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Abstract.3

We study the effect of a thermal forcing confined to the midlatitudes of4

one hemisphere on the eddy-driven jet in the opposite hemisphere. We demon-5

strate the existence of an “interhemispheric teleconnection,” whereby warm-6

ing (cooling) the Northern Hemisphere causes both the intertropical conver-7

gence zone (ITCZ) and the Southern Hemispheric midlatitude jet to shift8

northward (southward). The interhemispheric teleconnection is effected by9

a change in the asymmetry of the Hadley cells: as the ITCZ shifts away from10

the Equator, the cross-equatorial Hadley cell intensifies, fluxing more mo-11

mentum toward the subtropics and sustaining a stronger subtropical jet. Changes12

in subtropical jet strength, in turn, alter the propagation of extratropical waves13

into the tropics, affecting eddy momentum fluxes and the eddy-driven west-14

erlies. The relevance of this mechanism is demonstrated in the context of fu-15

ture climate change simulations, where shifts of the ITCZ are significantly16

related to shifts of the Southern Hemispheric eddy-driven jet in austral win-17

ter. The possible relevance of the proposed mechanism to paleoclimates is18

discussed, particularly with regard to theories of ice age terminations.19
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1. Introduction

A fundamental question in atmospheric dynamics is to understand meridional shifts of20

the zonally-averaged circulation, and particularly of the zonal-mean midlatitude jet. In21

the context of anthropogenic climate change, the effect of global warming on the latitude22

of the eddy-driven jet has received much attention in the recent literature [e.g., Hartmann23

et al., 2000; Kushner et al., 2001; Chen and Held , 2007; Lorenz and DeWeaver , 2007;24

Kidston et al., 2011]. There exist, however, a variety of mechanisms that may force shifts25

of the eddy-driven westerlies. The purpose of this study is to propose one such mechanism,26

which involves a shift of the intertropical convergence zone (ITCZ) and a change in the27

asymmetry of the Hadley cells.28

While it is well established that the eddy-driven midlatitude jet and the tropical Hadley29

circulation can mutually influence each other, the mechanisms and the causal relations30

behind such interactions may be quite diverse. Extratropical eddies, via their fluxes of31

heat and momentum, have been shown to influence the Hadley circulation both in terms32

of strength and meridional extent [e.g., Walker and Schneider , 2006; Caballero, 2007;33

Kang and Polvani , 2011; Ceppi and Hartmann, in press]. However, it is known that34

the converse situation is also possible, where changes in the Hadley circulation cause a35

response of the eddy-driven jet. This happens because the Hadley circulation controls36

the strength of the subtropical jet through the meridional advection of momentum in the37

upper tropical troposphere [Chang , 1995; Seager et al., 2003]. In turn, the subtropical jet38

interacts with the eddy-driven jet, due to its effects on baroclinicity [Lee and Kim, 2003;39
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Brayshaw et al., 2008] and on barotropic wave propagation [Eichelberger and Hartmann,40

2007; Barnes and Hartmann, 2011].41

A major influence on Hadley cell strength and ITCZ latitude is the interhemispheric42

thermal gradient [Broccoli et al., 2006; Kang et al., 2008; Frierson and Hwang , 2012;43

Donohoe et al., in press]. Temperature asymmetries between the hemispheres cause a44

shift of the ITCZ toward the warmer hemisphere and a strengthening of the Hadley cell45

in the colder hemisphere, and this appears prominently in the seasonal cycle of the Hadley46

circulation, with the winter cell being much stronger than the summer one [Lindzen and47

Hou, 1988; Dima and Wallace, 2003]. It is thus possible that substantial changes in ITCZ48

latitude and in Hadley cell strength, particularly due to variations in the interhemispheric49

thermal gradient, could induce a change in subtropical jet strength and therefore a shift50

of the westerlies.51

Recent work has suggested a possible linkage between meridional shifts of the ITCZ52

and of the eddy-driven westerlies in the context of ice age terminations, where the ITCZ53

shift may have been forced mainly from the Northern Hemisphere (NH) [Anderson et al.,54

2009; Toggweiler and Lea, 2010; Denton et al., 2010]. The Southern Hemispheric (SH)55

eddy-driven jet shift induced by the change in tropical circulation may in turn have56

caused a change in ocean circulation, leading to enhanced venting of CO2 from the deep57

ocean. This would have warmed the climate globally, bringing the ice age to an end. In58

experiments with a coupled atmosphere–ocean general circulation model, Lee et al. [2011]59

demonstrated that anomalous cooling in the North Atlantic can trigger a response of the60

SH eddy-driven jet leading to increased venting of CO2, although they focused on changes61

in jet strength instead of latitude.62
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The primary purpose of this study is to explore the dynamical processes involved in the63

remote response of the eddies to a forcing in the opposite hemisphere. Using idealized64

model experiments, we show that the eddy-driven jet responds to thermal forcings confined65

to the midlatitudes of the opposite hemisphere. We then demonstrate that the eddy66

response can be explained by the change in Hadley cell strength associated with a shift67

of the ITCZ, and show the relevance of this tropical control mechanism in the context of68

future climate change.69

2. Data and Methods

2.1. Model experiments

Three different models are used in this study to investigate the relationship between70

the strength of the subtropical jet and the latitude of the eddy-driven jet.71

The effect of interhemispheric thermal gradients on the zonal-mean circulation is tested72

in the GFDL AM2.1 model [The GFDL Global Atmospheric Model Development Team,73

2004] in aquaplanet configuration. The lower boundary is a slab mixed-layer ocean with74

a depth of 50 m [Manabe and Stouffer , 1980], and the model is run under perpetual75

equinox conditions. Model output is averaged over the last six years of each simulation,76

after a two-year spinup. The model is run at a horizontal resolution of 2◦ latitude × 2.5◦77

longitude with 24 levels. The interhemispheric thermal gradient is varied by imposing78

an anomalous energy flux (a “Q-flux”) at the ocean surface in the midlatitudes of the79

Northern Hemisphere only. The anomalous Q-flux is modeled as a Gaussian function of80

latitude:81

Q(φ) = A exp

[
−(φ− φm)2

2σ2

]
. (1)82
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We set φm = 50◦ N, σ = 7◦, and A is varied from −50 to +50 W m−2 in 10-W m−2
83

increments. Note that because there is no energy source or sink to compensate for the84

anomalous Q-flux in the NH midlatitudes, energy is not conserved in the perturbed runs.85

To assess the applicability of our results to a more realistic atmosphere, we run similar86

experiments in the ECHAM atmospheric general circulation model version 4.6 [hereafter87

ECHAM4.6; Roeckner et al., 1996], which includes real-world land distribution and to-88

pography. The atmospheric model is run in T42 resolution with 19 vertical levels, and89

is coupled to a slab ocean, with a 50-m mixed layer. In the control case, ocean heat90

transport is simulated by applying Q-fluxes, which were calculated to maintain a seasonal91

cycle of ocean temperatures that is as close as possible to present-day conditions. In92

addition to the control Q-fluxes, we carry out an experiment with a Q-flux perturbation93

following Eq. 1, with an amplitude A = −100 W m−2. This is similar to the aquaplanet94

experiments except for the fact that the forcing is restricted to ocean gridpoints in the95

NH, resulting in a zonal-mean forcing amplitude of −44 W m−2.96

Finally, we employ a simple barotropic model to investigate the interactions between the97

subtropical jet and the eddies. The model setup is as in Vallis et al. [2004] and Barnes and98

Hartmann [2011] and we refer the reader there for details, but summarize the main points99

in the following. The model integrates the nondivergent barotropic vorticity equation100

on the sphere, with linear damping of vorticity and fourth-order diffusion. Eddies are101

generated by stochastic vorticity stirring, which is centered at 50◦ N and windowed with102

a Gaussian mask in meridional direction. The strength of the stirring is the same as in103

Barnes and Hartmann [2011], chosen to simulate a midlatitude storm track of realistic104

intensity. In addition to the stirring, a subtropical jet of varying strength is prescribed,105
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as in Barnes and Hartmann [2011]:106

usub(φ) = U exp

[
−(φ− φsub)

2

2σ2
sub

]
, (2)107

where φ denotes latitude and u zonal wind. Hence, the subtropical jet is a Gaussian in108

latitude, with a width σsub = 6◦, a center at φsub = 25◦, and an amplitude U ranging from109

0 to 25 m s−1 in increments of 5 m s−1. Each integration is averaged over 8000 days, after110

discarding 500 days of spinup.111

2.2. CCSM3 21st century integrations

We make use of a 30-member ensemble of 21st-century simulations of the Community112

Climate System Model Version 3 (CCSM3) coupled general circulation model [Collins113

et al., 2006]. All members are subject to the same external forcing, following the A1B114

greenhouse gas emission scenario [Houghton et al., 2001]. This large ensemble of integra-115

tions has been described in detail in Deser et al. [2010], Branstator and Teng [2010], and116

Meehl et al. [2010], and we mention only the important points here. The initial conditions117

are taken from a single 20th-century integration of CCSM3. The atmospheric component118

of the model is started from different initial conditions in each simulation, corresponding119

to different days in December 1999 or January 2000. The ocean, ice, and land components,120

however, are all branched from 1 January 2000 and thus have identical initial conditions.121

All integrations are run for 62 years, from January 2000 to December 2062.122

We estimate changes in eddy-driven jet latitude and tropical circulation asymmetry (see123

definitions below) by averaging model output over the last 20 years of each integration124

(i.e., 2043–2062). Because all ensemble members are started from the same 20th-century125
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integration, the different climatologies in 2043–2062 reflect different evolutions of the126

eddy-driven jet and of the tropical circulation asymmetry.127

2.3. CMIP5 data

In addition to our model experiments, we also investigate the relationship between SH128

jet latitude and the asymmetry of the Hadley cells in Coupled Model Intercomparison129

Project phase 5 (CMIP5) model simulations based on the RCP8.5 emission scenario [Tay-130

lor et al., 2012]. The variables used are monthly-mean zonal and meridional wind, air131

temperature, and precipitation, covering the time period 2000–2099. (Since RCP8.5 inte-132

grations start in 2006, the last six years of the historical integrations were used to obtain a133

100-year dataset for each model.) Table 1 lists the 35 models used in this study, of which134

only the first ensemble member was considered. The values were aggregated in seasonal135

and annual resolution to calculate linear trends, using least-squares regression.136

2.4. ITCZ latitude and tropical circulation asymmetry

We quantify the ITCZ latitude and the associated tropical circulation asymmetry using137

two indices. We define a tropical precipitation asymmetry index, ∆P = 100 × (PNH −138

PSH)/(PNH + PSH), where PNH and PSH represent the total precipitation falling within139

20◦ of the Equator in the NH and SH, respectively. We also use a cross-equatorial mass140

flux index Ψ0, defined as the value of the meridional mass streamfunction (see definition141

below) at 500 hPa at the Equator. By definition, both ∆P and Ψ0 are positive when the142

ITCZ is north of the Equator.143
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2.5. Eddy-driven jet latitude, Hadley cell strength indices, and eddy fluxes

Throughout the paper, we define the location of the midlatitude (or eddy-driven) jet as144

the latitude of the maximum zonally-averaged zonal wind at the surface, or at 850 hPa in145

ECHAM and CMIP5 model output, to avoid complications with grid boxes below surface146

level. The zonal wind distribution is cubically interpolated in latitude (using the four147

nearest neighbor gridpoints) at a resolution of 0.1◦ prior to determining the eddy-driven148

jet latitude. The meridional mass streamfunction is calculated as the vertically-integrated,149

mass-weighted meridional wind v̄, Ψ = 2πag−1
∫ p
0 v̄ cos φ dp′, where a represents the radius150

of the Earth and other symbols have their usual meaning. The strength of the Hadley151

cell is then simply the maximum absolute value of Ψ within the cell. Finally, we calculate152

eddy momentum fluxes using daily zonal and meridional wind anomalies. Because we153

perform model experiments with no seasonal cycle, the anomalies are simply defined as154

departures from the zonally-averaged, time-mean winds.155

3. Results

3.1. Latitude of the ITCZ and of the eddy-driven jet in an aquaplanet model

Changes in interhemispheric thermal gradients are known to influence the latitude of156

the ITCZ by inducing a shift toward the warmer hemisphere [e.g., Broccoli et al., 2006;157

Kang et al., 2008]. Similar behavior is observed in our aquaplanet model experiments158

(Fig. 1): the boundary between the two Hadley cells shifts by about 20 degrees between159

the experiments with A = ±50 W m−2. Associated with the ITCZ shift is an asymmetry160

in Hadley cell strength, with the cross-equatorial Hadley cell being much stronger [Dima161

and Wallace, 2003].162
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As A increases and the ITCZ shifts northward, the strengthening of the SH Hadley cell163

induces an increase in zonal momentum advection by the mean circulation. This corre-164

sponds to an intensification of the upper-tropospheric subtropical jet, which is sustained165

by the convergence of westerly momentum by the Hadley and Ferrel cells. The maximum166

in convergence of momentum flux in the subtropics (near 30◦ S) is well visible in the top167

panel of Fig. 2. Hence, in a zonal-mean framework, shifts of the ITCZ are associated with168

changes in subtropical jet strength.169

Perhaps more surprising is the fact that the SH eddy-driven jet (vertical black lines in170

Fig. 1) also responds to the thermal forcing in the NH, such that it shifts equatorward171

as the SH Hadley cell and subtropical jet strengthen. This is consistent with the change172

in eddy momentum flux convergence shown in the bottom panel of Fig. 2. Because the173

anomalous heating is restricted to the midlatitudes of the NH, the remote forcing of the174

SH jet must be effected by a change in the tropical circulation. We plot a wider range of175

experiments with varying A as a function of ITCZ latitude and SH Hadley cell strength176

in Fig. 3. While the Hadley cell strength is nearly linearly related to the latitude of177

the ITCZ, the relationship between eddy-driven jet latitude and Hadley cell strength is178

somewhat more complex. When the Hadley cell (or the subtropical jet) is very strong, the179

SH eddy-driven jet is located at a relatively low latitude, near 42◦ S, and is merged with180

the subtropical jet in the upper troposphere (cf. bottom panel of Fig. 1). In this regime181

the eddy-driven jet does not shift much for varying Hadley cell strengths, as it is bounded182

by the subtropical jet on its equatorward flank. For Hadley cells weaker than about 250183

Sv, however, the response of the eddy-driven jet to changes in Hadley cell strength is184

larger.185

D R A F T April 1, 2013, 5:25pm D R A F T



CEPPI ET AL.: ITCZ AND JET LATITUDE X - 11

It is important to note that the eddy-driven jet response cannot be explained by the186

global warming or cooling induced by the NH Q-flux forcings. In the cooling cases, for187

example, there is marked cooling in both hemispheres (Fig. 4); from this one would expect188

an equatorward contraction of the circulation [e.g., Lu et al., 2010]. However, our results189

indicate that the stronger NH cooling, and the associated Hadley cell weakening in the190

SH, are more important in explaining the response of the SH jet. Hence, the change in191

Hadley cell and subtropical jet strength may exert a stronger influence on the eddy-driven192

jet latitude than the change in mean hemispheric temperature.193

It is worth pointing out that the response in the hemisphere opposite to the forcing,194

and thus the strength of the interhemispheric teleconnection, is likely to be influenced195

by model-dependent cloud feedbacks. The importance of cloud effects may be inferred196

from the SH temperature response in Fig. 4: although there is an enhanced energy197

transport into the SH by the anomalous Hadley circulation when the NH is warmed, we198

observe slight cooling in the SH. This very likely results from changes in cloud radiative199

effects, which are large enough to cancel the enhanced energy transport from the NH by200

the Hadley circulation. While we have not investigated the details of this mechanism,201

this result suggests that uncertainties in cloud feedbacks may limit the ability of climate202

models to accurately represent the strength of the interhemispheric teleconnection.203

An additional caveat is that the aquaplanet model used in this study has very strong204

Hadley cells in its control configuration, more akin to the wintertime than to the annual-205

mean Hadley cells in the real atmosphere. This is a common feature of aquaplanets in the206

absence of poleward ocean heat transport [Frierson et al., 2006] and may explain, at least207

in part, the low eddy-driven jet latitude in the control simulation (right panel of Fig. 3).208
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It is likely that our results do not apply to summer conditions, where the Hadley cell is209

very weak and largely eddy-driven [Dima and Wallace, 2003; Ceppi and Hartmann, in210

press]. We will demonstrate later that in more realistic simulations with a seasonal cycle,211

a relationship between the eddy-driven jet and the ITCZ is found only in winter.212

3.2. Interactions between subtropical and eddy-driven jets

We now consider the specific mechanism behind the response of the eddy-driven jet213

to the change in subtropical jet strength. Subtropical jets are known to interact with214

eddy-driven jets both from the perspective of baroclinic and barotropic processes. In215

terms of baroclinicity, the subtropical jet coincides with a region of strong vertical wind216

shear, since it is usually not associated with westerlies at the surface. Subtropical jet217

strengthening is thus consistent with larger vertical wind shears, and therefore increasing218

baroclinicity and Eady growth rates near the subtropics [see e.g. Lee and Kim, 2003;219

Brayshaw et al., 2008]). In model experiments initialized with an axially symmetric state220

and with subtropical jets of varying strengths, Lee and Kim [2003] showed that the growth221

of the most unstable baroclinic waves tends to occur along the subtropical jet when the222

latter is sufficiently strong, while waves grow preferentially in midlatitudes for relatively223

weak subtropical jets.224

From a barotropic perspective, the subtropical jet may influence the eddy-driven jet225

by affecting the meridional propagation of extratropical waves in the upper troposphere.226

A strong subtropical jet can act as a waveguide within which Rossby waves tend to227

remain trapped, thereby reducing the feedback of the eddies on meridional shifts of the228

jet [Eichelberger and Hartmann, 2007; Barnes and Hartmann, 2011; Barnes and Polvani ,229

in press]. Using barotropic model experiments with a prescribed subtropical jet and230

D R A F T April 1, 2013, 5:25pm D R A F T



CEPPI ET AL.: ITCZ AND JET LATITUDE X - 13

stochastic eddy stirring at different latitudes, Barnes and Hartmann [2011] also showed231

that when the subtropical jet is strong, an eddy-driven jet tends to develop on its poleward232

flank even as the stirring latitude increases. This is because the subtropical jet sets the233

latitude of wave breaking for equatorward-propagating waves when it is sufficiently strong,234

thereby forcing the waves to propagate to its equatorward flank and inducing convergence235

of momentum by the eddies on its poleward flank. Thus, there appears to be a barotropic236

equivalent to the baroclinic mechanism proposed by Lee and Kim [2003].237

Here, we investigate whether the response of the eddy-driven jet to changes in sub-238

tropical jet strength observed in the aquaplanet model experiments can be explained239

using barotropic wave propagation arguments. To this end, we perform experiments in a240

barotropic model, in the same configuration as in Barnes and Hartmann [2011] (see Data241

and Methods). To quantify the influence of the subtropical jet, we stir eddies at a constant242

latitude of 50◦, while varying the strength of a prescribed subtropical jet centered at 25◦.243

The resulting zonal wind profiles are shown in Fig. 5 for three experiments. As the sub-244

tropical jet strengthens, the maximum eddy-driven zonal wind clearly shifts equatorward,245

toward the poleward flank of the subtropical jet; this happens despite the stirring latitude246

remaining fixed. When the subtropical jet is strongest (bottom panel of Fig. 5), the two247

jets are nearly merged. The eddy-driven zonal wind profile also becomes skewed toward248

the Equator when the subtropical jet is strong, which is due to the preferential deposition249

of momentum on the poleward flank of the subtropical jet (red lines in Fig. 5); this is250

similar to the changes observed in the aquaplanet experiments (bottom panel of Fig. 2).251

The effect of the subtropical jet on the eddy-driven jet latitude is summarized in Fig. 6252

for a wide range of subtropical jet strengths.253
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To understand our results, it is helpful to consider the phase speed dependence of254

eddy momentum fluxes. We calculated the power spectrum of eddy momentum flux255

convergence −div u′v′ as a function of phase speed and latitude, following Randel and256

Held [1991]. The results are shown in Fig. 7, with −div u′v′ multiplied by the cosine of257

latitude to represent the torque exerted by the eddies on the mean flow. In a state with a258

weak subtropical jet, the latitudes of eddy momentum flux divergence and convergence are259

strongly dependent on the phase speed of the waves, with faster waves located at higher260

latitudes. As the subtropical jet strength increases, however, the “tilt” of the distribution261

of convergence and divergence disappears (bottom panel of Fig. 7). This results mostly262

from a displacement of the momentum fluxes by faster eddies toward lower latitudes, while263

the slower waves are relatively unaffected. An interpretation of this result is that when a264

strong subtropical jet is present, waves tend to propagate deeper into the subtropics, and265

this effect is strongest for fast waves that would otherwise reach their critical latitudes266

sooner. Because there is large meridional wind shear on the equatorward side of a strong267

subtropical jet, the critical latitudes are only weakly dependent on the phase speed of the268

waves, so that all waves tend to break at similar latitudes.269

To confirm that the same mechanism is present in our aquaplanet model experiments,270

we perform the same analysis on upper-tropospheric eddy momentum fluxes in the two271

extreme cases of our set of experiments (A = ±50 W m−2). In the weak subtropical jet272

case (top panel of Fig. 8), the latitudes of eddy momentum flux convergence appear to273

depend on the phase speed, and as a result the convergence is spread over a wide region274

in the midlatitudes. By contrast, in presence of a strong subtropical jet (bottom panel of275

Fig. 8) all of the convergence of eddy momentum flux occurs in a narrow latitude band,276
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close to the subtropical jet core, and there is no visible phase speed dependence in the277

distribution of momentum convergence. Thus, the simple wave propagation mechanism278

described in our barotropic model experiments appears to apply well to a more realistic279

atmosphere.280

3.3. ECHAM model experiments

We now examine the relevance of the proposed connection between the ITCZ and the281

eddy-driven jet in a more realistic context. To this end, we use the ECHAM4.6 general282

circulation model (see Data and Methods) and perform an experiment with cooling in283

all ocean gridpoints in the midlatitudes of the NH. We expect such a forcing to induce a284

southward shift of the ITCZ and of the surface westerlies in the SH. Because the Hadley285

cells and the ITCZ change substantially during the seasonal cycle, we consider different286

seasons separately. Here we focus on the response of the SH surface winds; the response of287

the zonal-mean tropical precipitation, while not shown, features a distinctive southward288

shift in all seasons, indicative of an ITCZ displacement.289

In austral winter (JJA), the response of the eddy-driven surface winds is consistent with290

expectations and exhibits a high degree of zonal symmetry (Fig. 9). In response to the291

cooling in the NH, there is a weakening of the climatological easterlies in the subtropics,292

especially in the ocean basins; because of the Coriolis torque on the meridional wind, this is293

consistent with a weaker Hadley cell. The response of the surface westerlies is dipole-like,294

with a weakening equatorward of about 50◦ S, while some strengthening is found poleward295

of that latitude. It is interesting to note that the amplitude of the response is strongest296

in the Western Pacific, where the climatological wintertime westerlies are weakest. The297

structure of the surface zonal wind response looks similar in the zonal mean (Fig. 10),298
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and the net effect is a poleward shift of the latitude of peak zonal wind from 45◦ to 48◦ S.299

The change in skewness of the distribution of the surface zonal wind is reminiscent of the300

results from the barotropic model, where the surface westerlies tend to be more skewed301

toward the subtropics when the subtropical jet is strong (cf. Fig. 5).302

It is worth emphasizing that the austral winter response of the eddy-driven winds looks303

remarkably zonally symmetric, despite the zonally asymmetric character of the NH forcing.304

We obtained similar results by applying a 200 W m−2 cooling in the North Atlantic only305

(not shown). Because the forcing is in the extratropics, it is likely that the signal can306

become significantly spread out in longitude by the prevailing westerlies before affecting307

the Hadley circulation, even if the forcing is relatively localized. In general, however,308

we believe that any localized changes in subtropical jet strength would be important in309

explaining local changes in the structure of the SH westerlies, as would likely occur in310

response to localized changes in tropical heating.311

The response of the SH surface winds is much smaller in other seasons than austral312

winter. A small shift of about one degree is found in austral spring (SON), while no313

measurable response is observed in the remaining seasons (not shown). The seasonality314

of the response can be explained by the seasonal cycle of the Hadley cell strength and of315

the ITCZ latitude. In austral summer, for instance, the SH Hadley cell is very weak and316

its strength remains unaffected by the NH forcing (67 Sv in both experiments), while the317

strength of the NH Hadley cell changes dramatically (283 Sv in the control, 334 Sv in318

the perturbed case). At the same time, the ITCZ is far south of the Equator, so that the319

NH Hadley cell crosses the Equator. Therefore, it appears that the anomalous Hadley320
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circulation induced by the thermal forcing in the NH affects primarily the strength of the321

cross-equatorial Hadley cell.322

Recently, Lee et al. [2011] studied the response of the SH westerlies to anomalous cooling323

in the North Atlantic that may have occurred during the last glacial termination. They324

found a strengthening of the surface westerlies and an enhanced wind stress on the ocean325

surface, which in their simulations was sufficiently strong to trigger a rise in atmospheric326

CO2 between 20 and 60 ppm due to enhanced upwelling and deep ocean ventilation.327

Such a change in atmospheric CO2 would have warmed the troposphere globally, likely328

bringing the ice age to an end. While they discussed changes in eddy-driven jet strength329

only, their results also exhibit a clear poleward shift of the SH westerlies (their Fig. 2a),330

particularly in JJA, consistent with our results. Unlike Lee et al. [2011], however, we331

find no significant change in the strength of the westerlies (Fig. 10). This result is not332

sensitive to the distribution of the forcing in the NH; we obtained very similar results with333

a forcing confined to the North Atlantic basin (not shown). However, it should be noted334

that Lee et al. [2011] employ a coupled atmosphere-ocean model, allowing for changes in335

ocean heat transport which are not possible in our simulations.336

3.4. Greenhouse gas–forced shifts of the ITCZ and of the Southern

Hemispheric jet

We have shown that shifts of the ITCZ may be associated with shifts of the eddy-driven337

jet through the control exerted by the subtropical jet on meridional wave propagation.338

While the current global warming trend is projected to cause a detectable poleward shift339

of the westerlies, particularly in the SH [Kushner et al., 2001; Kidston and Gerber , 2010;340

Barnes and Polvani , in press], it may also induce a change in the interhemispheric thermal341
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gradient, due to faster warming in the NH [Friedman et al., in press]. Consistent with342

this trend, most 21st-century climate simulations predict a northward shift of the ITCZ,343

as we will show in this section. Given the relationship between ITCZ shifts and changes344

in Hadley cell asymmetry, the rate of shifting of the ITCZ may be coupled with the rate345

of poleward shifting of the eddy-driven jet.346

To test this hypothesis, we consider two independent sets of global warming simulations.347

First, we use a 30-member ensemble of integrations of the CCSM3 model, initialized from348

a 20th-century run (see Data and Methods). Although all ensemble members are subject349

to the same time-dependent external forcing (following the A1B scenario), the resulting350

shifts of the ITCZ and of the SH eddy-driven jet are variable among the simulations, due351

to differences in internal, unforced variability. We then apply a similar analysis to CMIP5352

RCP8.5 integrations for the 21st century.353

3.4.1. CCSM3 simulations354

Because all 30 CCSM3 simulations branch off from the same late 20th-century clima-355

tology, the response of the ITCZ and of the eddy-driven jet can be assessed by averaging356

these quantities over the last 20 years of each integration (2043–2062), and subtracting357

the mean of the last 20 years of the reference 20th-century integration (1980–1999). As358

proxies for the latitude of the ITCZ, we use a tropical precipitation asymmetry index,359

∆P , and the upper-tropospheric cross-equatorial mass flux Ψ0 (see Data and Methods for360

details). These two indices are remarkably highly correlated on annual and seasonal scales361

(r > 0.85; not shown), lending confidence in the idea that they quantify the changes in362

ITCZ latitude and Hadley cell asymmetry in a consistent way.363
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The results in Fig. 11 show that changes in SH jet latitude are positively correlated364

with changes in ITCZ latitude among the 30 CCSM3 ensemble members. Because ∆P365

is defined as positive when more precipitation falls in the NH, the positive correlation366

implies that simulations in which the ITCZ shifts southward tend to feature a stronger367

poleward shift of the jet. The relationship is stronger in JJA (r = 0.57) than in the annual368

mean (r = 0.44), but statistically significant in both cases. Interestingly, the ensemble369

mean shows a southward shift of the ITCZ both in JJA and in the annual mean, contrary370

to the predictions of most CMIP5 models in the RCP8.5 experiments (see next section);371

we have not explored the causes for this behavior.372

Note that in the annual mean, the distribution of points does not go through the origin,373

implying that part of the jet shift is unrelated to the variability in ITCZ latitude. This374

is likely the result of the greenhouse gas forcing, which by inducing global warming also375

causes a poleward shift of the jet, regardless of the change in ITCZ latitude. However,376

the sign of the relationship is consistent with the mechanism proposed in this paper: a377

northward ITCZ shift corresponds to a strengthening of the SH Hadley cell and of the378

subtropical jet, leading to a reduced poleward shift (or even to an equatorward shift in379

some ensemble members in JJA) of the SH eddy-driven jet. We verified that the change380

in ∆P is significantly correlated with the change in SH Hadley cell strength in the annual381

mean (r = 0.61) and in JJA (r = 0.52; both not shown).382

One possible explanation for our results is that both the ITCZ and the SH jet are383

responding to variations in mean SH temperature. As discussed above, the ITCZ tends384

to shift toward the warmer hemisphere, while the eddy-driven jet tends to be at higher385

latitudes when the troposphere warms. In the hypothetical case that the SH warms while386
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NH temperatures remain constant, both the jet and the ITCZ would be expected to shift387

southward, in which case changes in ITCZ and SH jet latitude would be correlated without388

any direct causal relation between the two. To test this, we calculated correlations between389

mean SH temperatures and eddy-driven jet latitudes, and found them to be correlated in390

the annual mean (r = 0.44), but not in JJA (r = 0.00; both not shown). Thus, the absence391

of any relationship with the mean temperature makes it plausible that the differences in392

ITCZ shift across ensemble members are related to the differences in SH jet shift in JJA.393

Considering the full seasonal cycle (Fig. 12), it appears that the ITCZ latitude and the394

SH jet latitude are significantly correlated only in JJA and (marginally) in the annual395

mean. As discussed in section 3.1, the seasonal dependence of the relationship is expected396

from the fact that the subtropical jet reaches its peak strength in austral winter and is397

therefore more likely to exert a control on the eddy-driven jet in that season. Comparing398

the correlations based on ∆P and Ψ0, we find very similar values, suggesting that the399

analysis is robust with respect to the ITCZ metric chosen.400

We also calculated correlations between ITCZ shifts and changes in NH jet latitude,401

but found no significant relationships in any season. It is likely that the higher degree of402

zonal asymmetry in the NH obscures any relationship between the Hadley cell and the403

eddy-driven jet.404

3.4.2. CMIP5 simulations405

We performed a similar analysis on CMIP5 RCP8.5 simulations, and calculated linear406

trends in ITCZ indices and SH eddy-driven jet latitude for the 21st century. The results407

are quite similar to those obtained with the CCSM3 ensemble of simulations (Fig. 13),408

with a weak positive correlation (r = 0.38) between the trends in ∆P and jet latitude409
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φjet, indicating that the models with a stronger northward ITCZ shift also tend to have a410

slower rate of poleward shifting of the jet. The correlation is again higher in JJA (r = 0.57;411

right panel of Fig. 13), where 18 out of 35 models feature no significant poleward shift412

of the jet. Hence, about a third (r2 = 0.33) of the intermodel variance in SH jet latitude413

trends can be related to differences in ITCZ latitude trends in austral winter. Note that414

similar results are obtained if the trends are normalized by global- or hemispheric-mean415

temperature trends (not shown), excluding the possibility that the correlations are caused416

by differences in the rate of global warming among models.417

It is also worth pointing out that although the models show a mean northward ITCZ418

shift in Fig. 13, there is a mean southward shift of the SH jet, contrary to the expected419

relationship between ITCZ shift, Hadley cell strength, and jet latitude. This is likely ex-420

plained by the competing effects of interhemispheric temperature asymmetries and global421

warming, with the latter effect likely dominating in the multi-model mean jet shift in422

Fig. 13.423

Again considering the full seasonal cycle of the correlations between trends in jet latitude424

and trends in tropical circulation asymmetry (Fig. 14), it is evident that the relationship425

is clearly significant only in JJA, and marginally significant in the annual mean. Thus,426

the subtropical jet is likely too weak in seasons other than austral winter to exert any427

measurable influence on the rate of shifting of the eddy-driven jet. The seasonality of this428

relationship is in agreement with the results of Lee et al. [2011] and with our experiments429

with the ECHAM model. The stronger response in austral winter is consistent with a430

tropical control mechanism on the SH eddy-driven jet. If the jet response were controlled431

directly from the SH extratropics, with the SH Hadley cell and the ITCZ merely respond-432
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ing to an extratropical forcing, then a stronger connection might be expected in austral433

summer, where the Hadley cell is weak and largely eddy-driven [Kang and Polvani , 2011;434

Ceppi and Hartmann, in press].435

As for the NH, we again found no significant relationship between the shifts of the436

eddy-driven jet and of the ITCZ, even in boreal winter. Additional model experiments437

are required to understand the response of the NH westerlies to changes in Hadley cell438

strength that are forced from the tropics or from the opposite hemisphere. It is worth439

noting that the response to ENSO has been shown to involve a strengthening of the Hadley440

cells and an equatorward shift of the eddy-driven jets in both hemispheres, by virtue of441

the mechanism described in this work [Seager et al., 2003; Lu et al., 2008].442

4. Conclusions

We demonstrate a relationship between the latitude of the intertropical convergence zone443

(ITCZ) and of the eddy-driven jet, which is mediated by changes in Hadley cell intensity444

and subtropical jet strength. As the ITCZ shifts away from the Equator, the cross-445

equatorial Hadley cell intensifies markedly, inducing a strengthening of the associated446

subtropical jet. The eddy-driven jet responds by shifting toward lower latitudes, nearer447

the subtropical jet. The eddy response can be explained by the effect of the subtropical jet448

on equatorward-propagating extratropical waves. When the subtropical jet strengthens,449

Rossby waves propagate deeper into the tropics, inducing enhanced convergence of eddy450

momentum flux on the poleward flank of the subtropical jet. The relationship between451

the ITCZ and the extratropical jet is such that both tend to shift in the same direction.452

Due to the strong seasonal cycle of the Hadley cell, the linkage between the ITCZ and453

the eddy-driven jet is present mainly in the winter season, and to a lesser extent in the454
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annual mean. In many 21st-century global warming simulations, the ITCZ is predicted455

to shift because of different warming rates in the two hemispheres. We find that the456

ITCZ displacements are significantly correlated with Southern Hemispheric jet shifts in457

CMIP5 RCP8.5 model integrations in austral winter (JJA) and in the annual mean,458

while no significant relationships are found in the Northern Hemisphere. In the Southern459

Hemisphere, about a third of the intermodel variability in the jet latitude trends appears460

to be related to variations in ITCZ shifts in JJA. The stronger response in austral winter461

reflects the higher sensitivity of the Southern eddy-driven westerlies to tropical control462

when the Hadley cell and the subtropical jet are strong.463

By virtue of the relationship proposed in this work, the eddy-driven jet can respond464

to thermal forcings confined to the opposite hemisphere. This highlights the existence465

of a dynamical “interhemispheric teleconnection” between the extratropics of both hemi-466

spheres. Apart from its relevance to future climate change, a promising application of our467

results is in the context of paleoclimate. Over long time scales, changes in orbital parame-468

ters and ocean circulations may have induced substantial changes in the interhemispheric469

temperature difference [Chiang , 2009; Toggweiler and Lea, 2010], and it is possible that470

joint shifts of the ITCZ and of the westerlies have taken place. Recent studies have sug-471

gested that such shifts, with their effect on ocean circulations and venting of CO2 from472

the deep ocean, may have played a key role in ice age terminations [Anderson et al., 2009;473

Toggweiler , 2009; Denton et al., 2010; Lee et al., 2011]. Additional work is needed to474

investigate the possible significance of the link between ITCZ and extratropical westerlies475

in paleoclimates.476
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Finally, the representation of this interhemispheric teleconnection in climate models is477

likely to depend on cloud feedbacks. While we have not assessed the importance of cloud478

effects in our model simulations, cloud feedbacks have been shown to play a crucial role479

in determining the ITCZ response to extratropical forcings [Kang et al., 2008; Frierson480

and Hwang , 2012], and they may also modulate the propagation of the thermal forcing481

from the tropics to the opposite hemisphere. This highlights the importance of an accu-482

rate representation of clouds in climate models in order to improve our understanding of483

tropical–extratropical interactions.484
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Table 1. List of CMIP5 models used in the analysis. For all models, the first ensemble member

(“r1i1p1”) of the historical and RCP8.5 integrations was analyzed over the period 2000-2099.

Model name Institute
1 ACCESS1.0 CSIRO-BOM
2 ACCESS1.3 CSIRO-BOM
3 BCC-CSM1.1 BCC
4 BCC-CSM1.1(m) BCC
5 BNU-ESM GCESS
6 CanESM2 CCCMA
7 CCSM4 NCAR
8 CESM1-BGC NSF-DOE-NCAR
9 CESM1-CAM5 NSF-DOE-NCAR

10 CMCC-CM CMCC
11 CMCC-CMS CMCC
12 CNRM-CM5 CNRM-CERFACS
13 CSIRO-Mk3.6.0 CSIRO-QCCCE
14 FGOALS-s2 LASG-IAP
15 FIO-ESM FIO
16 GFDL-CM3 NOAA GFDL
17 GFDL-ESM2G NOAA GFDL
18 GFDL-ESM2M NOAA GFDL
19 GISS-E2-H NASA GISS
20 GISS-E2-R NASA GISS
21 HadGEM2-AO MOHC
22 HadGEM2-CC MOHC
23 HadGEM2-ES MOHC
24 INMCM4 INM
25 IPSL-CM5A-LR IPSL
26 IPSL-CM5B-LR IPSL
27 IPSL-CM5A-MR IPSL
28 MIROC-ESM MIROC
29 MIROC-ESM-CHEM MIROC
30 MIROC5 MIROC
31 MPI-ESM-LR MPI-M
32 MPI-ESM-MR MPI-M
33 MRI-CGCM3 MRI
34 NorESM1-M NCC
35 NorESM1-ME NCC
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Figure 1. Climatological zonal-mean zonal wind (shading, in m s−1) and mass streamfunction

(contours, Sv) for three aquaplanet experiments with A = (−50, 0, +50) W m−2 (see Eq. 1 and

text for details). The zonal wind is shaded in intervals of 10 m s−1, while the streamfunction is

contoured every 20 Sv, with the zero contour omitted. The vertical line denotes the latitude of

the eddy-driven jet.
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Figure 2. Upper-tropospheric momentum flux convergence in the SH by the mean circulation

(top) and by eddies (bottom) in three aquaplanet experiments with A = (−50, 0, +50) W m−2.

The values are vertically integrated between 150 and 300 hPa.
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Figure 3. Left: strength of the SH Hadley cell as a function of the latitude of the ITCZ in

the aquaplanet experiments. Right: SH eddy-driven jet latitude versus SH Hadley cell strength.

The ITCZ is defined as the latitude where the streamfunction changes sign in the tropics at 500

hPa. The strength of the Hadley cell is expressed in Sverdrups (1 Sv = 109 kg s−1).
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Figure 4. Hemispherically-averaged surface temperatures in the aquaplanet experiments.
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Figure 5. Zonal-mean zonal wind profiles and eddy momentum flux convergence in the

barotropic model for different subtropical jet speeds. Shown are the total zonal wind (thin black),

the eddy-driven component (thick), the prescribed subtropical jet (dashed), and the convergence

of eddy momentum flux (thin red). Eddies are stirred at 50◦ latitude (see text). The vertical

line denotes the mean eddy-driven jet latitude.
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Figure 6. Latitude of the eddy-driven jet versus subtropical jet strength in the barotropic

model experiments.
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Figure 7. Latitude–phase speed power spectra of eddy momentum flux convergence (in m s−1

d−1) times the cosine of latitude, − cos φ × div u′v′, for the three barotropic model experiments

presented in Fig. 5. The thick black curve denotes the total zonal wind.
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Figure 8. As in Fig. 7, but for the aquaplanet experiments with A = ±50 W m−2 at 225 hPa.

The thick black curve denotes the zonal-mean zonal wind at that same level.

D R A F T April 1, 2013, 5:25pm D R A F T



X - 38 CEPPI ET AL.: ITCZ AND JET LATITUDE

longitude (deg)

la
tit

ud
e 

(d
eg

)

0 30 60 90 120 150 180 210 240 270 300 330

−80

−60

−40

−20

0

−12 −10 −8 −6 −4 −2 0 2 4 6 8 10 12

Figure 9. Austral winter (JJA) SH surface zonal wind in ECHAM model experiments. Shading

denotes the mean zonal wind in m s−1, while contours represent anomalies in the NH cooling

experiment relative to the control. The contour interval is 0.5 m s−1, with the zero line omitted.
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Figure 10. Zonally-averaged JJA surface zonal wind in ECHAM model experiments. Only

the SH is shown.
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Figure 11. Change in SH jet latitude (φjet) versus change in tropical precipitation asymmetry

(∆P ; see text) in integrations of a 30-member CCSM3 ensemble with prescribed A1B forcing.

The change is computed as 2043–2062 minus 1980–1999 averages. Shown are annual-mean values

(left) and JJA (right). Open circles denote the ensemble mean. Positive ∆P values correspond

to an ITCZ in the NH.
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Figure 12. Correlation between change in jet latitude and in tropical circulation asymme-

try among 30 CCSM3 ensemble members of a 21st-century climate simulation. The tropical

circulation asymmetry is quantified by the tropical precipitation asymmetry ∆P and the cross-

equatorial mass flux Ψ0 (see text for details). The horizontal dashed line indicates the threshold

for significance at the 5% level.
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Figure 13. Trend in jet latitude (φjet) versus trend in ∆P in CMIP5 RCP8.5 integrations

for the 21st century. Shown are annual-mean values (left) and JJA (right). The open circle

denotes the multi-model mean, while gray dots indicate that the trend in φjet is not statistically

significant at the 5% level. The numbers refer to the models in Table 1. Negative trends in φjet

correspond to a poleward shift of the jet.
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Figure 14. As in Fig. 12, but for trends in SH jet latitude and trends in tropical circulation

asymmetry in CMIP5 RCP8.5 integrations. Both ∆P and Ψ0 are defined such that positive

trends correspond to a northward ITCZ shift.
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