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ABSTRACT6

We quantify the relationship between the location of the intertropical convergence zone7

(ITCZ) and the atmospheric heat transport across the equator (AHTEQ) in climate models8

and in observations. The observed zonal mean ITCZ loaction varies from 5.3◦S in the Boreal9

winter to 7.2◦N in the Boreal summer with an annual mean position of 1.65◦N while the10

AHTEQ varies from 2.1 PW northward in the Boreal winter to 2.3 PW southward in the11

Boreal summer with an annual mean of 0.1 PW southward. Seasonal variations in the12

ITCZ location and AHTEQ are highly anti-correlated in the observations and in a suite of13

state of the art coupled climate models with regression coefficients of -2.7 and -2.4 ◦ PW−1
14

respectively. We also find that seasonal variations in ITCZ location and AHTEQ are well15

correlated in a suite of slab ocean aquaplanet simulations with varying ocean mixed layer16

depths. However, the regression coefficient between ITCZ location and AHTEQ decreases17

with decreasing mixed layer depth as a consequence of the asymmetry that develops between18

the winter and summer Hadley cells as the ITCZ moves farther off the equator.19

We go on to analyze the annual mean change in ITCZ location and AHTEQ in an ensem-20

ble of climate perturbation experiments including the response to CO2 doubling, simulations21

of the Last Glacial Maximum, and simulations of the mid-Holocene. The shift in the an-22

nual average ITCZ location is also strongly anti-correlated with the change in annual mean23

AHTEQ with a regression coefficient of -3.2 ◦ PW−1, similar to that found over the seasonal24

cycle. The ensemble average annual mean ITCZ shift in response to both CO2 doubling25

and the Last Glacial Maximum forcing is not significantly different from zero and is rather26

variable between ensemble members. However, the change in AHTEQ is a robust indicator27

of the ITCZ shift in these experiments.28
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1. Introduction29

The atmospheric meridional overturning circulation in the tropics (the Hadley cell, Hadley30

1735) controls the spatial distribution of both the tropical precipitation and the meridional31

heat transport in the atmosphere (AHT); the tropical precipitation maximum– the intertrop-32

ical convergence zone (ITCZ)– is co-located with the ascending branch of the Hadley cell.33

The associated meridional AHT is in the direction of motion in the upper branch of the34

Hadley cell (Held 2001) and therefore is away from the location of ascending motion (see35

Figure 1 for a schematic). Provided that the strength of the mass overturning circulation in36

the Hadley cell increases with meridional distance from the location of ascent, the magnitude37

of the atmospheric heat transport across the equator (AHTEQ) is proportional to the location38

of the ITCZ relative to the equator, with a Northern location corresponding to Southward39

atmospheric heat transport across the equator (see Figure 1). As a consequence, meridional40

shifts in the ITCZ location are expected to be accompanied by changes in AHTEQ across41

a myriad of time scales and climate states such as: (1) the seasonal cycle,(2) paleoclimate42

states, (3)idealized climate simulations (Kang et al. 2008), and (4) changes due to increasing43

greenhouse gas concentrations (Frierson and Hwang 2012). AHTEQ, in turn, is a conse-44

quence of the hemispheric difference in energy input to the atmosphere and is influenced45

by radiation, clouds, aerosols, ocean heat transport, and surface processes at all latitudes46

(Yoshimori and Broccoli 2008). As a result, forcing and feedbacks in the extra-tropics can47

remotely influence the location of the ITCZ (Chiang and Bitz 2005) by way of the mutual48

connection between the Hadley circulation, AHTEQ, and the ITCZ location.49

The relationship between AHT and the ITCZ location was recently demonstrated by50

Kang et al. (2008) in a slab ocean aquaplanet simulation where a hemispheric asymmetry in51

atmospheric heating was imposed by introducing a surface heating in the Southern extrat-52

ropics and an equal surface cooling in the Northern extratropics. The ITCZ was found to53

shift toward the heat source and the precipitation maximum was nearly co-located with the54

location of zero meridional heat transport in the atmosphere, suggesting a meridional shift of55
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the Hadley cell was the underlying cause of the precipitation shift. Yoshimori and Broccoli56

(2009, 2008) found that the change in AHTEQ in response to hemispheric asymmetric forcing57

was closely related to the meridional shift in the Hadley cell, which itself was a response to58

the hemispheric asymmetry of the forcing and feedbacks. They also noted the concurrent59

shift in the tropical precipitation along with the Hadley cell but did not quantify the rela-60

tionship between the change in AHTEQ and the meridional shift of the ITCZ. More recently,61

Frierson and Hwang (2012) found that the meridional shift in the ITCZ due to increased62

greenhouse gas concentrations in an ensemble of simulations was strongly correlated with63

the change in AHTEQ. They also found that AHTEQ had a large inter-model spread due64

to differences in extratropical cloud responses. This suggests that the extratropics play an65

important role in setting the ITCZ location via the inter-hemispheric asymmetry in energy66

input to the atmosphere and the associated changes in AHTEQ.67

There is widespread paleoclimatic evidence for shifts and/or intensity changes of trop-68

ical precipitation in the past including a southward shift of the ITCZ during glacial times69

(Pahnke et al. 2007), abrupt transitions during glacial times (Wang et al. 2001; Peterson70

et al. 2000) associated with Dansgaard-Oeshchger and Heinrich events, a more northern lo-71

cation during the Holocene thermal maximum (Haug et al. 2001), and a southward shift72

(estimated to be approximately 5◦) during the little ice age (Sachs et al. 2009). Provided73

the same relationship between the ITCZ and AHTEQ holds across different climate states,74

each of the ITCZ shifts noted in the paleoclimate records would have an AHTEQ change75

that can be quantified. Moreover, the change in AHTEQ would have to be associated with76

a hemispheric asymmetry of atmospheric forcing or climate feedbacks (see Figure 2). Thus,77

the quantitative relationship between ITCZ location and AHTEQ provides a framework for78

comparing precipitation shifts deduced from paleoclimate data and the proposed mecha-79

nisms and/or climate forcing that are believed to have caused the precipitation changes (i.e80

orbital forcing, changes in land ice and sea ice, cloud albedo changes, a shutdown of the81

Atlantic Meridional Overturning Circulation, etc.). There is also widespread paleoclimatic82

3



evidence for changes in meridional gradients of tropical sea surface temperature (SST) to83

which the ITCZ is sensitive. Furthermore, SST gradients may be easier to reconstruct from84

paleoproxies than ITCZ location. Therefore, a quantification of the relationship between85

SST gradients and ITCZ location is an important task for paleoclimate interpretation.86

In this paper, we attempt to quantify the relationship between the location of the ITCZ87

and AHTEQ in models and observations. We demonstrate that this relationship is robust88

whether considering the seasonal migration of the ITCZ, the ITCZ shift due to anthropogenic89

forcing, or the ITCZ shift in past climates including the last glacial maximum. We also90

study the relationship between tropical SST gradients and the ITCZ location. Our paper is91

organized as follows. In Section 2 we analyze the seasonal cycle of the ITCZ location, AHTEQ92

and tropical SST gradients in both the observations (Section 2a) and coupled climate models93

(Section 2b). We also analyze the seasonal cycle in an ensemble of slab ocean aquaplanet94

simulations with ocean varying mixed layer depth (Section 2c). In Section 3, we focus on the95

annual mean shift in the ITCZ, AHTEQ and tropical SST gradients in model simulations of96

CO2 doubling, the last glacial maximum, and 6,000 years before present. We conclude with97

a summary and discussion in Section 4.98

2. Seasonal cycle of atmospheric heat transport and99

tropical precipitation100

In this section, we analyze the relationship between ITCZ location and AHTEQ over the101

seasonal cycle. In the Boreal summer, the Northern hemisphere receives excess insolation102

relative to the annual mean, leading to atmospheric heating (Donohoe and Battisti 2012a).103

In contrast, the Southern hemisphere receives a deficit of insolation relative to the annual104

mean, leading to atmospheric cooling. The hemispheric asymmetry of atmospheric energy105

input is largely balanced by atmospheric energy transport from the source of atmospheric106

heating to the cooling, resulting in southward atmospheric heat transport across the equator107

4



(Fasullo and Trenberth 2008). The Hadley cell and ITCZ shift northward toward the warmer108

SSTs, which positions the southern branch of the Hadley cell over the equator resulting in109

southward AHTEQ in the thermally direct Hadley cell. Similarly, in the Austral summer,110

AHTEQ is northward and the ITCZ is in the Southern Hemisphere. We analyze the sea-111

sonal cycle of the observations in Section 2a, coupled models in Section 2b, and slab ocean112

aquaplanet simulations with varying mixed layer depths in Section 2c.113

a. Observations114

1) Data sources and methods115

Here we describe the data sources and calculation methods for analyzing the relationship116

between the ITCZ location, the tropical SST gradient, and AHTEQ in the observations.117

(i) Tropical precipitation and ITCZ location118

We use the precipitation climatology from the National Oceanographic and Atmospheric119

Administration’s Climate Prediction Center’s (NOAA CPC) merged analysis (Xie and Arkin120

1996), a gridded data product that combines gauge measurements, satellite observations,121

and numerical models. The climatology is composed of data from 1981 to 2010. We use the122

precipitation centroid (PCENT ) defined by Frierson and Hwang (2012) as a metric for the123

location of the ITCZ/tropical precipitation maximum. There, the precipitation centroid was124

defined as the median of the zonal average precipitation from 20◦S to 20◦N . The precipitation125

is interpolated to a 0.1◦ grid over the tropics to allow the precipitation centroid to vary at126

increments smaller than the grid spacing.127
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(ii) Tropical SST gradient128

We use the Extended Reconstructed Sea Surface Temperature data from Reynolds and129

Smith (1994) version 3b (Smith et al. 2008) which takes ship and buoy measurements and130

produces a gridded data set at 2◦ resolution using an optimum interpolation method. We131

use the climatological data calculated between 1981 and 2010. As a metric for the inter-132

hemispheric difference of tropical SST, we calculate ∆SST as the spatially weighted SST133

between the equator and 20◦N minus the spatially weighted SST between the equator and134

20◦S 1 .135

(iii) Atmospheric heat transport across the equator136

The atmospheric heat transport is derived from the NCEP four times daily reanalysis137

fields (Kalnay et al. 1996) with a (horizontal) spectral resolution of T62 and 17 vertical138

levels. The atmospheric heat transport is calculated by first balancing the atmospheric mass139

budget in the reanalysis data with a barotropic wind correction as in Trenberth (1997) and140

subsequently calculating the meridional flux of moist static energy2 and vertically integrating.141

This procedure is used to compose monthly averaged atmospheric heat transport from 1981142

to 2010 and the climatological average over this period is used in this study.143

We now derive an expression for AHTEQ in terms of the hemispheric contrast of net144

energy (radiative and turbulent) input into the atmosphere (see Figure 2) starting from the145

energy budget of the climate system at each latitude:146

SWNET,TOA −OLR =
d

dt

(
1

g

∫ PS

0

[cp T + L q] dP

)
+∇ · (OHT + AHT ) +OHS . (1)

SWNET,TOA is the net downwelling shortwave flux at the top of the atmosphere (TOA), OLR147

is the outgoing longwave radiation at the TOA, T is temperature, cp is the heat capacity at148

1Similar results are found using the regions equatorward of 15◦ and 30◦ in each hemisphere
2Moist static energy is the sum of sensible, latent, and potential energy (cpT + Lq + gZ).
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constant pressure, L is the latent heat of vaporization of water, q is the specific humidity,149

PS is the surface pressure, and OHS is the ocean heat storage. ∇ · (OHT + AHT ) is the150

divergence of the ocean and atmospheric heat transport respectively. The global average151

(denoted by overbars) atmospheric energy budget for each month satisfies the equation.152

SWNET,TOA −OLR =
d

dt

(
1

g

∫ PS

0

[cp T + L q] dP

)
+OHS , (2)

where the ocean and atmospheric energy flux divergences disappear in the global average.153

The left hand side of the equation represents the net radiative heating of the climate system154

and the right hand side represents energy storage in the atmosphere (we will hereafter denote155

this term as STORatmos) and ocean respectively. If we subtract equation 2 from equation156

1 and spatially integrate over each hemisphere separately we can derive an expression for157

AHTEQ by noting that the heat transport divergence averaged over the Southern Hemisphere158

equals the heat transport across the equator:159

AHTEQ = 〈SWNET,TOA〉 − 〈OLR〉 − 〈OHT + S〉 − 〈STORatmos〉 , (3)

where 〈 〉 brackets indicate the spatial integral of the anomaly from the global averaged160

over the Southern Hemisphere (or, equivalently, the negative of the spatial integral over the161

Northern Hemisphere) and 〈OHT + S〉 is the combined effect of cross equatorial ocean heat162

transport and ocean heat storage in each hemisphere (〈OHT + S〉 is positive for Northward163

oceanic heat transport at the equator and/or more heat storage in the Southern Hemisphere).164

A schematic of the inter hemispheric energy budget cast in these terms is shown in Figure165

2. In the annual average, both 〈STORatmos〉 and ocean heat storage are zero if the system166

is in equilibruim and equation 4 simplifies to167

AHTEQ = 〈SWNET,TOA〉 − 〈OLR〉 −OHTEQ . (4)

As discussed in Fasullo and Trenberth (2008) the predominant seasonal energy balance168

is between SWNET,TOA and ocean heat storage and this near balance leads to compensating169

7



energy fluxes at the TOA and surface. We therefore follow the methodology of Donohoe170

and Battisti (2012a) and divide the atmospheric heating into a component due to shortwave171

absorption in the atmospheric column (SWABS ) and the upward flux of turbulent and172

longwave radiation from the surface to the atmosphere (SHF ). Equation 4 becomes173

AHTEQ = 〈SWABS〉 − 〈OLR〉+ 〈SHF 〉 − 〈STORatmos〉 , (5)

where SWABS is the shortwave radiation absorbed in the atmosphere,174

SWABS = SW ↓
TOA
−SW ↑

TOA
+SW ↑

SURF
−SW ↓

SURF
, (6)

and represents the sun directly heating the atmosphere. SHF is energy fluxed from the175

surface to the atmosphere and is the sum of sensible heat fluxes (SENS ), latent heat fluxes176

(LH ) and longwave fluxes (LW) from the surface into the atmosphere:177

SHF = SENS ↑
SURF

+LH ↑
SURF

+LW ↑
SURF

−LW ↓
SURF

. (7)

We note that Equation 5 is merely a regrouping of the shortwave flux terms in Equation 43
178

We use longwave and shortwave radiative fluxes from the Clouds and Earth’s Radiant179

Energy System (CERES) experiment (Wielicki et al. 1996) to calculate 〈SWABS〉 and180

〈OLR〉. All calculations are performed separately for each of the four CERES instruments181

(FM1 and FM2 on Terra from 2000 to 2005 and FM3 and FM4 on Aqua from 2002 to182

2005). We then average the results over the four instruments. 〈STORatmos〉 is calculated as183

the finite difference of the vertically integrated temperature and specific humidity from the184

NCEP reanalysis climatology. As in Donohoe and Battisti (2012a), 〈SHF 〉 is calculated as185

the residual of radiative heating, atmospheric storage, and the atmospheric heat transport186

divergence (from NCEP reanalysis).187

The seasonal amplitude and phase used in our analysis are defined as the amplitude and188

phase of the annual harmonic.189

3In this framework, the net flux into the ocean is SWNET,SURF - SHF = (OHT + S).
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2) Results190

A scatter plot of the monthly average PCENT versus AHTEQ and ∆SST is shown in191

Figure 3. The precipitation centroid varies from 5.3◦S in February to 7.2◦N in August and192

has an annual average of 1.65◦N. This seasonal cycle of ITCZ location is slightly damped193

(equatorward) of other common metrics of ITCZ location (e.g. the latitude of maximum194

zonal mean precipitation, Xian and Miller 2008). PCENT spends four months of the year195

in the Southern Hemisphere during the Austral summer as the most intense precipitation196

is found in the South Pacific Convergence Zone at this time of year (not shown) and the197

zonal mean precipitation maximum moves to Southern Latitudes. We note that, while the198

marine ITCZ defined in the Eastern Pacific and Atlantic by Waliser and Gautier (1993)199

never moves South of the equator, the Global ITCZ defined in the same study does move200

into the Southern Hemisphere and agrees very well with our precipitation centroid.201

AHTEQ varies from 2.1 PW Northward in February to 2.3 PW Southward in August202

with an annual average of 0.1 PW Southward. The vast majority (over 99%) of the seasonal203

variations in cross equatorial atmospheric heat transport are associated with the zonal and204

time averaged meridional overturning circulation at the equator (i.e. the Hadley cell) which205

reverses seasonally (Dima and Wallace 2003). The seasonal variations in cross equatorial heat206

transport associated with the stationary and transient eddies are two orders of magnitude207

smaller in magnitude (not shown). The hemispheric contrast of tropical SST, ∆SST, has208

a maximum value of 2.7 K in September and a minimum of -0.9K in March; it lags the209

insolation by approximately 3 months and lags both PCENT and AHTEQ by approximately210

one month. The annual average ∆SST value is 0.9 K which corresponds with the maximum211

tropical SSTs being located North of the equator in the annual average.212

The seasonal variations in PCENT and AHTEQ are strongly anti-correlated (as anticipated213

from Figure 1) with an R2 value of 0.99 and a slope of -2.7±0.6◦ per PW. This result214

suggests that seasonal migrations in both PCENT and AHTEQ primarily reflect the seasonal215

migration of the Hadley cell. This interpretation is also supported by analysis of the seasonal216
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migration of the overturning streamfunction and the partitioning of AHTEQ into latent,217

sensible, and potential components (not shown); the total AHTEQ is always of the same218

sign as the potential energy heat transport and is opposed by the sensible and latent heat219

transport as would be expected from a thermally direct circulation in a stably stratified220

column with moisture and temperature decreasing with height. The linear best fit in Figure221

3 passes close to but not through the origin with a y-intercept of 1.2◦N. This offset is222

not anticipated from our idealized model presented in the introduction and suggests that,223

although the vast majority of seasonal variations in PCENT and AHTEQ are explained by224

meridional shifts in the Hadley cell, other phenomenon influence either the precipitation225

and/or atmospheric heat transport. We speculate that monsoonal circulations that are226

related to zonal inhomogeneities in coastlines and atmospheric circulations – and are thus227

poorly captured by our zonal average analysis– may bias the precipitation centroid further228

North than what would be defined from the Hadley cell related precipitation only.229

Seasonal variations in PCENT and ∆SST are strongly correlated (note, the green, ∆SST230

x-axis in Figure 3 has been inverted) with an R2 value of 0.94 and a slope of 3.3◦ per K.231

The seasonal correlation between PCENT and ∆SST is slightly smaller than that between232

PCENT and AHTEQ because ∆SST lags the other two variables by approximately one month,233

leading to an elliptical pattern in the ∆SST (green crosses) scatter plot whereas the AHTEQ234

(red crosses) scatter plot falls nearly on the linear best fit. The y-intercept of the linear best235

fit between PCENT and ∆SST is -1.4 ◦ and is not anticipated a priori. Rather, one might236

suppose that, if SST determined ITCZ location, a SST distribution that is symmetric about237

the equator (∆SST = 0) would lead to an ITCZ on the equator (PCENT = 0). Instead,238

the observations suggest that the ITCZ is located south of the equator when there is no239

inter-hemispheric contrast of tropical SSTs. The cause of this offset from the origin in the240

observations is unclear to us.241

Seasonal variations in AHTEQ are driven by hemispheric asymmetries in energy input242

into the atmosphere and can be diagnosed from Equations 4 and 5. Ultimately, seasonal243
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variations in AHTEQ result from the seasonal migration of the insolation maximum between244

the hemispheres although the vast majority of the seasonal variations in insolation are stored245

in the ocean (Fasullo and Trenberth 2008); the hemispheric asymmetry of net shortwave246

flux at the TOA (〈SWNET,TOA〉 in Equation 4) has a seasonal amplitude of 22.4 PW and is247

primarily (83%) balanced by the hemispheric asymmetry of ocean heat storage (〈OHT + S〉)248

with a seasonal magnitude of 18.5 PW out of phase with insolation. Therefore, we chose249

to recast the inter-hemispheric contrast of the atmospheric energy budget in terms of the250

absorption of shortwave radiation in the atmosphere (〈SWABS〉) and the non-solar exchange251

of energy between the surface and the atmosphere (〈SHF 〉) as expressed in Equation 5252

(Donohoe and Battisti 2012a). The seasonal cycle of the inter-hemispheric contrast in the253

atmospheric energy fluxes is shown in Figure 4.254

The summer hemisphere absorbs more shortwave radiation in the atmospheric column255

than the winter hemisphere and, in the absence of compensating energy fluxes, would re-256

sult in a 7.1 PW seasonal amplitude of AHTEQ with Northward heat transport peaking257

near (5 days after) the Austral summer solstice. However, 46% of this inter-hemispheric258

energy contrast is balanced by air-surface energy exchange (〈SHF 〉) with the atmosphere259

warming the ocean in the summer hemisphere and the ocean heating the atmosphere in the260

winter hemisphere. Additionally, 16% of the seasonal variations in 〈SWABS〉 is radiated261

to space as an interhemispheric contrast in OLR (〈OLR〉). Both 〈SHF 〉 and 〈OLR〉 are262

nearly antiphased with the insolation and 〈SWABS〉 (with a phase lead of 1 day and phase263

lag of 12 days respectively). The inter-hemispheric contrast of atmospheric energy storage264

(〈STORATMOS〉) has a seasonal amplitude of 2.3 PW and is associated with the heating (in265

the extratropics) and moistening (in the tropics) of the atmospheric column in the summer266

hemisphere and the cooling and drying of the column in the winter hemisphere. It leads the267

insolation by approximately 60 days which is expected from a system where the negative268

feedbacks (OLR and atmospheric heat transport) are substantially stronger than the thermal269

inertia (Donohoe and Battisti 2012b). As a consequence, the sum of all the other energy270

11



fluxes, which is equal to AHTEQ by Equation 5, is substantially smaller than 〈SWABS〉271

(due to the damping by 〈SHF 〉 and 〈OLR〉) and lags the insolation (due to the phase lead272

of atmospheric energy storage, 〈STORATMOS〉); AHTEQ has a seasonal amplitude of 2.2 PW273

and lags the insolation by 46 days.274

3) The quantitative relationship between ITCZ location and atmospheric275

heat transport across the equator276

Figure 3 suggests that the ITCZ location (PCENT ) covaries with the atmospheric heat277

transport across the equator (AHTEQ) with a 1 PW change in AHTEQ corresponding to a 2.7◦278

meridional shift in the ITCZ location. To put this quanitative relationship in perspective, we279

remind the reader that the observed annual mean AHTEQ is -0.1 PW and that the maximum280

value of AHT at all latitudes is of order 5 PW (Trenberth and Caron 2001). This quantitative281

relationship suggests that modest shifts in tropical precipitation must be accompanied by282

fairly substantial perturbations to the inter-hemispheric energy budget (Figure 2), the focus283

of this manuscript. We now ask, what physical processes set the quantitative relationship284

between PCENT and AHTEQ?285

If the atmospheric heat transport in the tropics is dominated by the Hadley cell, then286

AHTEQ is proportional to the mass overturning streamfunction (Ψ) at the equator– defined287

as positive when the motion in the upper branch is Northward– times the average energy288

contrast between the poleward and equatorward flow (∆TE– see Czaja and Marshall 2006):289

AHTEQ ≈ ΨEQcp∆TE. (8)

Indeed, the monthly average overturning streamfunction at 500 hPa over the equator is290

highly correlated (R2 = 0.99) with AHTEQ with a regression coefficient of 0.014 PW Sv−1
291

(top panel of Figure 5). The regression coefficient corresponds to an equivalent potential292

temperature contrast between the poleward and equatorward moving air, ∆TE, of 14 K and293
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is consistent with a meridional overturning circulation that is of order 600 hPa deep given294

the average vertical profile of temperature and moisture in the tropics. This result suggests295

that seasonal variations of ΨEQ control AHTEQ while ∆TE remains fairly constant. If ∆TE296

is constant, then we can derive a relationship between the latitude of zero mass overturning297

(θΨ=0) and the AHTEQ by use of a Taylor expansion of the overturning streamfunction about298

its zero crossing and equation 8:299

AHTEQ ≈ −θΨ=0
∂Ψ

∂θ

∣∣∣∣
θΨ=0

cp ∆TE. (9)

The expected relationship between θΨ=0 and AHTEQ from Equation 9 (using ∆TE of 14 K300

and the climatological mean of ∂Ψ
∂θ

∣∣
θΨ=0

of 8 Sv per ◦ where a Sv is defined as 109 kg s−1
301

as in Czaja and Marshall (2006)) is shown by the black dashed line in the bottom panel of302

Figure 5: it has a slope of -8.9 ◦ PW−1. This expectation compares well with the monthly303

average values of θΨ=0 and AHTEQ (red asterisks in the lower panel Figure 5) suggesting that304

∂Ψ
∂θ

is fairly spatially uniform in the tropics. Equation 9 is useful because, if the maximum305

ascent and precipitation occurs where the mass overturning streamfunction changes sign306

(θΨ=0), then we would expect PCENT and AHTEQ to follow the same relationship as that307

found between θΨ=0 and AHTEQ: i.e. approximately -8.9 ◦ PW−1. However, the slope308

between PCENT and AHTEQ is substantially smaller (-2.7 ◦ PW−1 – blue asterisks in the309

lower panel of Figure 5) suggesting that PCENT remains substantially equatorward of the310

zero streamfunction as the Hadley cell seasonally moves off the equator. Lindzen and Hou311

(1988) previously found that the maximum upward ascent occurs equatorward of the location312

of zero streamfunction in an idealized model of the Hadley circulation; we will return to a313

discussion of this point in Section 2c2.314
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b. Coupled climate models315

1) Model runs used and methodology316

We use model output from the Coupled Model Intercomparison Project phase 3 (CMIP3)317

multi-model database (Meehl et al. 2007): an ensemble of standardized coupled climate sim-318

ulations from 25 different climate models that were used in the Intergovernmental Panel on319

Climate Change’s Fourth Assessment Report (https://esgcet.llnl.gov:8443/index.jsp). We320

analyze the pre-industrial (PI) simulations here. In those simulations, greenhouse gas con-321

centrations, aerosols, and solar forcing are fixed at pre-industrial levels and the models are322

run for 400 years. The last 20 years of the PI simulations are used to calculate climatological323

fields. The 16 models used in this study are listed in Table 2.324

The turbulent and radiative energy fluxes at the surface and TOA are provided as model325

output fields. This allows 〈SWABS〉 and 〈SHF 〉 to be directly calculated from Equations 6326

and 7. 〈OLR〉 is directly calculated and 〈STORATMOS〉 is calculated from finite difference of327

the monthly averaged vertically integrated temperature and specific humidity fields. AHTEQ328

is then calculated from the residual of the other terms in Equation 5.329

2) Results330

We show the seasonal amplitude (given by half the length of the line) and the regression331

coefficient (given by the slope of the line) between PCENT and AHTEQ for each CMIP3332

ensemble member in the upper panel of Figure 6. We define the seasonal amplitude of PCENT333

and AHTEQ as the amplitude of the annual harmonic of each variable. The CMIP3 ensemble334

mean regression coefficient between PCENT and AHTEQ is -2.4(±0.4) ◦ per PW (the slope of335

the thick black line) and is slightly smaller but statistically indistinguishable from the value336

of -2.7±0.6 ◦ per PW found in the observations (the thick purple line). Table 1 lists the337

seasonal statistics of PCENT and AHTEQ in observations and the models. Seasonal variations338

in PCENT and AHTEQ are significantly correlated with each other in all models with an339
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ensemble average correlation coefficient of -0.89. On average, the linear best fits in the models340

come closer to the origin than do the observations (thick black line in Figure 6) conforming341

to our idealized expectation that when the precipitation is centered on the equator, the342

ascending branch of the Hadley cell will also be on the equator, resulting in zero cross343

equatorial heat transport in the atmosphere. The relationship between PCENT and AHTEQ344

over the seasonal cycle is fairly consistent from one model to the next (all the slopes in Figure345

6 are similar) and is similar to the relationship found in the observations. This suggests346

that fairly robust physics underly the relationship between PCENT and AHTEQ, mainly the347

mutual relationship between the tropical precipitation maximum, AHTEQ, and the location348

of the Hadley cell. The precipitation centroid lags the cross equatorial atmospheric heat349

transport in the models by 29 days in the ensemble average (with a standard deviation of 6350

days). This is in contrast to the observations where there is virtually no (< 2 days) phase351

shift between PCENT and AHTEQ. We further discuss this result later in this section.352

We note that the inter-model spread of the annual mean PCENT and AHTEQ are signif-353

icantly correlated with each other with a regression coefficient of -0.79 and a slope that is354

statistically indistinguishable from the ensemble mean seasonal relationship between PCENT355

and AHTEQ. This result suggests that the same physics that determine the seasonal migra-356

tion of the ITCZ location and AHTEQ (associated with meridional shifts in the Hadley cell)357

also govern the inter-model spread of ITCZ location in the annual mean. Although there358

are slight variations in the relationship between PCENT and AHTEQ between the different359

models and the observations, the robust relationship between PCENT and AHTEQ allows one360

to predict PCENT from AHTEQ (or vice-versa) with the same relationship holding for the361

seasonal problem and for the annual mean inter-model spread problem.362

Histograms of the monthly mean PCENT over the last 150 years of the simulations are363

shown in Figure 7. The PCENT distribution in each model is bi-modal; PCENT is most often364

found in one of the two solstitial extremes (Lindzen and Hou 1988) and is rarely found in365

the vicinity of the annual average. By construction, the annual average is the average of the366
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northernmost and southernmost extent shown by the shaded dots in Figure 7 (and defined as367

the annual mean ± the seasonal amplitude). Therefore, in order to shift the annual average368

PCENT northward, the ITCZ must either migrate farther (or stay longer) into the Northern369

Hemisphere in the Boreal summer or migrate less far (or spend less time) in the Southern370

hemisphere during the Austral summer. The models with an anomalous (relative to the371

ensemble average) northward annual mean PCENT (the models shown in red towards the372

top of the figure) tend to have a PCENT that migrates farther north in the Boreal summer.373

In contrast, the models with a southward annual mean PCENT (the models shown in blue374

towards the bottom of the figure) tend to have a PCENT that migrates less far north in the375

Boreal summer. Similarly, the magnitude of the southward migration of the ITCZ during376

the Austral winter is largest in the models with a annual mean ITCZ location south of377

the ensemble average (blue dots) and smallest in the models with an annual mean ITCZ378

location north of the ensemble mean (red dots). We further discuss the relationship between379

the seasonal extremes and the annual mean of PCENT and AHTEQ in Section 4.380

The seasonal amplitude of AHTEQ is 2.5±0.3 PW in the models and is larger but within381

the error bars of that found in the observations (2.2 PW – Table 1). As a consequence, the382

seasonal amplitude in PCENT of 6.6±0.8◦ is also larger than that in the observations (6.3◦).383

The amplitude and phasing of 〈SWABS〉, 〈OLR〉, and 〈STORATMOS〉 closely match those384

found in the observations (c.f. the shaded regions and the solid lines in Figure 4). In contrast,385

〈SHF 〉 in the models lags 〈SHF 〉 in the observations by 16 days on average. As a result,386

the net hemispheric contrast in energy input to the atmospheric column is more in phase387

with the insolation in the models than in the observations and AHTEQ lags the insolation388

by 25 days in the models as compared to 46 days in the observations. This offers a partial389

explanation for why the seasonal migration of PCENT lags that in AHTEQ in the models (by390

29 days) but not in the observations. However, the root cause of this discrepancy and its391

relationship to the seasonal migration of the Hadley circulation is unclear to us.392

The seasonal amplitude and the regression coefficient (given by the slope of the line)393
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between PCENT and ∆SST for each CMIP3 ensemble member is shown in the lower panel394

of Figure 6 along with the observations. The ensemble average of the seasonal amplitude395

of ∆SST is 2.0(±0.3)K and compares well with that in the observations (1.8 K). Seasonal396

variations in ∆SST are highly correlated with seasonal variations in PCENT in all models397

with an ensemble mean correlation coefficient of 0.97. The regression coefficient between398

PCENT and ∆SST is 3.7◦ per K in the CMIP3 ensemble average and compares well with399

that in the observations (3.3◦ per K) but varies significantly (standard deviation of 0.7◦ per400

K) between models (Table 1). These results suggest that the robust relationship between401

seasonal variations in tropical SST gradients and ITCZ location seen in the observations are402

also found in coupled climate models.403

c. Slab ocean aquaplanet simulations404

The vast majority of seasonal variations in insolation are stored locally in the ocean (see405

discussion in Section 2a) and thus the seasonal cycle of energy fluxes in the atmosphere406

hinges critically on the thermal inertia of the ocean. In this subsection, we analyze the407

the seasonal relationship between ITCZ location and cross equatorial heat transport in the408

atmosphere by modifying the amplitude of the seasonal cycle in an ensemble of slab ocean409

aquaplanet simulation in which the ocean depth is varied from 2.4 m to 50 m.410

1) Model runs used411

The model integrations are preformed with the Geophysical Fluid Dynamics Lab Atmo-412

spheric Model version 2.1 (Delworth et al. 2006) atmospheric model featuring a finite volume413

dynamical core (Lin 2004) with a horizontal resolution of approximately 2◦ latitude and 24414

vertical levels. The atmospheric model is coupled to a slab ocean with spatially uniform415

depth. Five ensemble members with prescribed ocean depths of 2.4, 6, 12, 24, and 50 meters416

are analyzed in this study. The model is forced by seasonally varying solar insolation with417
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zero eccentricity and 23.439◦ obliquity, and is run for twenty years, sufficient to converge418

on a steady climatology. The model climatology is taken from the last five years of the419

integrations.420

2) Results421

The seasonal migration of the ITCZ off the equator has a larger amplitude for shallower422

ocean depths (Figure 8) and PCENT reaches as far as 21◦ in the 2.4 m slab depth run423

as compared to 3◦ in the 50 m slab depth run. This behavior is expected because the424

adjustment time scale of a 50 m deep ocean to solar heating is of order one year (Donohoe425

2011) as compared to weeks for 2.4 m deep ocean. Thus, the SSTs barely adjust to the426

seasonally varying insolation in the 50 m run while the maximum SST move seasonally with427

the insolation in the 2.4 m run.428

The seasonal amplitude of AHTEQ also decreases with increasing ocean depth, from 11.6429

PW in the 2.4 m run to 0.5 PW in the 50 m run. In the shallow ocean run, the SSTs respond430

rapidly to the seasonally varying insolation, heating up over the summer hemisphere and431

subsequently fluxing energy upwards (via turbulent and longwave fluxes) to the adjacent432

atmosphere to drive seasonal variations in AHTEQ; in the 2.4 m run 〈SHF 〉 is nearly in433

phase with the insolation (11 day lag) and has a seasonal amplitude of 11.6 PW. In contrast,434

the solar heating of the ocean makes a minimal impact on ocean temperatures in the deep435

ocean runs due to the large heat capacity of the ocean. In fact, SWABS is the only source of436

seasonal atmospheric heating in the 50 m run and the atmosphere loses energy to the ocean437

during the warm season; in the 50 m run 〈SHF 〉 is nearly anti-phased with the insolation438

(192 day lag) and has a seasonal amplitude of 3.7 PW.439

Seasonal variations in PCENT and AHTEQ are strongly anti-correlated, with an ensem-440

ble average correlation coefficient of -0.95. The relationship between seasonal variations in441

PCENT and AHTEQ changes with mixed layer depth (c.f. the slopes in Figure 8). The linear442

best fit to the monthly averaged data has a slope of -2.0◦ per PW in the 2.4 m run and -6.1◦443
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per PW in the 50m and varies monotonically with ocean depth for the intermediate depth444

runs. This result is not expected from our conceptual model of the mutual dependency of445

the ITCZ location and atmospheric heat transport on meridional shifts in the Hadley cell446

(Figure 1). We argue that the decrease in the slope of PCENT with respect to AHTEQ as the447

ocean depth decreases is a consequence of the following two factors:448

1. The maximum upward motion (and convective precipitation) occurs where the merid-449

ional gradient of the overturning streamfunction is greatest by the (Boussinesq) continuity450

equation. For a symmetric Hadley circulation (with summer and winter cells of equal mag-451

nitude), the upward motion will be centered about the location of the zero streamfunction.452

In contrast, in a non-symmetric Hadley circulation where the winter cell is more intense453

than the summer cell, the location of maximum streamfunction gradient occurs within the454

winter cell and the maximum upward motion and precipitation occurs equatorward of where455

the streamfunction goes to zero. For example, in the 2.4 m run, PCENT is nearly co-located456

with the location of maximum streamfunction gradient (c.f. the dashed light blue line in457

the lower panel of Figure 9 with the dashed green line) for all months and the seasonal458

migration of the streamfunction zero crossing is nearly twice as large (the dashed black459

line); the regression coefficient between seasonal variations in the PCENT and the location of460

maximum streamfunction gradient is 0.95 whereas the regression coefficient between PCENT461

and the streamfunction zero crossing is 0.42. In contrast, in the 50m depth run, the ITCZ462

stays close to the equator and the winter and summer Hadley cells are nearly mirror images463

of one another. As a consequence, PCENT is nearly co-located with both the location of464

maximum streamfunction derivative and the streamfunction zero crossing over the seasonal465

cycle (regression coefficients of 0.88 and 0.86 respectively). In summary, the precipitation466

centroid has less meridional migration than the overturning streamfunction as the ITCZ467

moves farther from the equator and an asymmetry between the magnitude of the winter and468

summer cells develops.469

2. The winter Hadley cell increases in intensity (relative to the summer cell) as the ITCZ470
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moves farther off the equator. As a consequence, the cross equatorial heat transport in the471

atmosphere changes more than would be expected from meridionally translating the Hadley472

cell without concurrently changing the structure/intensity of the cells as the ITCZ moves off473

the equator.474

As a result of the two above factors, when the ITCZ moves farther from the equator (and475

the winter cell intensifies relative to the summer cell) , the precipitation centroid moves less476

than would be expected from meridionally translating the Hadley circulation and the heat477

transport across the equator changes more than would be expected. The net result is that478

the slope of PCENT with respect to AHTEQ decreases as the ITCZ moves off the equator.479

Indeed, in the 2.4 m slab depth simulation, the relationship between PCENT and AHTEQ480

follows the same steep sloped line found in the 50m run for the transition (fall and spring)481

months when the ITCZ crosses the equator (not shown).482

The relationship between PCENT and AHTEQ in the observations is co-plotted with the483

slab ocean aquaplanet simulations in Figure 8. The slope found in the observations is very484

close to that of the 24m depth run while the seasonal amplitude of PCENT and AHTEQ in485

the observations falls somewhere between that in the 6 m and 12 m runs. We will return to486

a discussion of these points in Section 4.487

The seasonal amplitude of ∆SST increases with decreasing slab ocean depth, from 0.9488

K in the 50 m run to 9.6 K in the 2.4 m run. Seasonal variations in ∆SST are significantly489

correlated with those in PCENT in all runs but the correlations are weaker than those between490

PCENT and AHTEQ and decrease to an R2 of 0.67 in the 50m run. The latter is a consequence491

of a phase lead of ∆SST relative to PCENT that increases with increasing mixed layer depth492

to 36 days for the 50m run. In contrast, PCENT and AHTEQ are nearly antiphased in all runs493

with an average phase difference magnitude of 11 days. The regression coefficient between494

PCENT and ∆SST varies non monotonically with slab depth and reaches a maximum of 2.9◦495

per K in the 24m run and a minimum of 1.4◦ per K in the 50m run with an ensemble average496

of 2.1◦ per K.497

20



3. ITCZ shifts and cross equatorial atmospheric heat498

transport change due to anthropogenic and paleocli-499

matic forcing500

The previous Section demonstrated that there is a robust and consistent relationship501

between the PCENT and AHTEQ and between PCENT and ∆SST over the seasonal cycle in502

both observations and coupled climate models. We now analyze the relationship between503

annual mean shifts in ITCZ location and change in AHTEQ and ∆SST due to anthropogenic504

and paleoclimatic forcing. We argue that the same quantitative relationships found in the505

seasonal cycle also apply to the climate change problem across a myriad of different forcings.506

a. Model runs analyzed507

1) Carbon dioxide doubling experiments508

We analyze the CMIP3 1% CO2 increase to doubling experiments (Meehl et al. 2007).509

Each model is initialized from the equilibrated pre-industrial (PI) or in some cases (CCSM,510

MRI, and ECHAM) the present day (PD) simulations. Atmospheric carbon dioxide increases511

at a rate of 1% per year until it has doubled (at year 70) and is then held fixed for an512

additional 150 years of simulations. We calculate the climatology of each model over the513

last 20 years of simulations and then take differences relative to the climatology in the PI514

(or PD) run. We will refer to these runs as the 2XCO2 runs. Fifteen different models are515

analyzed.516

2) Last Glacial Maximum simulations517

We utilize model output from the Paleoclimate Modeling Intercomparison Project phase518

2 (PMIP2) project, an ensemble of state of the art coupled (ocean-atmosphere-cryosphere)519
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model simulations run under prescribed forcing and boundary condition scenarios that rep-520

resent different paleoclimatic epochs. The Last Glacial Maximum (LGM) simulations are521

forced by solar insolation from 21,000 years before present, greenhouse gas and aerosol con-522

centrations deduced from ice core data (CO2 is set to 185 ppm) which amounts to a radiative523

forcing of approximately -2.8 W m−2 (Braconnot et al. 2007a), coastlines consistent with a524

120m decrease in sea level, and the prescribed land ice topography of Peltier (2004) which in-525

cludes the expansive Laurentide ice sheet over North America. We use the LGM simulations526

with fixed vegetation (PMIP2 OA runs). All comparisons are made to the pre-industrial527

simulations in the same model and resolution (many of which are lower resolution than the528

PI simulations analyzed in Section 2b). Seven different model simulations are analyzed.529

3) 6,000 years before present simulations530

The PMIP2 mid-Holocene runs are used (Braconnot et al. 2007a). We will refer to these531

experiments as the 6Kyr runs. Coastlines, vegetation, and ice sheets are identical to the PI532

simulations. CO2 and aerosols are also identical to the PI while there is a modest reduction533

in methane concentration (from 760 ppbv to 650 ppbv). Orbital parameters representative534

of 6,000 years before present are taken from Berger and Loutre (1991). Most significantly,535

orbital precession causes the seasonal cycle of insolation in the Northern Hemisphere to536

amplify, while the duration of summer is reduced; the seasonal amplitude of < SW↓,TOA >537

increases by 2.5% relative to the PI climate. Enhanced obliquity causes more high latitude538

insolation in the annual mean. We note that the sum of all mid-Holocene forcing agents are539

symmetric about the equator in the annual average. Six different model simulations of 6Kyr540

are analyzed.541
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b. Results542

We present the results across all three forcing experiments here, and then further analyze543

the 2XCO2, LGM, and 6Kyr experiments in Subsections 1-3. The change in annual mean544

PCENT in the three forcing experiments is plotted against the change in annual mean AHTEQ545

and ∆SST in the top and bottom panels of Figure 10 respectively. In the LGM and 2XCO2546

experiments the inter-model spread in both the change in PCENT and AHTEQ is larger than547

the ensemble average change and so the sign of the change is ambiguous (c.f. the solid548

red and blue squares with the spread in the red and blue crosses across both axes); the549

ensemble average change in PCENT and AHTEQ is not significantly different from zero in550

the LGM and 2XCO2 runs. This result is surprising, especially in the LGM case, where one551

would expect that the large Laurentide ice sheet in the Northern Hemisphere would lead to552

a deficit of absorbed shortwave radiation (a positive change < SWNET,TOA >) leading to553

a cooling in the Northern Hemisphere (relative to the Southern Hemisphere), a decrease in554

∆SST, a southward shift in PCENT , and more Northward AHTEQ. This result suggests that555

inter-model differences in the spatial structure of climate feedbacks can play a bigger role in556

setting the inter-hemispheric contrast of the temperature and energetic response than does557

the inter-hemispheric contrast in climate forcing and boundary conditions themselves.558

In contrast to the LGM and 2XCO2 experiments, in the 6Kyr simulations there is a559

significant (99% confidence interval) ensemble average northward shift of PCENT of 0.21◦, a560

decrease (more southward) in AHTEQ of -0.06 PW, and a 0.06K increase in ∆SST (Table561

3). Despite the lack of significance of the ensemble average changes in the 2XCO2 and LGM562

experiments, the ensemble average changes in PCENT and AHTEQ are consistent with the563

relationship found in the seasonal cycle in Section 2; the ensemble average southward shift564

of the ITCZ in the LGM is accompanied by a more northward AHTEQ while the ensemble565

average northward ITCZ shift in the 6Kyr experiment is accompanied by more southward566

AHTEQ (and the ensemble average 2XCO2 change is more neutral) with a quanitative rela-567

tionship of approximately -3◦ per PW. In contrast, the robust relationship between PCENT568
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and ∆SST found in the seasonal cycle does not predict the ensemble average ITCZ shift in569

the 2XCO2 runs. Here the increase in ∆SST is accompanied by a southward shift in PCENT .570

In each experiment, the change in annual mean PCENT and AHTEQ changes are sig-571

nificantly negatively correlated amongst the ensemble members with an average correlation572

coefficient of -0.81 and a correlation coefficient of -0.85 when considering all experiments573

collectively. The regression coefficient between PCENT and AHTEQ ranges from -4.2◦ per574

PW in the 2XCO2 ensemble to -3.2◦ per PW in the LGM and 6Kyr ensembles (Table 3) and575

the regression coefficient of all simulations considered simultaneously is -3.2◦ per PW. These576

relationships are in good agreement with the seasonal slope between PCENT and AHTEQ of577

-2.7◦ per PW found the observations. These results collectively suggest that the relationship578

between PCENT and AHTEQ is robust across timescale (seasonal versus annual mean) and579

across different climate states. We return to this point in the discussion section.580

The inter-model spread in annual mean PCENT and ∆SST changes are significantly posi-581

tively correlated in all three perturbation experiments with an average correlation coefficient582

of 0.86 and a slope that ranges from +1.5◦ per K in the LGM simulations to +2.4◦ per K583

in the 6Kyr experiments (Table 3). These slopes are significantly shallower, but of similar584

magnitude to that found in the seasonal cycle in the observations (+3.3◦ per K).585

1) 2XCO2 experiments586

The ITCZ response to CO2 doubling in the CMIP3 slab ocean simulations was analyzed587

thoroughly by Frierson and Hwang (2012) where it was concluded that there are large inter-588

model differences in the annual mean ITCZ shift due to differences in the AHTEQ change589

which primary reflect inter-model differences in extratropical feedbacks. We find a similar re-590

lationship between PCENT and AHTEQ in the coupled 1% CO2 increase runs. The ensemble591

average 0.02 PW increase AHTEQ in the 2XCO2 simulations analyzed in this study is de-592

composed into a nearly compensating 0.22 PW increase in < SWNET,TOA > (associated with593

increased cloudiness in the Northern Hemisphere mid-latitudes as assesed by the method of594
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Donohoe and Battisti (2011)) and a 0.29 PW increase in < OLR > (associated primarly595

with the Planck feedback and larger temperature increases in the Northern Hemisphere as596

compared to those in the Southern Hemisphere). Additionally, there is a 0.09 PW decrease597

in < OHT + S > which implies either more southward ocean heat transport or more tran-598

sient heat storage in the Northern Hemisphere as compared to the Southern Hemisphere.599

We emphasize that the ensemble average change in the hemispheric contrast of the energy600

budget due to CO2 doubling is small compared to the intermodel spread as pointed out by601

Zelinka and Hartmann (2012) and Frierson and Hwang (2012). Furthermore the ITCZ shift602

due to anthropogenic climate forcing varies in sign between models and depends critically603

on extratropical climate feedbacks.604

2) LGM experiments605

The most pronounced change in the inter-hemispheric energy budget in the LGM is the606

presence of the Laurentide ice sheet in the Northern Hemisphere; the cryosphere expanded607

drastically in the Northern Hemisphere and only modestly in the Southern Hemisphere608

during the LGM. The ensemble average spatially and solar weighted surface albedo of the609

Northern Hemisphere increased by 0.029 relative to that in the Southern hemisphere (with610

an ensemble standard deviation of 0.018 due to differences in the albedo of the Laurentide ice611

sheet) which translates to an increase in < SWNET,TOA > of +1.30 PW if the same surface612

albedo change was found in the planetary albedo. However, the shortwave atmospheric613

opacity limits the surface albedo’s impact on the TOA radiative budget while decreased614

cloudiness over the ice sheet compensates for the increased surface reflection and the ensemble615

average change in < SWNET,TOA > is +0.43 PW (and ranges from +0.03PW to +0.84PW616

in the ensemble members). Using the method of Donohoe and Battisti (2011) to partition617

the planetary albedo into contributions from surface albedo and cloud reflection, we find618

that the ensemble average change in < SWNET,TOA > is due to a +0.60 PW contribution619

from changes in surface albedo and a -0.17 PW contribution from changes in atmospheric620
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reflection (fewer clouds over the ice sheet).621

The deficit of absorbed shortwave radiation in the Northern Hemisphere (a positive622

change in < SWNET,TOA >) leads to a cooling of the Northern Hemisphere (relative to623

the Southern Hemisphere) and must either be balanced radiatively by decreased OLR (<624

OLR >), or dynamically by increasing either atmospheric (AHTEQ) or oceanic heat trans-625

port and storage (< OHT +S >). The ensemble average 0.43 PW increase < SWNET,TOA >626

(i.e. less shortwave radiation absorbed in the Northern Hemisphere) is balanced primarily627

by a 0.32 PW increase in < OLR > (i.e. a decrease in OLR in the Northern Hemisphere),628

secondarily by a 0.12 increase in AHTEQ and is slightly opposed by a 0.01 PW decrease in629

< OHT + S >. Inter-model differences in < SWNET,TOA > are well correlated with both630

inter-model differences in < OLR > and AHTEQ (with correlations coefficients of 0.88 and631

0.87 respectively) with nearly equal magnitude regression coefficients. These results suggest632

that the deficit in absorbed shortwave radiation in the Northern Hemisphere induced by633

the Laurentide ice sheet are primarily balanced radiatively (by OLR anomalies) and only634

secondarily by dynamics (atmospheric heat transport changes) with less than half of the635

shortwave anomaly being realized in the atmospheric heat transport change. In summary,636

the rather large inter-hemispheric contrast in energetics induced by the Laurentide ice sheet’s637

albedo (1.30 PW) is largely damped by: (1) the factor of approximately 2.5 attenuation of638

the surface albedo’s impact on the TOA energy budget by the atmospheric shortwave opac-639

ity, (2) compensating decreases in cloudiness over the Laurentide ice sheet and (3) radiative640

compensation via the Planck feedback. As a result, approximately 10% (0.12 PW) of the641

energetics implied by the surface albedo changes are realized in cross equatorial atmospheric642

heat transport, resulting in a very modest ensemble average shift in the ITCZ location.643

Braconnot et al. (2007b) previously demonstrated the surprising result that, in PMIP2644

LGM simulations, the meridional shift of the ITCZ during the Boreal summer differs in sign645

between the ensemble members. We find here that indeed, and contrary to expectations, two646

models shift the annual mean ITCZ toward the Northern Hemisphere. We note that, in both647
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cases, these changes are expected given the change in AHTEQ and the relationship between648

PCENT and AHTEQ. We now discuss the cause of the negative (more southward) change in649

AHTEQ in these two models. In ECHAM5, < SWNET,TOA > increases by 0.24 PW, primarily650

due to the surface albedo change, and < OLR > increases by 0.46 PW, primarily due to the651

Planck feedback and more cooling in the Northern hemisphere as compared to the Southern652

hemisphere. Because the < OLR > change is larger in magnitude than the < SWNET,TOA >653

change, the ice sheet actually introduces a net source of energy to the atmosphere in the654

Northern hemisphere due to radiative overcompensation and AHTEQ moves energy away655

from the energy source in the Northern hemisphere resulting in a northward ITCZ shift. In656

FGOALS, the total heat transport across the equator is nearly unchanged (-0.05 PW) due657

to a large radiative compensation with the change in < SWNET,TOA > being nearly, but not658

completely balanced by < OLR > . Concurrently, < OHT+S > increases by 0.10 PW either659

due to more Northward ocean heat transport or transient energy storage in the Southern660

ocean. As a consequence, AHTEQ decreases by 0.05 PW, largely reflecting compensation661

between oceanic and atmospheric heat transport, and the ITCZ shifts Northward.662

3) 6Kyr experiments663

The robust annual mean Northward ITCZ shift and more Southward AHTEQ in the 6Kyr664

runs is surprising given that there is no inter-hemispheric contrast of forcing in the annual665

mean and implies that non-linearities in the seasonal response to forcing play a vital role in666

setting the ITCZ location. In the ensemble average, the changes in net radiation at the TOA667

have a minimal impact on AHTEQ as the 0.06 PW increase in < SWNET,TOA > (associated668

with reduced cloudiness in the Northern hemisphere mid-latitudes) is nearly balanced by669

a 0.05 PW increase in < OLR > (associated with warming of the Northern subtropics).670

Ultimately, the ensemble average 0.06 PW decrease (more southward) in AHTEQ is a con-671

sequence of a 0.07 increase in < OHT + S >. Our analysis techniques cannot distinguish672

between a change in cross equatorial ocean heat transport and a hemispheric asymmetry of673
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transient ocean storage. The annual mean shift in the 6Kyr runs reflects the ITCZ moving674

further Northward during the boreal summer while the ITCZ migration into the South-675

ern hemisphere during the Austral summer is nearly unchanged relative to that in the PI676

simulations, as discussed further in our concluding remarks.677

4. Summary and discussion678

The seasonal cycle of the location of the ITCZ (PCENT ) is highly anti-correlated with679

the atmospheric heat transport at the equator (AHTEQ) and highly correlated with the680

inter-hemispheric contrast of tropical sea surface temperatures (∆SST ) in both the obser-681

vations (R2 = 0.99 and 0.94 respectively) and coupled climate models (R2 = 0.80 and 0.94682

respectively). We argue that the relationship between PCENT and AHTEQ is a consequence683

of their mutual association with the meridional migration of the Hadley cell. The regres-684

sion coefficient between PCENT and AHTEQ over the seasonal cycle is -2.7◦ per PW in the685

observations and agrees well with the CMIP3 ensemble average of -2.4◦ per PW. Similarly,686

the regression coefficient between PCENT and ∆SST over the seasonal cycle is +3.3◦ per K687

in the observations and agrees well with the CMIP3 ensemble average of +3.7◦ per PW.688

The annual mean shift in ITCZ (PCENT ) across a myriad of climate forcing experiments689

(2XCO2, LGM, and mid-Holocene) in coupled climate models is well correlated with the690

change in (AHTEQ) with a regression coefficient of -3.2◦ per PW, in excellent agreement691

with that found over the seasonal cycle. This result suggests that the same physics that692

control the seasonal cycle of AHTEQ and PCENT , via their mutual connection to the Hadley693

cell, also control changes in the annual mean.694

The seasonal relationship between PCENT and AHTEQ was found to depend on how far695

off the equator the ITCZ moves in a series of aquaplanet simulations with varying mixed696

layer depth. We argue that the asymmetry between the winter and summer Hadley cells is697

critical to this result due to two processes: (1) AHTEQ changes more than would be expected698
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from simply translating the annual mean Hadley cell off the equator due to the intensification699

of the streamfunction in the winter cell as the Hadley cell moves off the equator and (2) the700

ITCZ remains equatorward of the zero streamfunction because the maximum meridional701

divergence of the streamfunction and upward motion gets pushed into the winter cell due702

to the asymmetry between the winter and summer Hadley cells. As a consequence, the703

AHTEQ change required per degree shift in the ITCZ increases as the ITCZ moves farther704

off the equator. We note that, in the annual average, the ITCZ is relatively close to the705

equator and the two branches of the Hadley cell are nearly symmetric as compared to the706

seasonal extremes. This might lead one to believe that the AHTEQ change required to move707

the ITCZ 1◦ would be comparable to that expected from simply translating the Hadley cell708

meridionally without the concurrent intensification of the winter cell (of order 0.1 PW– see709

red asterisks in Figure 5) and less than that found over the seasonal cycle (of order 0.3710

PW– see upper panel of Figure 3). Yet, we concluded above that the relationship between711

PCENT and AHTEQ over the observed seasonal cycle is statistically indistinguishable from712

the relationship found for the annual mean changes across the ensemble of climate change713

perturbation experiments. We argue below that the seasonal relationships between PCENT714

and AHTEQ is dictated by the seasonal cycle because the annual average is seldom realized715

and is better thought of as the average of the seasonal extremes (and the amount of time716

spent in the extreme) as illustrated in Figure 7.717

The top panel of Figure 11 shows smoothed histograms (Eilers and Goeman 2004) of718

monthly mean PCENT and AHTEQ for 200 years of the PI simulation in the IPSL model.719

The annual mean (black cross) is seldom realized and the system rapidly migrates between720

seasonal extremes of PCENT in the Northern Hemisphere and southward AHTEQ in the Bo-721

real summer and PCENT in the Southern Hemisphere and northward AHTEQ in the Austral722

summer. The linear best fit (dashed black line) connects the seasonal extremes with a slope723

equal to the regression coefficient between PCENT and AHTEQ and nearly passes through724

the origin. By statistical construction, the annual mean lies on the linear best fit line. In725
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short, the annual mean reflects the average of the two seasonal extremes4.726

The smoothed histogram and linear best fit of PCENT and AHTEQ for the IPSL 2XCO2727

simulation are very similar to their PI counterparts (middle panel of Figure 11). However,728

during both seasonal extremes, PCENT has shifted southward and there is more northward729

AHTEQ. As a consequence, the annual average PCENT and AHTEQ have also shifted in730

the same sense as the seasonal extremes. The key point is that, provided that the seasonal731

relationship between PCENT and AHTEQ is consistent between climate states, the annual732

mean shifts along the seasonal linear best fit; the relationship between annual mean shift in733

PCENT and AHTEQ will be the same as the relationship between PCENT and AHTEQ found734

over the seasonal cycle. We extend this analysis to the LGM and 6Kyr runs alongside the735

PI and 2XCO2 in the bottom panel of Figure 11 where a single smoothed histogram contour736

(2.5% per ◦ PW) is shown for visual purposes. There we see that while the shift from the737

PI to 2XCO2 is apparent in both seasons, in the 6Kyr run the boreal summer extreme shifts738

further away from the origin (along the seasonal slope) while the Austral summer statistics739

are relatively unchanged. In contrast, in the LGM the ITCZ and AHTEQ are relatively740

unchanged during the Boreal summer while, in the Austral summer, the ITCZ shifts more741

Southward and the AHTEQ becomes more Northward. In all cases, the asymmteric shifting742

of the seasonal extremes result in a shift of the annual mean and, most importantly, the743

annual mean shifts along the seasonal slope between PCENT and AHTEQ.744

Our framework suggest that perturbations to the inter-hemispheric asymmetry of atmo-745

spheric energy budget (Equation 4) atall latitudes and from all sources (e.g. ocean heat746

transport anomalies, surface heat flux anomalies, and radiative perturbations) have an equal747

impact on AHTEQ and on the ITCZ location via the connection between PCENT and AHTEQ.748

4We note that, in this particular case, the time spent in the Boreal and Austral summer extremes is

approximately equal (the lobes of the smoothed histogram are comparable in magnitude) and the annual

mean falls nearly equidistant from the extremes. If more time was spent in either of the seasonal extremes,

the lobes would have different magnitudes and the annual mean would be shifted toward the more populated

lobe.
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Similar ideas have been expressed by Chiang and Bitz (2005); Kang et al. (2008); Frierson749

and Hwang (2012); Yoshimori and Broccoli (2008) amongst others. In contrast, there is an750

abundance of literature on the role of tropical processes in setting the ITCZ location includ-751

ing the coastal geometry (Philander et al. 1996), the roles of the Andes is shaping the spatial752

structure of SST (Takahashi and Battisti 2007), and the role of the tropical oceanic circula-753

tion (Clement and Seager 1999) amongst others. We note that, while our results speculate754

that extratropical energy inputs play a vital role in setting and shifting the ITCZ location,755

we have not demonstrated causality. The inter-hemispheric energy budget must come into756

balance with AHTEQ changes that accompany ITCZ shifts and the resulting radiative and757

surface heat flux anomalies could be a manifestation of changes in the tropics.758

Our results have implications for ITCZ location in paleoclimate states, some of which759

have already been discussed in the context of the PMIP2 models (Section 3). In particular760

paleoclimate records have been used to deduce ITCZ shifts and, in some cases, have been761

used to quantify bounds on meridional position of the ITCZ (i.e. Sachs et al. 2009) over762

the Earth’s history. The quantitative scaling of the relationship between ITCZ position and763

AHTEQ found in this study allows one to infer the change in cross equatorial atmospheric764

heat transport implied by the paleoclimate reconstructions of ITCZ location, and ultimately765

relate these quantities back to the hemispheric scale energy budget (Figure 2) of the climate766

system. For example, the southward ITCZ shift of order 5◦ during the little ice age suggested767

by Sachs et al. (2009) implies a AHTEQ change of approximately 1.7 PW; presently, there is768

no known climate forcing or feedback during that time period that could account for such a769

large energy perturbation at the hemispheric scale. Similarly, the same ITCZ shift would be770

associated with a ∆SST change within the range of 1.5-3.7K (using the range of regression771

coefficients between PCENT and ∆SST found in this study) that ought to be readily seen772

in proxy SST reconstructions. We view the relationship between PCENT and AHTEQ to be773

fundamental to the system due to the mutual dependence of the tropical rainfall and the774

atmospheric heat transport on the Hadley cell; we expect this relationship to hold from one775
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climate state to the next because the seasonal anomalies are large compared to the climate776

perturbations and thus the seasonal cycle captures the system behavior to a fairly wide777

range of climate forcings. In contrast, we view the relationship between ITCZ location and778

∆SST as empirical and potentially variant to the climates. However, ∆SST maybe easier779

to constrain from paleo data and, thus, its relationship to the ITCZ location could help to780

place paleo observations into the framework presented in this manuscript.781

Our analysis has focused on the zonal mean tropical precipitation and atmospheric heat782

transport. Clearly, paleoclimate records are indicative of more localized climate changes; the783

ITCZ shifts noted by Sachs et al. (2009) are derived from data along a latitudinal transect784

over a given longitudinal band in the Pacific. It remains to be seen if the diagnostics used in785

this study are applicable to more localized records as would be the case if ITCZ movements786

were zonally homogeneous as suggested by Frierson and Hwang (2012). In future work, we787

hope to assess if the relationships between ITCZ location, AHTEQ, and ∆SST found in this788

study can be applied to specific paleoclimate reconstructions in order to deduce past changes789

in the large scale atmospheric circulation and the energetic processes responsible for those790

changes.791
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List of Tables893

1 Seasonal amplitude (amplitude of the annual harmonic) and regression coeffi-894

cients of precipitation centroid, AHTEQ, and ∆SST in the observations and in895

CMIP3 pre-industrial models. The 95% confidence limits are listed after each896

value and are assesed from the inter-annual spread in the observations,inter-897

model spread in the models, and uncertainity in the regression coefficients. 39898

2 Models used in this study and their resolution. The horizontal resolution refers899

to the latitudinal and longitudinal grid-spacing or the spectral truncation.900

The vertical resolution is the number of vertical levels. 40901

3 Ensemble average, spread (1σ), and regression coefficents for PCENT , AHTEQ,902

and ∆SST in the 2XCO2, LGM, and 6Kyr experiment. 41903
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Table 1. Seasonal amplitude (amplitude of the annual harmonic) and regression coef-
ficients of precipitation centroid, AHTEQ, and ∆SST in the observations and in CMIP3
pre-industrial models. The 95% confidence limits are listed after each value and are ass-
esed from the inter-annual spread in the observations,inter-model spread in the models, and
uncertainity in the regression coefficients.

Observations CMIP3
Ensemble Mean

Centroid seasonal
amplitude (◦)

6.3 ± 0.2 6.6 ± 0.8

AHTEQ seasonal
amplitude (PW)

2.2 ± 0.1 2.5 ± 0.3

∆SST 1.8 ± 0.1 2.0 ± 0.3
PCENT vs. AHTEQ

Regression coefficient (◦/PW)
-2.7 ± 0.6 -2.4 ± 0.4

PCENT vs. ∆SST
Regression coefficient (◦/K)

3.3 ± 0.6 3.7 ± 0.7
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Abbreviation Full Name Horizontal
Resolution

Vertical
Resolution

BCCR-
BCM2.0

Bjerknes Centre for Climate Re-
search, University of Bergen, Norway

T63 L31

CCCMA-
CGCM3.1

Canadian Centre for Climate Model-
ing and Analysis, Canada

T47 L31

CNRM-
CM3

Meteo-France/Centre National de
Recherches Meteorologique, France

T63 L45

CSIRO-
MK3.0

Australian Commonwealth Scien-
tific and Research Organization
(CSIRO), Australia

T63 L18

GFDL-
CM2.0

NOAA/Geophysical Fluid Dynamics
Laboratory, USA

2.0◦ X 2.5◦ L24

GFDL-
CM2.1

NOAA/Geophysical Fluid Dynamics
Laboratory, USA

2.0◦ X 2.5◦ L24

IAP-
FGOALS

National Key Laboratory of Numer-
ical Modeling for Atmospheric Sci-
ences and Geophysical Fluid Dynam-
ics (LASG), China

T42 L26

MPI-
ECHAM5

Max Planck Institute for Meteorol-
ogy, Germany

T63 L31

INM-CM3.0 Institute for Numerical Mathemat-
ics, Russia

4◦ X 5◦ L21

IPSL-CM4.0 Institute Pierre Simon Laplace,
France

2.5◦ X 3.75◦ L19

Micro3.2
(Medres)

National Institute for Environmental
Studies, and Frontier Research Cen-
ter for Global Change, Japan

T42 L20

Micro3.2
(Hires)

National Institute for Environmental
Studies, and Frontier Research Cen-
ter for Global Change, Japan

T106 L56

MRI-
CGCM2.3.2a

Meteorological Research Institute,
Japan

T42 L30

NCAR-
CCSM3.0

National Center for Atmospheric Re-
search, USA

T85 L26

UKMO-
HADCM3

Hadley Centre for Climate Predic-
tion and Research/Met Office, UK

2.5◦ X 3.8◦ L19

MIUB-
ECHOg

University of Bonn, Germany T30 L19

Table 2. Models used in this study and their resolution. The horizontal resolution refers
to the latitudinal and longitudinal grid-spacing or the spectral truncation. The vertical
resolution is the number of vertical levels.
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2XCO2 LGM 6Kyr
Ensemble average
change in PCENT (◦)

-0.09 -0.24 +0.21

Ensemble spread (1σ) of
change in PCENT (◦)

0.46 0.61 0.22

Ensemble average
change in AHTEQ (PW)

+0.02 +0.12 -0.06

Ensemble spread (1σ) of
change in AHTEQ (PW)

0.09 0.17 0.05

Ensemble average
change in ∆SST (K)

+0.06 -0.10 +0.06

Ensemble spread (1σ) of
change in ∆SST (PW)

0.18 0.32 0.07

Regression coefficient between
change in PCENT and AHTEQ (◦/PW)

-4.2 -3.2 -3.2

Regression coefficient between
change in PCENT and ∆SST (◦/K)

+2.3 +1.5 +2.4

Table 3. Ensemble average, spread (1σ), and regression coefficents for PCENT , AHTEQ,
and ∆SST in the 2XCO2, LGM, and 6Kyr experiment.
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List of Figures904

1 Cartoon of the spatial structure of winds (black arrows), meridional mass905

overturning streamfunction (solid and dashed black contours for the positive906

and negative streamfunction values respectively) precipitation (blue lines),907

and vertically integrated atmospheric heat transport (purple arrows) associ-908

ated with the Hadley cell. The equator is the dashed green line. The top panel909

represents the Boreal summer and the bottom panel represents the Austral910

summer. 46911

2 (Left panel) The global, annual-averaged atmospheric energy budget and912

(Right panel) the inter-hemispheric contrast of the energy budget used to913

derive the cross equatorial atmospheric heat transport. The < > brackets914

indicate the Southern Hemisphere average minus the Northern Hemisphere915

average and OHT+S is the cross equatorial ocean heat transport minus stor-916

age in each hemisphere. 47917

3 (Top Panel) Scatter plot of the seasonal cycle of tropical precipitation centroid918

versus cross equatorial atmospheric heat transport. Each cross is centered on919

the monthly average and the length of the cross on each axis represents the920

95% confidence interval assessed from the the inter-annual variability. The921

filled box is the annual average. The dashed line is the linear best fit to the922

monthly averages. (Bottom panel) As in the top panel except for the tropical923

precipitation centroid versus the inter-hemispheric difference in tropical SST. 48924
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4 Seasonal cycle of hemispheric contrast in energy fluxes defined as half the925

difference in spatial integral of fluxes in Southern hemisphere minus that in926

the Northern hemisphere. The solid lines are the observations and the shaded927

region represents ± one standard deviation about the CMIP3 PI ensemble928

average. The terms are defined in the legend and discussed in the text in929

reference to Equation 5. The first four terms in the legend sum to yield930

AHTEQ. 49931

5 (Top panel) Scatter plot of AHTEQ versus the mass overturning streamfunc-932

tion at 500 hPa over the equator over the seasonal cycle in the observations.933

Each asterisk is a monthly average and the dashed line is the linear best934

fit. (Bottom panel) Scatter plot of the location of zero mass overturning935

streamfunction, θΨ=0, at 500 hPa versus AHTEQ (red asterisk and linear best936

fit dashed line) and PCENT versus AHTEQ (blues asterisk and linear best937

fit dashed line). The expected relationship between θΨ=0 and AHTEQ from938

Equation 9 is shown by the dashed black line. 50939

6 (Upper panel) Seasonal range of precipitation centroid versus atmospheric940

heat transport at the equator (AHTEQ) in individual CMIP pre-industrial941

models (dashed colored lines with filled dots on each end), the model En-942

semble mean (thick purple line and filled dots), and the observations (thick943

black line and filled dots). The seasonal range is twice the amplitude of the944

annual harmonic of each variable and the slope of the line is the regression945

coefficient of the monthly data. The models are color coded by their an-946

nual average PCENT with the color scale given by the colorbar to the right.947

(Lower panel) As in the upper panel except for precipitation centroid versus948

inter-hemispheric contrast of tropical SST. 51949
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7 Histograms of PCENT in the CMIP3 PI models and observations. The shaded950

region is the normalized histogram of monthly mean PCENT and the seasonal951

range (defined as twice the amplitude of the annual harmonic) of PCENT is952

given by the dashed lines attaching the filled dots (representing the climato-953

logical northernmost and southernmost extent). The annual average for each954

model is also shown with the shaded diamond. The models are organized955

on the y axis and color coded by annual average PCENT with the same color956

bar used in Figure 6. Observations are given by the thick magenta line and957

the CMIP3 ensemble average is shown in the thick black lines. The vertical958

dashed black lines are the ensemble average annual mean, northernmost, and959

southernmost extent PCENT . 52960

8 (Top panel) Seasonal range of precipitation centroid and atmospheric heat961

transport across the equator in the slab ocean aquaplanet simulations with962

each simulation (ocean depth) given by a different color. The seasonal range963

is twice the amplitude of the annual harmonic of each variable and the slope of964

the line is the regression coefficient of the monthly data. The black asterisks965

are the monthly observations and the solid black line is the seasonal range of966

the observations. (Bottom panel) As in the top panel except for precipitation967

centroid and tropical SST gradient. 53968

9 Boreal summer meridional overturning streamfunction in the atmosphere (red969

and blue contours with a contour interval of 50 Sverdrups) co-plotted with the970

zonal mean precipitation (solid green lines). Also shown is the precipitation971

centroid (dashed green line), the location where the AHT is zero (dashed pur-972

ple line), the location of zero streamfunction at 600 hPa (dashed black line),973

and the location of maximum streamfunction gradient at 600 hPa (dashed974

orange line). The top panel is 50 m slab ocean run and the bottom panel is975

the 2.4 m slab ocean run. 54976
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10 (Top panel) Change in annual mean precipitation centroid versus change in977

cross equatorial heat transport in the atmosphere in the 2XCO2 simulations978

(each red cross is a different ensemble member), 6,000 years before present sim-979

ulations (green crosses), and Last Glacial Maximum simulation (blue crosses).980

The dashed red, green, and blue lines are the linear best fits in the 2XCO2,981

6Kyr, and LGM runs respectively. The dashed black line is the linear best982

to all experiments. The filled boxes are the ensemble mean of each simula-983

tion. (Bottom panel) As in the top panel except for change in annual mean984

precipitation centroid (PCENT ) versus change in tropical SST gradient (∆SST ). 55985

11 (Top panel) Smoothed histogram (colors) in the AHTEQ/PCENT plane taken986

from a 200 year long PI simulation in the IPSL model. The dashed line is the987

linear best fit to the monthly data for all years of the simulation and the cross988

is the annual average. (Middle) As in the top panel except the probability989

density function is contoured (contour interval of 0.75% per ◦ PW) with black990

contours showing the PI values and red values showing the 2XCO2 values.991

The red and black crosses and dashed lines represent the annual average and992

linear best fits in the 2XCO2 and PI simulations respectively. (Bottom panel)993

As in the middle panel except only the 2.5 % per ◦ PW) contour is shown.994

The PI simulation is shown in black, 2XCO2 in red, LGM in blue, and the995

6Kyr simulation is green. 56996
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Northern 
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BOREAL  SUMMER
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Fig. 1. Cartoon of the spatial structure of winds (black arrows), meridional mass overturning
streamfunction (solid and dashed black contours for the positive and negative streamfunction
values respectively) precipitation (blue lines), and vertically integrated atmospheric heat
transport (purple arrows) associated with the Hadley cell. The equator is the dashed green
line. The top panel represents the Boreal summer and the bottom panel represents the
Austral summer.
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Fig. 2. (Left panel) The global, annual-averaged atmospheric energy budget and (Right
panel) the inter-hemispheric contrast of the energy budget used to derive the cross equatorial
atmospheric heat transport. The < > brackets indicate the Southern Hemisphere average
minus the Northern Hemisphere average and OHT+S is the cross equatorial ocean heat
transport minus storage in each hemisphere.
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Fig. 3. (Top Panel) Scatter plot of the seasonal cycle of tropical precipitation centroid versus
cross equatorial atmospheric heat transport. Each cross is centered on the monthly average
and the length of the cross on each axis represents the 95% confidence interval assessed from
the the inter-annual variability. The filled box is the annual average. The dashed line is the
linear best fit to the monthly averages. (Bottom panel) As in the top panel except for the
tropical precipitation centroid versus the inter-hemispheric difference in tropical SST.
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Fig. 4. Seasonal cycle of hemispheric contrast in energy fluxes defined as half the difference in
spatial integral of fluxes in Southern hemisphere minus that in the Northern hemisphere. The
solid lines are the observations and the shaded region represents ± one standard deviation
about the CMIP3 PI ensemble average. The terms are defined in the legend and discussed in
the text in reference to Equation 5. The first four terms in the legend sum to yield AHTEQ.
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Eq. 7 Predicition

Fig. 5. (Top panel) Scatter plot of AHTEQ versus the mass overturning streamfunction
at 500 hPa over the equator over the seasonal cycle in the observations. Each asterisk is a
monthly average and the dashed line is the linear best fit. (Bottom panel) Scatter plot of
the location of zero mass overturning streamfunction, θΨ=0, at 500 hPa versus AHTEQ (red
asterisk and linear best fit dashed line) and PCENT versus AHTEQ (blues asterisk and linear
best fit dashed line). The expected relationship between θΨ=0 and AHTEQ from Equation 9
is shown by the dashed black line.
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Fig. 6. (Upper panel) Seasonal range of precipitation centroid versus atmospheric heat
transport at the equator (AHTEQ) in individual CMIP pre-industrial models (dashed colored
lines with filled dots on each end), the model Ensemble mean (thick purple line and filled
dots), and the observations (thick black line and filled dots). The seasonal range is twice the
amplitude of the annual harmonic of each variable and the slope of the line is the regression
coefficient of the monthly data. The models are color coded by their annual average PCENT

with the color scale given by the colorbar to the right. (Lower panel) As in the upper panel
except for precipitation centroid versus inter-hemispheric contrast of tropical SST.
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Fig. 7. Histograms of PCENT in the CMIP3 PI models and observations. The shaded region
is the normalized histogram of monthly mean PCENT and the seasonal range (defined as twice
the amplitude of the annual harmonic) of PCENT is given by the dashed lines attaching the
filled dots (representing the climatological northernmost and southernmost extent). The
annual average for each model is also shown with the shaded diamond. The models are
organized on the y axis and color coded by annual average PCENT with the same color bar
used in Figure 6. Observations are given by the thick magenta line and the CMIP3 ensemble
average is shown in the thick black lines. The vertical dashed black lines are the ensemble
average annual mean, northernmost, and southernmost extent PCENT .
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Fig. 8. (Top panel) Seasonal range of precipitation centroid and atmospheric heat transport
across the equator in the slab ocean aquaplanet simulations with each simulation (ocean
depth) given by a different color. The seasonal range is twice the amplitude of the annual
harmonic of each variable and the slope of the line is the regression coefficient of the monthly
data. The black asterisks are the monthly observations and the solid black line is the seasonal
range of the observations. (Bottom panel) As in the top panel except for precipitation
centroid and tropical SST gradient.
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Fig. 9. Boreal summer meridional overturning streamfunction in the atmosphere (red and
blue contours with a contour interval of 50 Sverdrups) co-plotted with the zonal mean pre-
cipitation (solid green lines). Also shown is the precipitation centroid (dashed green line),
the location where the AHT is zero (dashed purple line), the location of zero streamfunction
at 600 hPa (dashed black line), and the location of maximum streamfunction gradient at
600 hPa (dashed orange line). The top panel is 50 m slab ocean run and the bottom panel
is the 2.4 m slab ocean run.
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Fig. 10. (Top panel) Change in annual mean precipitation centroid versus change in cross
equatorial heat transport in the atmosphere in the 2XCO2 simulations (each red cross is a
different ensemble member), 6,000 years before present simulations (green crosses), and Last
Glacial Maximum simulation (blue crosses). The dashed red, green, and blue lines are the
linear best fits in the 2XCO2, 6Kyr, and LGM runs respectively. The dashed black line is the
linear best to all experiments. The filled boxes are the ensemble mean of each simulation.
(Bottom panel) As in the top panel except for change in annual mean precipitation centroid
(PCENT ) versus change in tropical SST gradient (∆SST ).
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Fig. 11. (Top panel) Smoothed histogram (colors) in the AHTEQ/PCENT plane taken from
a 200 year long PI simulation in the IPSL model. The dashed line is the linear best fit to the
monthly data for all years of the simulation and the cross is the annual average. (Middle)
As in the top panel except the probability density function is contoured (contour interval
of 0.75% per ◦ PW) with black contours showing the PI values and red values showing the
2XCO2 values. The red and black crosses and dashed lines represent the annual average
and linear best fits in the 2XCO2 and PI simulations respectively. (Bottom panel) As in the
middle panel except only the 2.5 % per ◦ PW) contour is shown. The PI simulation is shown
in black, 2XCO2 in red, LGM in blue, and the 6Kyr simulation is green.
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