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ABSTRACT5

Responses of the atmospheric circulation to a doubling of CO2 are examined in a6

global climate model, focusing on the circulation on both dry and moist isentropes. The7

isentropic circulations are reconstructed using the statistical transformed Eulerian mean8

(STEM), which approximates the isentropic flow from the Eulerian mean and second order9

moments. This approach also makes it possible to decompose the changes in the circulation10

into changes in zonal mean and eddy statistics.11

It is found that, as a consequence of CO2 doubling, the dry isentropic circulation weakens12

across all latitudes. The weaker circulation in the tropics is a result of the reduction in mean13

meridional circulation while the reduction in eddy sensible heat flux largely contributes to14

the slow down of the circulation in the midlatitudes. The heat transport on dry isentropes,15

however, increases in the tropics because of the increase in dry effective stratification whereas16

it decreases in the extratropics following the reduction in eddy sensible heat transport.17

Distinct features are found on moist isentropes. In the tropics, the circulation weakens but18

without much change in heat transport. The extratropical circulation shifts poleward with19

an intensification (weakening) on the poleward (equatorward) flank, primarily due to the20

change in eddy latent heat transport. The total heat transport in the midlatitudes also21

shows a poleward shift but is of smaller magnitude. The differences between the dry and22

moist circulations reveal that in a warming world the increase in midlatitude eddy moisture23

transport is associated with an increase in warm moist air exported from the subtropics into24

the midlatitude storm tracks.25
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1. Introduction26

As a consequence of anthropogenic climate change, the Coupled Model Inter-comparison27

Project phase 3 (CMIP3) models predict several robust impacts of global warming. For28

example, the whole troposphere is expected to extensively warm up from the deep tropics to29

the middle and high latitudes as well as a polar amplification at Northern Hemisphere low30

levels (e.g., Solomon et al. 2007). The water vapor content in the atmosphere is projected31

to increase significantly by about 20% for a 3 K rise of global surface temperature following32

the Clausius-Clapeyron relationship and assuming constant relative humidity (e.g., Held and33

Soden 2006). As the tropical free atmospheric temperature follows the moist adiabat, the34

dry static stability in the tropics increases robustly among models as the surface temperature35

and low-level moisture increases (e.g., Held and Soden 2006; Lu et al. 2008).36

As a result of the large increase in the water vapor content in the atmosphere, the tropical37

circulation is expected to slow down in global warming simulations (Held and Soden 2006).38

They argue that for deep convection, the precipitation rate P is related to the convective39

mass flux M by P = Mq, with q the specific humidity. This amounts to assuming that air40

parcels leaving the boundary layer all condense and precipitate. The percentage change in41

convective mass flux can be written as
δM

M
=

δP

P
− δq

q
≈ δP

P
−α(T )δT , where α ≈ 0.07K−1

42

denoting a 7% increase in saturation vapor pressure for each 1 K temperature rise, and the43

approximation in the equation is due to the Clausius-Clapeyron relation and the assumption44

of constant relative humidity. The precipitation percentage change
δP

P
is about 2%K−1 and45

is largely constrained by the energy budget at the top of the atmosphere and at the surface.46

As the atmospheric water vapor increases more rapidly than the precipitation increase (i.e.47

7%K−1 > 2%K−1), the overturning circulation has to slow down (i.e.
δM

M
< 0). An48

alternative interpretation for the weakening of the tropical mass flux stems from the balance49

between radiative cooling (Q) and adiabatic warming associated with descending motion in50

regions absent of deep convection, i.e. Q = ω
∂θ

∂p
, where ω is the vertical motion and θ is51
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the potential temperature. The stratification in the troposphere (
∂θ

∂p
) is proportional to q52

and thus increases at the same rate as q does. As the radiative cooling doesn’t increase as53

rapidly as the stratification, the descending motion weakens.54

The argument presented by Held and Soden (2006) pertains primarily to the Tropics.55

In the extratropics, the atmospheric general circulation is dominated by the eddies and is56

better quantified in isentropic coordinates. Indeed, the Eulerian-mean circulation in the57

midlatitudes is characterized by the presence of the Ferrel cell which is associated with an58

equatorward energy transport. In contrast, the circulation averaged on isentropic surfaces59

incorporates a contribution from the midlatitude eddies, akin to the Stokes’ drift in gravity60

wave, and exhibits a single Equator-to-Pole overturning cell within each hemisphere. Char-61

acterizing the midlatitude circulation is further complicated by the fact that the isentropic62

circulation depends strongly on the choice made in the definition of the isentropic surfaces.63

Pauluis et al. (2008, 2010) show that the circulation averaged on moist isentropes - defined as64

surfaces of constant equivalent potential temperature - is twice as strong as the circulation65

on dry isentropes - defined as surfaces of constant potential temperature. The difference66

between the dry and moist isentropic circulation is closely tied to the transport of water67

vapor by the midlatitude eddies (Pauluis et al. 2010, 2011; Laliberté et al. 2012). In this68

paper, the changes in both the dry and moist isentropic circulations are used to characterize69

how the midlatitude storm tracks adjust to a warmer climate.70

Laliberté and Pauluis (2010) analyzes the response of the isentropic circulations in an71

ensemble of CMIP3/IPCC AR4 coupled climate models under the A1B scenario. They72

calculated the exact isentropic circulations by summing up the meridional mass flux of air73

parcels with entropy less than certain values. The circulations were analyzed and compared74

in both dry and moist isentropes with the difference depicting the baroclinic eddies extract-75

ing warm moist air from the subtropical lower levels into the midlatitude upper troposphere76

(Pauluis et al. 2008). They demonstrated that, in response to global warming, the midlat-77

itude circulation (averaged over the regions 25oN(S)-60oN(S)) on dry isentropes, in terms78
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of both total mass and heat transports, consistently weakens in winter hemispheres across79

different models while the moist branch, defined as the difference between the dry and moist80

circulations, strengthens. This suggests that, in a warmer climate, the midlatitude eddies81

are expected to play a significant role in the atmospheric circulation by extracting a larger82

amount of warm and moist air from the subtropics into the midlatitudes.83

In this paper, we extend the work of Laliberté and Pauluis (2010) and explore the dy-84

namical mechanisms underlying the circulation responses on dry and moist isentropes to85

global warming. The dynamical mechanisms are explored by using the method of statistical86

transformed Eulerian-mean (STEM) recently developed in Pauluis et al. (2011). The STEM87

method assumes a Gaussian distribution for the joint probability density function of the88

meridional mass transport and provides an analytical formulation for isentropic circulations89

using monthly and zonal mean meridional velocity, isentropes, meridional eddy fluxes and90

eddy variances. The STEM isentropic circulation compares well with that of the exact calcu-91

lation and can be further separated into the Eulerian-mean and the eddy components. One of92

the main advantages of this STEM formulation, over the conventional transformed Eulerian93

mean (TEM) formulation, is that it is applicable in non-stratified vertical coordinates such94

as the equivalent potential temperature θe, making the diagnosis of the circulation on moist95

isentropes feasible. The other improvement is that the streamlines of the STEM circulation96

do close above the surface. The method of STEM provides a valuable framework to analyze97

and understand the isentropic circulation response to global warming.98

As an example of anthropogenic climate change experiment, we make use of an existing99

model experiment with a uniform doubling of CO2 in the atmosphere performed on the100

National Center for Atmospheric Research (NCAR) Community Atmospheric Model version101

3 (CAM3) coupled to a slab ocean model. It has been found in previous studies that102

major features of the doubling CO2 response in the NCAR CAM3 are consistent with that103

in CMIP3/IPCC AR4 multi-model averages such as the broad upper tropospheric warming,104

the rise of the tropopause height and the poleward shift of the extratropical zonal jets and the105
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storm tracks (Wu et al. 2012). In addition, as in Laliberté and Pauluis (2010), the changes106

in dry and moist isentropic circulations are quite robust among different CMIP3/IPCC107

AR4 climate models, especially in winter hemispheres, and the NCAR Community Climate108

System Model (CCSM3.0), which is a fully coupled model with higher horizontal resolution109

of CAM3, is one of them. This provides a certain extent of confidence in further analyzing the110

isentropic circulation response and its associated dynamical mechanisms within this model.111

Of course this technique of the STEM will eventually be applied to an ensemble of the latest112

generation of coupled climate models, i.e. the CMIP5, but the focus of this paper is primarily113

the introduction of the technique and how it works in understanding the isentropic circulation114

response to global warming in the NCAR CAM3. In this paper, we apply the technique of115

the STEM to analyze the circulation response to a doubling of CO2 on both dry and moist116

isentropes. Moreover, the mechanisms underlying these changes are further examined via117

decomposition of the anomalies into the changes in commonly used climate variables such as118

the mean meridional circulation, isentropes, meridional eddy sensible and latent heat fluxes119

and eddy variances according the STEM formulation. Comparisons between the dry and120

moist isentropic circulations also provide a direct assessment of the effects of moisture in the121

atmospheric circulation response to global warming.122

Here is the outline for this paper. In section 2, we introduce the climate model simula-123

tions that were used in this study. In section 3, the diagnostic methodology using the STEM124

formulation is presented. Section 4 presents the climatologies and doubling CO2 responses125

in both dry and moist isentropes and in both Eulerian-mean and eddy circulations and their126

associated dynamical mechanisms. Discussion and conclusion is summarized in Section 5.127

2. Climate Model Simulations128

In this study we make use of a CO2 doubling experiment performed using the NCAR129

CAM3 which is a typical IPCC AR4-class general circulation model (Collins et al. 2006).130
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The atmospheric model is coupled to a slab ocean model, where the ocean heat transport (’Q131

flux’) is prescribed and the sea surface temperatures only adjust to surface energy imbalance,132

and a thermodynamic sea ice model. The experiment generates a pair of single- and doubled-133

CO2 simulations (named 1×CO2 and 2×CO2 thereafter), both of which have a total of 50134

ensemble runs generated with slightly perturbed initial conditions. The CO2 concentration135

is fixed at 355 ppmv for the 1×CO2 simulation while the 2×CO2 simulation instantaneously136

doubles the CO2 concentration to 710 ppmv uniformly everywhere in the atmosphere starting137

from January 1st. Both of the 1×CO2 and 2×CO2 simulations are integrated for 22 years138

until radiative equilibrium is reached. More information on the model itself and experimental139

design can be found in Wu et al. (2012).140

Wu et al. (2012) and Wu et al. (2013) focused on the transient adjustment in the atmo-141

spheric zonal mean circulation immediately after the CO2 concentration is doubled, which142

better reveals the dynamical mechanisms causing the circulation changes to global warming143

than the equilibrium response. It is found that both the tropospheric warming pattern and144

circulation change is well established only after a few months of integration. The tropo-145

spheric jet shift in the Northern Hemisphere (NH) takes place after a westerly anomaly in146

the lower stratosphere, and the authors demonstrated that this ’downward migration’ pro-147

cess occurs via changes in linear refractive index and resulting changes in tropospheric eddy148

propagation in the meridional direction. In the meanwhile, the increased eddy momentum149

flux convergence induces an anomalous mean meridional circulation in the NH extratropics,150

which warms up the subtropical upper troposphere adiabatically. In the equilibrium state,151

a lot of global warming features found in CMIP3/IPCC AR4 models are also well simulated152

in the CAM3, for example, the broad tropical and subtropical upper tropospheric warming153

and the poleward shift of the tropospheric zonal jets and transient eddies. This provides154

credentials in using this model to identify the dynamical mechanisms to global warming.155

The work in Wu et al. (2012) and Wu et al. (2013) is primarily based on the framework156

of conventional zonal mean circulation and the dry dynamics. In this paper, we aim to157
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examine the circulation response as a consequence of CO2 doubling in both dry and moist158

isentropic coordinates in the STEM framework. The dynamical mechanisms underlying159

these changes are also explored via decomposition of the anomalies into changes in different160

climate variables such as the mean meridional circulation, isentropes, eddy flux and eddy161

variance. The role of water vapor in the atmospheric general circulation to global warming162

is also investigated via comparisons between the dry and moist isentropic circulations.163

In this paper, we primarily focus on boreal winter November-December-January-February164

(NDJF) since a large extent of consistency in isentropic circulation response exists among165

different CMIP3/IPCC AR4 coupled models in boreal winter (Laliberté and Pauluis 2010).166

The responses in boreal summer June-July-August-September (JJAS) are also analyzed and167

are in general agreement with the results in boreal winter. In addition, the doubling CO2168

response is defined as the difference between the 2×CO2 and 1×CO2 simulations while the169

climatologies are the results from the 1×CO2 simulations. Both the climatologies and the170

doubling CO2 response are averaged among the 50 ensemble runs.171

3. Diagnostic Methodologies172

Assuming a Gaussian distribution for the meridional mass transport’s joint probabil-173

ity density function, Pauluis et al. (2011) derived a new method for approximating the174

mean meridional circulation in an arbitrary vertical coordinate and it is named the statis-175

tical transformed Eulerian-mean (STEM) formulation. In the STEM framework, isentropic176

streamfunction can be decomposed into the Eulerian-mean and the eddy component, i.e.177

Ψξ,STEM = Ψξ,EUL +Ψξ,EDDY, and178

Ψξ,EUL(v, ξ, ξ′2) =

∫ ξ

−∞

dξ̃

∫

∞

0

dp̃
2πacosφ

g

v
√
2πξ′2

1/2
exp

(−(ξ̃ − ξ)2

2ξ′2

)

(1)179

180

Ψξ,EDDY(v′ξ′, ξ, ξ′2) =

∫ ξ

−∞

dξ̃

∫

∞

0

dp̃
2πacosφ

g

v′ξ′(ξ̃ − ξ)
√
2πξ′2

3/2
exp

(−(ξ̃ − ξ)2

2ξ′2

)

(2)181
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where bars denote zonal and monthly averages and primes present deviations from them.182

Therefore, the eddy component includes both stationary and transient eddies. The atmo-183

spheric circulation in this study is averaged on dry and moist isentropic surfaces, where ξ is184

the potential temperature θ and the equivalent potential temperature θe, respectively. The185

Eulerian-mean streamfunction is a function of the zonal and monthly mean meridional veloc-186

ity v, isentropic surfaces ξ, and variance of isentropes ξ′2 (shown in Equation (1)). The eddy187

streamfunction is determined by the zonally and monthly averaged eddy flux v′ξ′, isentropic188

surfaces ξ, and variance of isentropes ξ′2 (shown in Equation (2)). The major advantage of189

the STEM method is that it can be applied in arbitrary vertical coordinates such as non-190

stratified θe surfaces as opposed to that in the framework of TEM. Also the streamlines of191

the STEM circulation do close at the surface.192

A few quantitative measures of the isentropic circulations are the total mass transport193

∆Ψξ, total heat transport Fξ and effective stratification ∆ξ. The total mass transport194

in ξ coordinate is defined as the difference between the maximum and minimum of the195

streamfunction at certain latitude:196

∆Ψξ = maxξΨξ −minξΨξ (3)197

, the total meridional heat transport in ξ coordinate is written as:198

Fξ =

∫

∞

−∞

ξ̃
∂Ψξ̃

∂ξ̃
dξ̃ (4)199

, and the effective stratification is defined as the ratio of the total meridional heat transport200

and the total mass transport:201

∆ξ =
|Fξ|
∆Ψξ

. (5)202

The meridional ξ transport is conserved in ξ coordinate in the STEM formulation and is the203

same as that in pressure coordinate (Pauluis et al. 2011). The effective stratification can be204

qualitatively regarded as the thickness of the overturning cell in ξ coordinate.205
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In a changing climate, climate variables such as the zonal and time mean meridional206

velocity, isentropic surfaces, eddy fluxes and eddy variance are expected to change, all of207

which alter the circulation in isentropic coordinate. According to the formulation of the208

STEM, we decompose the anomalies in isentropic streamfunction into the contributions209

due to the changes in the mean meridional velocity v, the eddy flux v′ξ′, and the mean210

isentropic surface ξ and its variance ξ′2. For example, the decomposition for the Eulerian-211

mean streamfunction anomaly writes as:212

DΨξ,EUL = Ψξ,EUL(v2, ξ2, ξ′22 )−Ψξ,EUL(v1, ξ1, ξ′21 )213

≈ DΨξ,EUL(∆v) +DΨξ,EUL(∆ξ) +DΨξ,EUL(∆ξ′2), (6)214

215

with216

DΨξ,EUL(∆v) = Ψξ,EUL(v2, ξ1, ξ′21 )−Ψξ,EUL(v1, ξ1, ξ′21 ) (7a)217

DΨξ,EUL(∆ξ) = Ψξ,EUL(v1, ξ2, ξ
′2
1 )−Ψξ,EUL(v1, ξ1, ξ

′2
1 ) (7b)218

DΨξ,EUL(∆ξ′2) = Ψξ,EUL(v1, ξ1, ξ′22 )−Ψξ,EUL(v1, ξ1, ξ′21 ). (7c)219

220

Here, v1(2) and ξ1(2) denote the climatological (perturbed) variables. In Equation (6), the221

change in Ψξ,EUL is decomposed into the streamfunction change due to the change in the mean222

meridional velocity alone DΨξ,EUL(∆v), due to the change in the mean isentropic surface223

alone DΨξ,EUL(∆ξ), and due to the change in the variance of isentropes alone DΨξ,EUL(∆ξ′2).224

Similarly for the anomaly in Ψξ,EDDY:225

DΨξ,EDDY = Ψξ,EDDY(v
′

2ξ
′

2, ξ2, ξ
′2
2 )−Ψξ,EDDY(v

′

1ξ
′

1, ξ1, ξ
′2
1 )226

≈ DΨξ,EDDY(∆v′ξ′) +DΨξ,EDDY(∆ξ) +DΨξ,EDDY(∆ξ′2), (8)227

228

with229

DΨξ,EDDY(∆v′ξ′) = Ψξ,EDDY(v′2ξ
′

2, ξ1, ξ
′2
1 )−Ψξ,EDDY(v′1ξ

′

1, ξ1, ξ
′2
1 ) (9a)230

DΨξ,EDDY(∆ξ) = Ψξ,EDDY(v
′

1ξ1, ξ2, ξ
′2
1 )−Ψξ,EDDY(v

′

1ξ1, ξ1, ξ
′2
1 ) (9b)231

DΨξ,EDDY(∆ξ′2) = Ψξ,EDDY(v′1ξ1, ξ1, ξ
′2
2 )−Ψξ,EDDY(v′1ξ1, ξ1, ξ

′2
1 ) (9c)232

233
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where the change in Ψξ,EDDY is decomposed into the circulation change due to the change234

in the eddy flux only DΨξ,EDDY(∆v′ξ′), due to the change in mean isentropic surfaces only235

DΨξ,EDDY(∆ξ), and due to the change in the variance of isentropes only DΨξ,EDDY(∆ξ′2).236

It turns out that this decomposition works well with the added contribution approximately237

equal the direct calculation of the anomaly (to be discussed in Results).238

4. Results239

In this paper, we focus primarily on boreal winter November-December-January-February240

(NDJF) for both hemispheres. The results are generally robust in boreal summer and will241

be discussed briefly at the end of this section.242

a. Exact and STEM Isentropic Circulations243

Figure 1(a)(b) shows the climatological total STEM isentropic streamfunctions on θ and244

θe coordinates, respectively, averaged over NDJF from the CAM3-SOM 1×CO2 simula-245

tions, which is the sum of the Eulerian-mean and the eddy components, i.e. Ψθ(θe),STEM =246

Ψθ(θe),EUL+Ψθ(θe),EDDY. As a comparison, Figure 1(c)(d) shows the exact calculations of the247

isentropic streamfunctions by summing up the meridional mass flux with θ and θe less than248

certain values. Both the dry and moist isentropic circulations from the model simulations249

show a single overturning cell in each hemisphere and agree well with that of the exact250

calculations and the results from reanalysis datasets (see Figure 1 in Pauluis et al. 2011).251

In the Northern Hemisphere, while the dry isentropic circulation is dominated by a strong252

Hadley Cell in the tropics and a strong eddy circulation in the midlatitudes, the moist isen-253

tropic circulation strongly connects the two, spanning extensively from the deep tropics to254

the polar region, and maximizes in the subtropics-midlatitudes. The intensity of the moist255

isentropic circulation is also much larger than that of the dry one and the additional mass256

transport on moist isentropes corresponds to a poleward flow of warm moist air rising from257
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the surface to the upper troposphere in the midlatitudes as demonstrated in Pauluis et al.258

(2008).259

Figure 1(e)(f) shows the changes in the dry and moist STEM isentropic circulations as260

a consequence of CO2 doubling from the model simulations, respectively. As a reference,261

the responses from the exact calculations are shown in Fig. 1(g)(h), where large similarities262

can be seen between the STEM formulation and the exact calculations except for minor263

differences in the upper branch of the dry circulation in the NH midlatitudes. The stream-264

function Ψθ,STEM shows an overall shift toward higher potential temperature. Furthermore,265

in the tropical regions, the potential temperature in the upper tropospheric branch increases266

more than the potential temperature of the surface flow. This is consistent both with a global267

increase in temperature and with an increase in the tropical stratification that is expected268

from the overall increase in water vapor content in the deep convective regions (Held and269

Soden 2006). We also observe an overall weakening of the dry isentropic circulation on low270

θ surfaces consistently across latitudes. The weakening of the circulation in the tropics is in271

agreement with (Held and Soden 2006) where they argued that the tropical convective mass272

flux is expected to slow down because of the larger increase in water vapor content than that273

of the precipitation. However, this argument only applies in the tropics in their study, and274

a key result in this paper is that the framework of isentropic circulation indicates that the275

weakening of the circulation extends into the midlatitudes in both hemispheres. Therefore,276

as a result of global warming, the general circulation of the atmosphere averaged on dry277

isentropes is projected to weaken across the globe, not only in the tropics, but also in the278

midlatitudes in both hemispheres.279

The changes in Ψθe,STEM also corresponds to a shift of the circulation toward higher280

value of θe, indicative of a significant warming and moistening of the atmosphere. In con-281

trast to the change in the dry circulation, this upward shift is of comparable magnitude in282

the equatorward as in the poleward flow: the increase in low level humidity closely matches283

the increase in upper tropospheric potential temperature. As a result, the moist stratifica-284
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tion does not vary noticeably. Whether it is an overall weakening or intensification of the285

moist circulation is hard to identify from Figure 1(f) alone. This will be further quantified286

later via the calculation of total mass transport. In the following, we discuss the separation287

of the isentropic circulation into the Eulerian-mean and the eddy components and the de-288

composition of their global warming anomalies into the changes in different climate variables289

according to the STEM formulation.290

b. Decomposition of the STEM Isentropic Circulation Anomalies to A Dou-291

bling of Carbon Dioxide292

Using the STEM methodology as well as Equations (6) and (7), we can attribute the293

changes in the Eulerian-mean circulation to changes in zonal and time mean meridional ve-294

locity, isentrope and its variance. Similarly, changes in eddy circulation can be attributed295

to changes in zonal and time mean meridional eddy flux, isentrope and its variance, as296

in Equations (8) and (9). To better understand the physical mechanisms underlying the297

isentropic circulation response to global warming, the circulation anomalies are further de-298

composed into changes in different climate variables according to the STEM formulation and299

Equations (6)-(9).300

1) Circulation on Dry Isentropes301

Figure 2(a)(b) show the climatological Eulerian-mean (Ψθ,EUL) and eddy streamfunctions302

(Ψθ,EDDY) on dry isentropes during boreal winter. The Eulerian-mean circulation is com-303

prised of a strong Hadley Cell in the tropics, spanning approximately from 30oS to 30oN,304

and a relatively weak Ferrel Cell in the extratropics in both hemispheres. The correspond-305

ing circulation anomalies in response to CO2 doubling are shown in Figure 2(c)(d) and are306

largely statistically significant at above the 95% significance level among different ensemble307

runs (see grey shadings). To the first order, the responses in both Eulerian-mean and eddy308
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components are characterized by an ’upward’ shift towards warmer potential temperature309

and an overall weakening of the circulation.310

We consider first the contributions to the changes in the Eulerian-mean streamfunction311

(shown in Fig. 2(c)). Both the changes in mean temperature and mean meridional velocity312

contribute to the change in the streamfunction (DΨθ,EUL(∆θ) as shown in Fig. 2(e) and313

DΨθ,EUL(∆v) as shown in Fig. 2(g)), with negligible contribution from the change in the314

variance of θ (DΨθ,EUL(∆θ′2); not shown). The sum of these contributions is nearly equal to315

the difference in the circulation, suggesting that the changes in nonlinear terms remain small316

enough for the linear decomposition to be valid. The circulation anomaly due to the change317

in θ alone corresponds to the ’upward’ shift of the circulation toward warmer temperature.318

It also reveals the increase in tropical dry stratification due to the fact that the potential319

temperature in the poleward flow of the Hadley Cell increase more than the equatorward320

flow at the surface (shown in Fig. 2(e)). The streamfunction anomaly due to the change in321

mean meridional velocity (shown in Fig. 2(g)), corresponds to a weakening of the Hadley322

Cell and a poleward shift of the NH Ferrel Cell with a strengthening (weakening) of the323

circulation on the poleward (equatorward) flank of the jet. The poleward shift of the NH324

Ferrel Cell is consistent with the poleward shift of the midlatitude storm tracks to increased325

greenhouse warming found in previous studies (e.g., Yin 2005).326

Similarly applying the STEM methodology (Equations (8) and (9)) to the CO2 doubling327

response in Ψθ,EDDY, the change in Ψθ,EDDY is largely attributed to the change in temperature328

as well as eddy sensible heat flux (DΨθ,EDDY(∆θ) as shown in Fig. 2(f) and DΨθ,EDDY(∆v′θ′)329

as shown in Fig. 2(h)). The streamfunction change due to the change in θ alone again shows330

an ’upward’ shift of the eddy circulation towards higher θ surfaces for both hemispheres331

(shown in Fig. 2(f)). As noted above, this shift is more pronounced in the upper troposphere332

than near the surface, resulting in a deepening of the circulation in dry isentropic coordinates.333

As shown in Fig. 2(h), a weakening of the eddy sensible heat flux occurs in both hemispheres334

and contributes to a broad weakening of the isentropic circulation in the midlatitudes. This335

13



decrease in midlatitude eddy sensible heat flux is a result of reduction in both stationary336

and transient eddies (to be shown later in Figure 6(a)). The contribution due to the change337

in the variance alone is again small compared to other terms (not shown).338

2) Circulation on Moist Isentropes339

Figure 3 shows the changes on the circulation averaged on moist isentropes θe. Because340

of the smaller vertical variation in θe in the tropics and some cancellation of the lower and341

upper tropospheric flow with the same value of θe, the climatological tropical Hadley Cell on342

moist isentropes is shallower and spans over a smaller range of θe than that on dry isentropes343

(shown in Fig. 3(a)). The climatological eddy circulation on moist isentropes includes both344

sensible and latent heat transports associated with the eddies and thus is much stronger345

than that on dry isentropes (shown in Fig. 3(b)). The difference between the dry and moist346

isentropic circulations reveals the moisture transport carried out by the eddies which play an347

important role in extracting water vapor from the subtropics into the midlatitudes (Pauluis348

et al. 2008).349

The response in Ψθe,EUL to CO2 doubling and its decomposition based on the STEM350

formulation are shown in Figure 3 (left). The features are broadly consistent with that on351

dry isentropes except for the narrower structure: the circulation generally shifts towards352

larger θe values over the entire globe, primarily due to the change in θe (shown in Fig.353

3(e)), and the Hadley circulation slightly weakens and the NH Ferrel Cell moves towards354

higher latitudes because of the change in mean meridional flow (shown in Fig. 3(g)). When355

comparing with the corresponding on dry isentropes (Fig. 2(c) and Fig. 3(c)), we note that356

the main difference lies in that the increase in equivalent potential temperature is similar in357

the poleward and equatorward branch (while the increase in potential temperature is larger358

in the poleward branch of the circulation) which suggests that changes in the atmospheric359

stratification are closely tied to the low level equivalent potential temperature response, even360

outside the tropics.361
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The change in the eddy contribution Ψθe,EDDY is much larger than the corresponding362

changes in the dry circulation Ψθ,EDDY and spans extensively from the deep tropics to the363

polar regions (shown in Fig. 3(d)). It is dominated by the streamfunction change due to the364

change in θe alone, which shows an ’upward’ shift towards larger values of θe and indicates365

the substantial moistening of the atmosphere in addition to warming (shown in Fig. 3(f)). In366

addition, as shown in Fig. 3(h), the streamfunction change due to the change in v′θ′e shows367

a weakening of the eddy circulation in the subtropics but a strengthening in the middle368

and high latitudes for both hemispheres. This is in strong contrast with the changes for369

the circulation on dry isentropes which shows an overall weakening of the eddy circulation370

(shown in Fig. 2(h)). This suggests that, despite a weakening of the eddy sensible heat flux,371

the meridional latent heat transport associated with the eddies significantly intensifies in the372

middle and high latitudes and compensates for the reduction in eddy sensible heat flux in373

these regions. This translates into an intensification of the circulation on moist isentropes374

in middle and high latitudes.375

Pauluis et al. (2008) presented the atmospheric zonal mean circulation on moist isen-376

tropes and showed from reanalysis datasets that the long-term mean circulation on moist377

isentropes is about twice as large as that on dry isentropes. Here we have shown that the378

circulations on dry and moist isentropes respond differently to an increase in greenhouse379

gas concentration. The dry circulation shows an overall weakening, which is tied both to380

weakening of the Hadley cell in the tropics and to a reduction of the eddy transport of sen-381

sible heat in the midlatitudes. In contrast, the circulation on moist isentropes weakens in382

the tropics and subtropical regions, but intensifies in in the midlatitudes and polar regions.383

The midlatitudes changes is dominated by the increase in the poleward eddy transport of384

moisture.385
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c. Changes in Total Mass and Heat Transport386

1) Circulation on Dry Isentropes387

The changes in dry and moist isentropic circulations are further quantified through the388

measure of total mass transport ∆Ψ and total heat transport F for both the Eulerian-mean389

and the eddy components and the sum of the two.390

Figure 4(a) shows the climatological and anomalous Eulerian-mean mass transport on391

dry isentropes and its decomposition into the changes in v, θ, and θ′2. It turns out that392

the contributions from the changes in θ and θ′2 are small and the total mass transport393

anomaly is mainly attributed to the change in the mean meridional flow. The intensity of394

the Hadley Cell, measured by the maximum mass transport, in general weakens, and this is395

in agreement with the global warming response found in CMIP3/IPCC AR4 coupled climate396

models (Held and Soden 2006). The NH Ferrel Cell shifts slightly poleward and intensifies397

on the poleward flank of its climatological position. The change in Eulerian-mean energy398

transport is, however, different from that in mass transport, especially in the tropics, and399

is shown in Fig. 4(b). Indeed, an increase in atmospheric stratification makes it possible400

for weaker mass flux to result in an enhanced heat transport, as can be noticed in the NH.401

One can also observe an increase in the divergence of heat transport on the northern side402

of the Equator, which is most likely associated with enhanced precipitation in these regions.403

Note also that the poleward shift of the NH Ferrel cell corresponds to an equatorward heat404

transport at high latitudes. Figure 4(c)(d) shows the changes for the eddy circulation and405

the attributions to the changes in θ, θ′2 and v′θ′. The total mass and heat transport in the406

eddy circulation decrease in the extratropics in both hemispheres, especially the NH, which407

are primarily due to the reduction in eddy sensible heat flux.408

The sum of the Eulerian-mean and the eddy circulations is shown in Figure 4(e)(f).409

The total mass transport decreases across all latitudes especially in the tropics and the NH410

midlatitudes. The weaker circulation within the tropics is primarily due to the weakening411
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of the mean meridional circulation while the weakening in the midlatitudes is a result of412

reduction in meridional eddy sensible heat flux. The total heat transport overall intensifies413

within the Hadley Cell as a result of the dry stratification increase in the tropics despite414

weaker mass transport. The poleward heat transport decreases in the NH midlatitudes as415

a result of both the reduction in poleward heat transport by the eddies and the increase416

in equatorward heat transport by the Ferrel Cell. The percentage decrease is larger for the417

total heat transport in the midlatitudes than that of the total mass transport, which implies418

a reduction in dry effective stratification in these regions.419

2) Circulation On Moist Isentropes420

The changes in the circulation on moist isentropes, shown in Figure 5, are quite different421

from the changes of the circulation averaged on dry isentropes circulation. The climato-422

logical Eulerian-mean mass and heat transport is smaller on moist isentropes because the423

relatively high value of equivalent potential temperature near the surface results in a partial424

compensation between the lower and upper level flow when the circulation is varied on θe425

surfaces. It is found that, as a consequence of CO2 doubling, the Eulerian-mean mass trans-426

port ∆Ψθe,EUL weakens in the tropics, primarily because of the change in mean meridional427

circulation. The Eulerian-mean heat transport Fθe,EUL, however, doesn’t change much within428

the Hadley Cell: there is a strong degree of compensation between an increased equatorward429

moisture transport and an increased poleward potential temperature transport as shown in430

Fig. 4(b). In the NH midlatitudes, both the total mass and heat transports increase but the431

latter with smaller percentage increase relative to the climatology.432

The climatological mass transport by the eddies on moist isentropes is approximately433

twice as large as that on dry isentropes in the midlatitudes (shown in Fig. 4(c) and Fig.434

5(c)), in good agreement with Pauluis et al. (2008). The change in eddy mass transport435

shows a poleward shift in both hemispheres with a reduction of mass transport equatorward436

of the climatological maximum location, i.e. at about 40o in each hemisphere, and an increase437
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poleward of it. This change is due to both the changes in θe and v′θ′e, both of which contribute438

to the poleward shift of the mass transport. The mass transport change due to the change439

in θ′2e alone is an increase in the NH midlatitudes but a decrease in the SH midlatitudes.440

Similarly for the change in Fθe,EDDY, it also shows a poleward shift, as a result of both the441

changes in θe and v′θ′e, but is of much smaller percentage change in comparison to that in442

total mass transport.443

Figure 5(e)(f) shows the response in total mass and heat transport calculated from the444

sum of Ψθe,EUL and Ψθe,EDDY. The change in total mass transport generally decreases in the445

tropics but shows a poleward shift in the midlatitudes for both hemispheres. The total heat446

transport generally decreases except at middle and high latitudes, but it is comparatively447

smaller than the change in the mass transport. This implies an increase in moist effective448

stratification at low latitudes while a reduction in the NH middle and high latitudes.449

This analysis of the moist circulation indicates that while the midlatitudes eddies would450

transport less sensible heat, this is, in large part, compensated by a higher water vapor451

transport. This compensation is not complete, but is in fact associated with a slight poleward452

shift in total energy transport. Furthermore, in contrast to the dry circulation which weakens453

through the entire globe, the moist circulation shows a significant intensification in the middle454

and high latitudes. The increase in mass transport in these regions cannot be explained by455

the increase in poleward heat flux alone, but is due, in a significant part, to a reduction in456

the effective stratification for equivalent potential temperature. From a physical point of457

view, this is likely due to the poleward intensification which results in an enhanced warming458

and moistening of low level air masses at high latitudes. As these air masses are advected459

equatorward with higher values of θe, a larger total mass transport is then necessary to460

achieve the same amount of heat transport.461

The global warming responses simulated by the NCAR CAM3-SOM are broadly con-462

sistent with the results in CMIP3/IPCC AR4 coupled models such as the weakening of the463

tropical circulation. However, there is some discrepancy in the change of the poleward atmo-464
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spheric energy transport in this model. As found in Held and Soden (2006), the atmospheric465

energy transport, averaged across CMIP3/IPCC AR4 models, increases across the globe with466

increased poleward dry static energy dominating in the tropics and increased eddy latent467

heat transport dominating in the extratropics. On the contrary, the total heat transport in468

the CAM3-SOM in response to CO2 doubling generally decreases except at middle and high469

latitudes, and this is consistent with the energy flux change at the top of the atmosphere470

(TOA) (not shown). This discrepancy in the CAM3-SOM simulations is probably related to471

the negative cloud feedback in this model and in equilibrated state less energy is required472

to transport out of the tropics. Zhang and Bretherton (2008) noted the negative cloud473

feedback in this model and the underlying mechanisms were explored by using an idealized474

single-column model with prescribed large-scale forcing conditions. It was found that both475

the higher cloud liquid water content in stratiform clouds and the longer cloud life cycle476

contribute to the negative cloud feedback in this model. It is noted here that we have in477

mind that certain biases may exist in one single model, and eventually we will extend this478

STEM decomposition analysis to an ensemble of CMIP5 coupled climate models to examine479

the robustness of the results in this paper.480

3) Moisture transport481

It has been widely recognized that the water vapor will play an important role in the482

future warming climate (e.g., Held and Soden 2006). In this paper, we analyze the role of483

moisture by comparing the isentropic circulations on dry and moist isentropes, especially the484

circulation accomplished by the eddies. As in Laliberté and Pauluis (2010), the moist branch485

in the eddy circulation is defined as the difference between the dry and moist isentropic486

circulations, i.e. Ψθe,EDDY −Ψθ,EDDY. Figure 6 shows the total mass and heat transport and487

their response to CO2 doubling in both dry and moist branches by the eddies. To better488

understand the dynamics, the response in transient and stationary eddies is also shown. As489

mentioned above, both the mass and heat transport in the dry branch decrease, which is490
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a result of the weakening of both stationary and transient eddies (shown in Fig. 6(a)(b)).491

The transient eddy sensible heat flux decreases in the lower troposphere in northern winter492

and this is probably because of the strong polar amplification and resulting reduction in493

meridional temperature gradient at low levels (not shown). The sensible heat flux by the494

stationary waves is also found to decrease in this model as a consequence of global warming.495

In comparison, the change in total mass transport within the moist branch shows a poleward496

shift in both hemispheres with increased (decreased) mass transport poleward (equatorward)497

of 30oN and 40oS. This is primarily due to the change in transient eddies in the subtropics498

and midlatitudes, and to a lesser extent, the change in stationary waves in the NH higher499

latitudes. The eddy latent heat transport is found to intensify in both hemispheres largely500

due to the response in transient eddies in the midlatitudes, and to a lesser extent, the501

change in stationary waves in the subtropics and NH higher latitudes. Compared to the502

change in the dry branch, the increased heat transport in the moist branch shows a large503

compensation with the reduction in the dry one. This compensation between the change in504

dry static energy and the change in latent heat transport in response to global warming was505

also found in CMIP3/IPCC AR4 multi-model averages in Held and Soden (2006).506

d. Results for Boreal Summer June-July-August-September507

Figures 7-10 show the corresponding results for boreal summer averaged over June-July-508

August-September (JJAS) from the CAM3-SOM doubling CO2 simulations. The STEM509

isentropic circulation agrees well with that of the exact calculation on both dry and moist510

isentropes during JJAS (shown in Figure 7), thus understanding the circulation response511

to a doubling of CO2 using the STEM formulation is valid. The CO2 doubling response512

using the STEM formulation is also similar to that of the exact calculation (not shown),513

which shows a similar weakening of the dry isentropic circulation across all latitudes in both514

hemispheres as well as an ’upward’ shift towards larger values of θ, especially in the tropics515

(shown in Fig. 7(e)). In comparison, the change in moist isentropic circulation is of larger516
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amplitude and shows an extensive ’upward’ shift from the deep tropics to the polar regions517

in both hemispheres (shown in Fig. 7(f)).518

The isentropic circulation is further separated into the Eulerian-mean and the eddy519

components, and the STEM decomposition of their streamfunction anomalies during boreal520

summer is shown in Figure S1 and S2. The responses on both dry and moist isentropes521

are largely similar to the results in boreal winter and show a general weakening of the dry522

circulation across all latitudes while an intensification of the moist circulation in the middle523

and high latitudes, especially for the SH. To better quantify the circulation, Figure 8 shows524

the climatological total mass and heat transports and their responses to CO2 doubling on525

dry isentropes. The dry circulation in the tropics weakens, due to the reduction in mean526

meridional circulation (shown in Fig. 8(a)); the total heat transport, however, in general527

increases in the tropics because of the increase in dry effective stratification (shown in Fig.528

8(b)). In the extratropics, both the total mass and heat transports decrease, mainly as529

a result of the reduction in eddy sensible heat flux (shown in 8(c)(d)). The change in530

mean isentropic surfaces also contributes to the weakening of the eddy circulation in the SH531

midlatitudes.532

The moist isentropic circulation is found to respond differently and is shown in Figure533

9. Because of the cancellation between the increased poleward dry static energy and the534

increased equatorward moisture transport, there is little change in the Eulerian-mean total535

heat transport in the tropics. In the extratropics, the changes in both mass and heat trans-536

ports in the eddy circulation show a poleward shift, especially in the SH midlatitudes with537

intensification (reduction) poleward (equatorward) of 40oS. The eddy circulation in general538

weakens in the NH extratropics except for a slight intensification poleward of 60oN.539

Figure 10 shows the eddy circulation anomaly in the moist branch, together with the540

results in the dry branch during boreal summer. While the total mass transport in the dry541

branch shows a reduction in both hemispheres, the moist branch shows a poleward shift with542

an intensification (reduction) poleward (equatorward) of about 40oN(S), primarily due to the543
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change in transient eddies. The total heat transport in the dry branch decreases in both544

hemispheres due to the weakening of both stationary and transient eddies. In contrast, the545

meridional eddy latent heat transport intensifies across the globe, as a result of the change546

in transient eddies in the SH and in both transient and stationary waves in the NH. This,547

to some extent, compensates the reduction in the dry circulation.548

5. Discussion and Conclusion549

The atmospheric general circulation averaged on isentropic surfaces is expected to change550

in a warmer climate. Laliberté and Pauluis (2010) found that, in response to rising green-551

house gases, the circulation on dry isentropes, averaged in the midlatitudes, is projected to552

weaken while the difference between the dry and moist isentropic circulations strengthens553

in wintertime. The results are quite robust for an ensemble of CMIP3/IPCC AR4 cou-554

pled climate models under the A1B scenario. In this paper, we aim to better understand555

the dynamical mechanisms underlying the circulation changes on dry and moist isentropes556

to global warming by focusing on an ensemble of equilibrium integrations from the NCAR557

CAM3 coupled to a slab ocean model as a result of CO2 doubling. We apply the newly devel-558

oped STEM methodology to analyze the circulation on both dry and moist isentropes with559

the difference depicting the effects of water vapor. The STEM formulation also separates560

the isentropic circulation into the Eulerian-mean circulation, which dominates in the tropics,561

and the eddy circulation which maximizes in the extratropics. Following the formulation of562

the STEM, the isentropic circulation response to CO2 doubling is further decomposed into563

the circulation change due to the change in commonly used zonal and monthly mean climate564

variables such as the mean isentrope, meridional velocity, meridional eddy fluxes and eddy565

variance.566

The Eulerian-mean circulation on dry isentropes is dominated by the strong Hadley567

circulation in the tropics, which weakens as a consequence of CO2 doubling, largely due to568
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the weakening of the mean meridional circulation. This is in agreement with Held and Soden569

(2006) where they interpreted the weakening of the tropical circulation as a result of faster570

increase in water vapor content than that of the precipitation. Despite the weakening of the571

tropical circulation, the total heat transport in general strengthens, suggesting an increase in572

dry effective stratification in the tropics. More importantly in this paper, we found that the573

weakening of the Hadley Cell extends to the midlatitudes when one considers the circulation574

averaged on dry isentropes. It is found that both the total mass and heat transports in575

the eddy circulation weaken in the extratropics, primarily as a result of the weakening in576

sensible heat flux by the stationary and transient eddies. The larger percentage reduction in577

heat transport than that in mass transport suggests a decrease in dry effective stratification578

in the NH middle and high latitudes.579

Furthermore, the circulation responses have a distinct manifestation on moist isentropes580

compared to the results on dry ones. The tropical Hadley Cell also weakens on moist581

isentropes but without much change in total heat transport due to the large compensation582

between the increased equatorward moisture transport and the increased poleward dry static583

energy transport. In the extratropics, the eddy circulation on moist isentropes displays a584

poleward shift with an intensification (reduction) on the poleward (equatorward) flank for585

both hemispheres. This can be attributed to the changes in meridional eddy equivalent586

potential temperature transport and mean moist isentropic surface. The total heat transport587

associated with the eddies also shows a poleward shift but is of smaller magnitude than that588

of the mass transport, implying a decrease in moist effective stratification in the extratropics.589

The different responses between the dry and moist isentropic circulations in the midlat-590

itudes are closely related to the change in poleward moisture transport by the eddies. The591

moist branch, which is defined as the difference between the dry and moist eddy circulations,592

significantly intensifies in the middle and high latitudes while weakening in the subtropics,593

as a result of both stationary and transient eddies extracting more water vapor from the594

subtropics to the middle and high latitudes. The intensification of the moist branch indeed595

23



dominates over the weakening of the dry circulation, leading to the poleward shift of the596

moist isentropic circulation in the extratropics. As for heat transport, there is a large de-597

gree of compensation between the intensified poleward moisture transport and the reduced598

sensible heat transport, which is also consistent with the results in Held and Soden (2006).599

This study points to the importance of diagnosing the atmospheric general circulation on600

both dry and moist isentropes. Depicting the circulation and its response on dry isentropes601

alone could be misleading in this context. Compared to the dry isentropic circulation, the602

moist circulation includes the meridional eddy latent heat flux which significantly changes603

in a warmer climate and affects the general circulation response to global warming. While604

the dry circulation in general weakens across the globe, the moist branch intensifies and,605

in fact, to a large extent, compensates the reduction in the dry branch. This implies that,606

in a warmer climate, the storm tracks would extract more warm moist air masses from the607

subtropics, leading to enhance precipitation in the midlatitudes.608

One caveat of this study is the use of one single model and the model’s possible biases. As609

discussed above, as opposed to the increased global atmospheric poleward energy transport610

found in most CMIP3/IPCC AR4 coupled climate models and atmospheric models with slab611

ocean models (Held and Soden 2006; Hwang and Frierson 2010), the total energy transport612

in the NCAR CAM3 coupled to a slab ocean model generally decreases except at the middle613

and high latitudes. This is probably related to the negative cloud feedback in this model614

(Zhang and Bretherton 2008), which tends to reduce the atmospheric heat transport out of615

the tropics. Therefore, an extension to an ensemble of CMIP5 coupled climate models is of616

necessity. The robustness of the results shown in this paper will be discussed, in particular,617

the contributions from the stationary and transient eddies in determining the change in total618

mass and heat transport, and also the change in dry and moist effective stratification and619

its underlying physical mechanisms.620
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List of Figures662

1 The climatological streamfunctions on dry and moist isentropes calculated663

based on the statistical transformed Eulerian-mean (STEM) formulation dur-664

ing November-December-January-February (NDJF) from the CAM3-SOM 1×CO2665

simulations (a)(b). Same as (a)(b) but for the exact calculations of the isen-666

tropic streamfunction (c)(d). The doubling CO2 response on dry and moist667

isentropes from the STEM methodology (e)(f), and from the exact calculation668

(g)(h). The contour intervals are 2×1010 kg/s for (a)-(d), and 0.5×1010 kg/s669

for (e)-(h), and negative contours representing clockwise motion are dashed. 29670

2 Decomposition of the changes in isentropic streamfunction for Ψθ,EUL (left)671

and Ψθ,EDDY (right). (a) The climatological Ψθ,EUL and (c) its doubling CO2672

response. The decomposition into the changes in (e) θ alone and (g) v alone.673

The same for the eddy circulation except for (h) showing the streamfunction674

change due to the change in v′θ′. The contour intervals are 2× 1010 kg/s for675

(a)(b), 0.5 × 1010 kg/s for (c)(d) and 0.2 × 1010 kg/s for others. The grey676

shadings in (c)(d) indicate the 95% statistical significance. 30677

3 Same as Figure 2 but for the circulation on moist isentropes. 31678

4 The changes in Eulerian-mean mass transport ∆Ψθ,EUL (a) and heat transport679

Fθ,EUL (b) on dry isentropes and their decomposition into the changes in θ680

(dash-dot line), θ′2 (dotted line) and v (dashed line), as indicated in legend,681

and is shown in the first row. The same for the second row but for ∆Ψθ,EDDY682

(c) and Fθ,EDDY (d) and the decomposition into θ (dash-dot line), θ′2 (dotted683

line) and v′θ′ (dashed line). The sum of the Eulerian-mean and the eddy684

components is shown in the third row. The climatologies are also plotted in685

thin solid lines but are divided by a factor of 10. 32686

5 Same as Figure 4 but for the circulation on moist isentropes. 33687
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6 The doubling CO2 response (thick solid line) in eddy mass and heat transport688

in the dry (first row) and moist branch (second row) as well as the decom-689

position into the stationary (thick dashed line) and transient eddies (thick690

dash-dot line). The climatologies are plotted in thin solid lines and are di-691

vided by a factor of 10. 34692

7 Same as Figure 1 but for JJAS averages. 35693

8 Same as Figure 4 but for JJAS averages. 36694

9 Same as Figure 5 but for JJAS averages. 37695

10 Same as Figure 6 but for JJAS averages. 38696
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Fig. 1. The climatological streamfunctions on dry and moist isentropes calculated based on
the statistical transformed Eulerian-mean (STEM) formulation during November-December-
January-February (NDJF) from the CAM3-SOM 1×CO2 simulations (a)(b). Same as (a)(b)
but for the exact calculations of the isentropic streamfunction (c)(d). The doubling CO2

response on dry and moist isentropes from the STEM methodology (e)(f), and from the
exact calculation (g)(h). The contour intervals are 2× 1010 kg/s for (a)-(d), and 0.5× 1010

kg/s for (e)-(h), and negative contours representing clockwise motion are dashed.
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Fig. 2. Decomposition of the changes in isentropic streamfunction for Ψθ,EUL (left) and
Ψθ,EDDY (right). (a) The climatological Ψθ,EUL and (c) its doubling CO2 response. The
decomposition into the changes in (e) θ alone and (g) v alone. The same for the eddy
circulation except for (h) showing the streamfunction change due to the change in v′θ′. The
contour intervals are 2× 1010 kg/s for (a)(b), 0.5× 1010 kg/s for (c)(d) and 0.2× 1010 kg/s
for others. The grey shadings in (c)(d) indicate the 95% statistical significance.
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Fig. 3. Same as Figure 2 but for the circulation on moist isentropes.
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Total Mass Transport Total Heat Transport

Fig. 4. The changes in Eulerian-mean mass transport ∆Ψθ,EUL (a) and heat transport
Fθ,EUL (b) on dry isentropes and their decomposition into the changes in θ (dash-dot line),
θ′2 (dotted line) and v (dashed line), as indicated in legend, and is shown in the first row.
The same for the second row but for ∆Ψθ,EDDY (c) and Fθ,EDDY (d) and the decomposition
into θ (dash-dot line), θ′2 (dotted line) and v′θ′ (dashed line). The sum of the Eulerian-mean
and the eddy components is shown in the third row. The climatologies are also plotted in
thin solid lines but are divided by a factor of 10.
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Fig. 5. Same as Figure 4 but for the circulation on moist isentropes.
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Fig. 6. The doubling CO2 response (thick solid line) in eddy mass and heat transport in
the dry (first row) and moist branch (second row) as well as the decomposition into the
stationary (thick dashed line) and transient eddies (thick dash-dot line). The climatologies
are plotted in thin solid lines and are divided by a factor of 10.
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Fig. 7. Same as Figure 1 but for JJAS averages.
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Fig. 8. Same as Figure 4 but for JJAS averages.
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Fig. 9. Same as Figure 5 but for JJAS averages.
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Fig. 10. Same as Figure 6 but for JJAS averages.
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