the coupling between the changes in global energy balance

and energy transports allows a sequence of cause and effect

to be proposed.
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(a) (b)Fig. 13 a Climatological and b
twenty-first century trend in
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transport, derived from the

energy balance requirement
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1. Increased carbon dioxide and the associated water

vapor feedback cause increased radiative gain in the

atmosphere and warming in the tropics and subtropics

which strengthens the maximum baroclinicity and

shifts the latitude of maximum baroclinicity zone

poleward.

2. At the same time, accompanying the increased avail-

able atmospheric moisture, the poleward transport of

latent heat by transient eddies increases which to a

large extent balances the increased meridional gradient

in the planetary energy balance.

3. Due to intensified moisture divergence and resulting

reduced cloudiness, the subtropical radiative gain

increases.

4. At the same time, as a result of increased poleward

moisture transport, increased cloudiness is produced in

the middle and higher latitudes which reduces the solar

radiative gain. Additional radiative loss in these

regions results from the increased outgoing terrestrial

radiation emitted to space as a result of the surface

warming. The feedback from cloud over could further

enhance the pole-to-equator energy imbalance leading

to more intensified poleward energy transport by

transient eddies.

5. Over the Southern Ocean, the ocean heat uptake

increases as a consequence of increased greenhouse

gases which results in reduced surface fluxes from the

ocean. This atmosphere–ocean coupling enhances the

energy imbalance in the atmosphere leading to further

intensified transient eddy activity in the Southern

Hemisphere.

Our main objective in this paper is to understand the

dynamical mechanisms for the storm track response in a

warmer climate, both in terms of the change in baroclinic

instability and the change in global energy budget in the

atmosphere. The current study focuses on the GFDL

CM2.1 global coupled climate model simulations. Further

works include the extension to other IPCC models with

available daily data to confirm the connections between

eddy response and global atmospheric energy imbalance.

Simple atmospheric model experiments with doubled car-

bon dioxide will be used to confirm and refine the proposed

causality sequence of the transient eddy response in a

warmer climate. In addition, how the transient eddy wave

structures change under global warming and their con-

nections to the poleward energy transfer will be investi-

gated in future work.
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Appendix

Change in oceanic heat transport

The meridional oceanic heat transport can be derived from

the surface energy balance and is written as

So ¼ Rsurface � SH � LH �r � Fo ð8Þ

where So denotes the rate of ocean heat storage, Rsurface is

the net downward radiative flux at the surface, SH and LH

are the surface upward sensible and latent heat fluxes, and

Fo denotes the oceanic heat transport. The difference from

the derivation in atmospheric energy transport is that the

ocean heat storage can’t be neglected in the long term as

climate warms. The heat storage rate is defined as the

oceanic potential temperature difference between years

1961–2000 and years 2081–2100 integrated over the ocean

depth, multiplying by the sea water density and heat

capacity, divided by the time period of 110 years. It is

quite uniformly distributed over latitude and is calculated

to be about 1.5 W/m2 on global average (consistent with

Russell et al. (2006a)). Increased heat storage is relatively

larger over the Southern Ocean and smaller over the North

Atlantic region (not shown). Figure 13a shows the cli-

matological meridional total, atmospheric and oceanic

energy transport derived from the energy balance

requirement. Taking the differential ocean heat storage

rate into account, Fig. 13b shows the change in total,

atmospheric and oceanic heat transport in the future cli-

mate. It is noted that the oceanic heat transport decreases

almost everywhere whereas the atmospheric heat transport

increases. Held and Soden (2006) pointed out that the

reduction in meridional ocean heat transport serves as a

compensation for the increased poleward latent heat

transport in the atmosphere.
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