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ABSTRACT

2



In comprehensive and idealized general circulation models, hemispheri-

cally asymmetric forcings lead to shifts in the latitude of the Intertropical

Convergence Zone (ITCZ). Prior studies using comprehensive GCMs (with

complicated parameterizations of radiation, clouds, and convection) suggest

that the water vapor feedback tends to amplify the movement of the ITCZ in

response to a given hemispherically asymmetric forcing, but this effect has

yet to be elucidated in isolation. This study uses an idealized moist model,

coupled to a full radiative transfer code, but without clouds, to examine the

role of the water vapor feedback in a targeted manner.

In experiments with interactive water vapor and radiation, the ITCZ latitude

shifts roughly twice as much off the equator as in cases with the water va-

por field seen by the radiation code prescribed to a static hemisperically-

symmetric control distribution. Using energy flux equator theory for the lat-

itude of the ITCZ, the amplification of the ITCZ shift is attributed primarily

to the longwave water vapor absorption associated with the movement of the

ITCZ into the warmer hemisphere, further increasing the net column heating

asymmetry. Local amplification of the imposed forcing by the shortwave wa-

ter vapor feedback plays a secondary role. Experiments varying the convec-

tive relaxation time, an important parameter in the convection scheme used

in the idealized moist model, yield qualitatively similar results, suggesting

some degree of robustness to the model physics; however, the sensitivity ex-

periments do not preclude that more extreme modifications to the convection

scheme could lead to qualitatively different behavior.
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1. Introduction33

It has been shown in numerous studies using both idealized and comprehensive general circula-34

tion models (GCMs) that the zonal and annual mean latitude of the intertropical convergence zone35

(ITCZ) changes in response to hemispherically asymmetric perturbations to the energy budget. By36

hemispherically asymmetric, we mean the perturbations on one side of the equator are substan-37

tially different than those on the other. In the real world, these perturbations can enter the system38

in a wide variety of ways, including anomalous ocean heat fluxes into or out of the atmosphere39

(e.g. Kang et al. 2008, 2009; Cvijanovic and Chiang 2012; Donohoe et al. 2013; Seo et al. 2014;40

Bischoff and Schneider 2014, 2015), changes in the surface albedo (e.g. Chiang and Bitz 2005;41

Voigt et al. 2013), or changes in the aerosol concentrations that can directly scatter/absorb short-42

wave radiation and/or indirectly alter the radiative properties of clouds (e.g. Yoshioka et al. 2007;43

Yoshimori and Broccoli 2008; Ming and Ramaswamy 2011; Clark et al. 2015).44

The direction of the shift in the ITCZ position is towards the hemisphere receiving comparatively45

more energy (Donohoe et al. 2013); this is consistent with the seasonally varying position of46

the ITCZ (Huffman et al. 2009), which migrates from the NH in boreal summer to the SH in47

boreal winter. While the direction of the shift follows a consistent pattern in modeling studies,48

the magnitude of the shift has been shown to depend strongly on the strength and location of the49

asymmetric perturbation and the treatment of physical processes in a particular model (Kang et al.50

2009; Voigt et al. 2013, 2014; Seo et al. 2014).51

This dependency on the inclusion or exclusion of physical processes is illustrated by the results52

of Kang et al. (2009) and Seo et al. (2014). In both of these studies, hemispherically antisym-53

metric patterns of slab ocean heat flux were prescribed in both comprehensive aquaplanet GCMs,54

complete with water vapor and cloud feedbacks, and idealized moist GCMs, without water vapor55
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or cloud feedbacks. In each study, the ITCZ latitude was more sensitive to a given asymmetry56

strength in the comprehensive aquaplanet GCM than in the idealized moist GCM. In addition, in57

the comprehensive GCM, an asymmetry imposed in the extratropics was more effective at shifting58

the ITCZ than an asymmetry imposed in the tropics, but the opposite was true in the idealized59

GCM.60

Voigt et al. (2013) imposed hemispherically antisymmetric perturbations to surface albedo in a61

comprehensive aquaplanet GCM with water vapor and cloud feedbacks; in their case, using one62

convection scheme, the magnitude of the ITCZ shift in response to a given albedo asymmetry63

did not change when switching from interactive cloud radiative effect (CRE) to prescribed CRE,64

but with another convection scheme, the ITCZ shifted more with interactive CRE. Voigt et al.65

(2013) argue that the difference in sensitivity between the two simulations results from differences66

in the net radiative effect of clouds associated with the ITCZ, which can be traced back to the67

convection scheme used. When the clouds had a roughly net zero effect on the net radiation at68

top of atmosphere (TOA), there was little difference between the interactive and “locked” clouds69

experiments, but when the clouds had a net positive effect on the net radiation at TOA, the ITCZ70

shifted more with interactive clouds than with prescribed clouds.71

The examples above demonstrate the importance of the treatment of physical processes in setting72

the sensitivity of the ITCZ position to hemispherically asymmetric perturbations. In the context73

of radiation and the energy budget of the atmosphere, clouds and water vapor are the two most74

important spatially-heterogeneous factors to consider (Hartmann 2016). In terms of physical pro-75

cesses, previous studies have either included both cloud and water vapor radiative feedbacks, by76

using comprehensive aquaplanet GCMs, or included neither, by using models with gray radiative77

transfer using prescribed shortwave and longwave optical depths. That being said, while the pa-78

rameterization of clouds and convection in atmospheric models remains a challenge, and varies79
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from model to model (Boucher et al. 2013), the interaction between water vapor and radiation is80

better understood and more consistently represented (Held and Soden 2000, 2006). Therefore,81

there is reason to believe that the role of water vapor in determining the ITCZ latitude could be82

more robust than that for clouds.83

It has been demonstrated by applying radiative feedback analysis to simulations conducted with84

comprehensive GCMs that the longwave greenhouse effect of the water vapor maximum associ-85

ated with the ITCZ acts to amplify a latitudinal shift of the ITCZ to a given asymmetric pertur-86

bation (Yoshimori and Broccoli 2009; Frierson and Hwang 2011). Additional studies have also87

touched upon the role of the water vapor feedback in influencing ITCZ shifts (e.g. Cvijanovic and88

Chiang 2012; Cvijanovic et al. 2013; Voigt et al. 2013), but a targeted study of the role of water va-89

por in setting the sensitivity of the ITCZ latitude to the location and magnitude of hemispherically90

asymmetric perturbations, with only water vapor, full radiation, and convection as the primary91

model atmospheric physics components, has yet to be completed.92

In this study, we use a new version of an idealized moist GCM, based on the model introduced93

in Frierson et al. (2006), coupled to a full radiative transfer code to capture the interaction between94

water vapor, radiation, and the circulation of the atmosphere in the absence of clouds (described in95

Sections 2 and 3). With this model we apply negative perturbations to the incoming solar radiation96

in the NH tropics or extratropics, in configurations analogous to the “free” and “locked” clouds97

experiments in Voigt et al. (2013) – this time with the water vapor field seen by the radiation code98

“free” or “locked” (Section 4a). Given that Voigt et al. (2013) found that the sensitivity of the ITCZ99

latitude to hemispherically asymmetric perturbations varied even with prescribed CRE when the100

convection scheme was changed, it is possible that the role of water vapor-radiation interaction101

may also be sensitive to the convection scheme used. Therefore, to test the sensitivity to changes102

in the convection scheme, we run analogous experiments while varying the convective relaxation103
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time (τSBM), an important parameter for the convection scheme in this particular model (Frierson104

2007), through modest and extreme values (Section 4b). We discuss these results in the context of105

prior work in Section 5 and conclude in Section 6.106

2. Methods107

a. Model Description and Control Simulations108

All experiments in this study are performed using an idealized moist GCM. This model was109

introduced in Frierson et al. (2006) and Frierson et al. (2007), and was later modified to include a110

simplified Betts-Miller parameterization of convection (Frierson 2007). The behavior of this con-111

vection scheme is strongly dependent on the convective relaxation time (τSBM), which prescribes112

a timescale over which the ambient profiles of temperature and humidity are relaxed to reference113

convectively adjusted states (Frierson 2007). As described in Merlis et al. (2012), in models of114

this type, when water vapor condenses through large scale processes or the convection scheme,115

latent heat is released and the condensed water falls out instantaneously as rain. At the surface, the116

model is coupled to a slab ocean, which we set to have a depth of one meter for fast equilibration.117

Surface fluxes and boundary layer mixing are determined similarly to the way they were in118

Frierson et al. (2006), with some minor distinctions. Instead of using the same drag coefficients119

for momentum, temperature, and water vapor, we use differing ones depending on the quantity. In120

determining those coefficients, roughness lengths of 5×10−3 m, 1×10−5 m, and 1×10−5 m are121

used respectively; these are the same values that were used in O’Gorman and Schneider (2008). In122

addition, unlike in Frierson et al. (2006), the formulation of the drag coefficients differs between123

neutral and unstable conditions (Dyer 1974), and we use a critical Richardson number of 2.0 rather124

than 1.0.125
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Radiative transfer was initially kept simple in the model. The atmosphere was transparent to126

shortwave radiation and “gray” (optical depth independent of wavelength) with respect to long-127

wave radiation. Specifically, a longwave optical depth, varying with latitude and height, was pre-128

scribed to approximate the static impact of water vapor on radiative heating and cooling rates in129

the atmosphere (Frierson et al. 2006). As such, feedbacks involving the radiative impact of water130

vapor were not considered as the longwave optical depth would remain constant at the prescribed131

value, regardless of the specific humidity in the model.132

To allow for the water vapor-radiation feedback, we replace the gray-atmosphere scheme with a133

comprehensive radiative transfer code (Paynter and Ramaswamy 2014). A similar setup was used134

in Merlis et al. (2012) to study the response of the Hadley circulation to orbital precession. Since135

condensed water leaves the atmosphere immediately as rain, there are no parameterizations of136

clouds in the model, and therefore no interactively-simulated cloud radiative effects. Merlis et al.137

(2012) address this by prescribing a cloud field to the radiation code (thereby including cloud138

radiative effects in their experiments); in contrast in our case, for simplicity, we do not prescribe139

any cloud radiative effects.140

The new radiative transfer setup uses a diurnally varying solar forcing pattern, which is com-141

puted based on the specified obliquity and eccentricity of the orbit. This is in contrast to the initial142

version of the model, where the solar forcing was not subject to a diurnal cycle and was prescribed143

as a constant function of latitude (Frierson et al. 2006). To simplify the analysis, we run our control144

simulations with zero obliquity and eccentricity to remove any seasonal cycle in solar insolation;145

however we acknowledge that when running in this “perpetual equinox” mode, the annual aver-146

age solar insolation at a given latitude in our simulations does not match the annual average solar147

insolation on Earth. The mixing ratios of the most significant well-mixed greenhouse gases, car-148

bon dioxide, methane, and nitrous oxide are prescribed to present-day values (CO2 = 369.4 ppm,149
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CH4 = 1.82 ppm, and N2O= 316 ppb). Additionally a hemispherically-symmetrized latitudinally-150

varying vertical profile of ozone, the same used in the Aquaplanet Model Intercomparison Project151

(Blackburn et al. 2013), is prescribed to the radiation code.152

We run four control simulations with the above-mentioned diurnally-varying hemispherically-153

symmetric solar insolation pattern. The first is a case with the default value of the convective154

relaxation time of 2 hours used in Frierson (2007). The remaining three use convective relax-155

ation times of 4, 8, and 16 hours respectively. We discuss briefly the climatology of the control156

simulation with the default convective relaxation time in Section 3a.157

b. Hemispherically Asymmetric Forcings158

To study the role of the water vapor feedback in influencing ITCZ shifts, we must first have a159

way to shift the ITCZ off the equator. Typically, studies using idealized moist models coupled to160

a slab ocean shift the ITCZ by applying a hemispherically asymmetric ocean heat flux into the161

atmosphere (e.g. Kang et al. 2008, 2009; Seo et al. 2014; Bischoff and Schneider 2014, 2015).162

In this study, instead of applying an ocean heat flux, we choose to modify the incoming solar163

radiation; another study that took a similar approach was Yoshimori and Broccoli (2009).164

Under perpetual equinox conditions, with zero eccentricity, and a solar constant of S0, the unper-165

turbed solar radiation flux incident at the TOA at t = 0 as a function of latitude (θ ) and longitude166

(φ ) is given by:167

Scontrol(θ ,φ) =


S0 cos(θ)sin(φ) 0≤ φ < π

0 π ≤ φ < 2π.

(1)

Because of the zonally-symmetric nature of our boundary conditions, for the purposes of this168

derivation, we can ignore the time-dependence when taking the zonal and time mean of the inso-169

lation (in the model a diurnal cycle exists). Therefore, the zonal and time mean insolation is given170
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by:171

Scontrol(θ) =
1

2π

∫
π

0
S0 cos(θ)sin(φ)dφ =

S0 cos(θ)
π

. (2)

In our study, we introduce a perturbation by imposing a latitudinal dependence on S0. Replacing172

S0 in Equation 1 with S′0(θ) of the form173

S′0(θ) = S0 +
πδS (θ)
cos(θ)

, (3)

generates a perturbed annual and zonal mean pattern of solar insolation of:174

Sperturbed (θ) = Scontrol (θ)+δS (θ) . (4)

In Equations 3 and 4, and throughout the rest of this paper, the overbars represent time and zonal175

averages. Imposing the annual mean perturbation in this way ensures that so long as S′0(θ) is176

greater than zero at all gridpoints in the model, the solar insolation at any given time, latitude, and177

longitude will be consistently greater than or equal to zero.178

The shape of the zonal and time mean perturbation δS that we use is a Gaussian in latitude:179

δS (θ) =− M
M0

exp

[
−(θ −θa)

2

2σ2

]
, (5)

where M0 is a normalization parameter that ensures the global area average change in annual mean180

incoming shortwave radiation is given by −M, a measure of the strength of the perturbation:181

M0 =

∫ π/2
−π/2 exp

[
− (θ−θa)

2

2σ2

]
cos(θ)dθ∫ π/2

−π/2 cos(θ)dθ

. (6)

The parameter θa is the central latitude of the applied perturbation in degrees, and the parameter182

σ controls the width of the perturbation.183

In all our simulations we apply a negative perturbation to the incoming solar radiation centered184

only in the northern hemisphere. This induces an ITCZ shift southward. Our experimental setup185

differs again from some prior studies (e.g. Kang et al. 2008, 2009; Seo et al. 2014; Bischoff and186
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Schneider 2014, 2015) in that the perturbation we apply is not antisymmetric. By “antisymmetric,”187

we mean the perturbation in one hemisphere is matched by an equal and opposite perturbation in188

the other hemisphere. In our case, rather, the negative perturbation in the northern hemisphere189

is left unbalanced (as was done in Yoshimori and Broccoli (2009) and Ceppi et al. (2013)). This190

complicates analysis somewhat, because it changes the global mean surface temperature and col-191

umn water vapor; however it more closely mimics the potential shortwave forcing imposed by192

heterogeneous variations in aerosols or clouds.193

c. Perturbation Simulations194

We are interested in the change in sensitivity of the ITCZ position to hemispherically asymmetric195

forcings with the inclusion of interactive water vapor and radiation versus without. To test this196

sensitivity, we apply the hemispherically asymmetric forcing described in Section 2b with varying197

magnitude (M) and location (θa) in two model configurations. The first is the default configuration198

of the idealized moist model with full radiative transfer, which includes the water vapor feedback;199

we refer to this as the “interactive” water configuration. The second configuration is the idealized200

moist model with full radiative transfer, but with the water vapor field seen by the radiation code201

prescribed as a symmetrized (i.e. the value at a given latitude is the average of the values at202

that latitude in the northern and southern hemispheres in the unsymmetrized case), zonal mean203

climatological water vapor field from a control simulation with hemispherically symmetric solar204

insolation; we refer to this as the “prescribed” water configuration.205

We run all experiments with a surface albedo of 0.2725 to obtain a global mean surface temper-206

ature that approximates that of the Earth in the control simulation with symmetric solar insolation207

with a solar constant of S0 = 1365Wm−2. All experiments are run for six years, with the first two208
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allowed for spinup and equilibration and the final four years used for analysis. All experiments are209

run with 30 vertical levels and at T42 spectral resolution (64 latitude by 128 longitude gridpoints).210

In our experiments we vary the strength of the solar insolation perturbation, M, between 5,211

10, 15, and 18 Wm−2 and impose the change in the tropics (θa = 15◦N, and σ = 4.94◦) and212

extratropics (θa = 60◦N, and σ = 9.89◦) (Fig. 1). The parameter σ in each case is chosen such213

that the full width at 1/100th maximum is about 30◦ for a perturbation in the tropics and 60◦ for214

a perturbation in the extratropics. As we alluded to in Section 2b, to maintain a positive solar215

insolation at all latitudes given the latitudes of our gridpoints, we must take care in the magnitude216

of the perturbation we apply. For the Gaussian-shaped perturbation we apply in the extratropics,217

and our grid resolution, the maximum negative perturbation we can apply has a magnitude M =218

18Wm−2.219

To test the sensitivity of water vapor’s role in influencing the response of the ITCZ to hemi-220

spherically asymmetric perturbations to changes in the convection scheme used, we run anal-221

ogous experiments with convective relaxation times of 4, 8, and 16 hours. In these cases the222

water vapor fields seen by the radiation code in the prescribed water configuration come from the223

hemispherically-symmetric control simulations with matching convective relaxation times.224

3. Climatology of the idealized moist model with full radiative transfer225

Given that we are using a new model configuration, we will begin by describing the climatolog-226

ical tropical circulation in the control case with hemispherically-symmetric solar insolation and227

the default convective relaxation time. We will then discuss the full radiation model’s response to228

hemispherically-asymmetric perturbations to the solar insolation as described in Section 2, with229

an emphasis on the role of water vapor-radiation interaction in controlling the sensitivity of the230

ITCZ position to a given asymmetry.231
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a. Climatological Tropical Circulation232

1) NET COLUMN HEATING233

The net column heating is a useful diagnostic for investigating the energy budget of the at-234

mosphere (Neelin and Held 1987); importantly, it can be used to compute the total vertically-235

integrated moist static energy flux, the zero of which has been shown to be correlated with the236

latitude of the ITCZ (Kang et al. 2008). Since we allow the model to run to equilibrium and run237

with zero ocean heat flux in all of our simulations, in the time and zonal mean, the net column238

heating reduces to simply the net top of atmosphere radiation:239

Q = S−L. (7)

In the above equation, Q is the net column heating, while S is the net shortwave radiation at the240

top of the atmosphere and L is the outgoing longwave radiation (Bischoff and Schneider 2014).241

In the control climate, the accumulation of water vapor in the vicinity of the ITCZ has a strong242

impact on the radiative budget. This is manifested by a pronounced peak in the net column heating243

in the deep tropics, with values rising sharply between 10◦ and 20◦ latitude from below 25 Wm−2
244

to near 50 Wm−2 at the equator [Figure 2(a)]. This peak exists for two primary reasons. The first245

is that there is a maximum in the zonal and time mean net shortwave radiation at the top of the246

atmosphere at the equator, associated simply with the geometry of the problem (perpetual equinox247

conditions and the angle of incidence of solar radiation on the surface) [Figure 2(a), dashed line].248

The second is that the circulation and thermodynamically-induced distiribution of water vapor in249

the tropics leads to a local minimum in outgoing longwave radiation at the ITCZ [Figure 2(a),250

dashed-dotted line]. Panels (b) and (c) of Figure 2 illustrate how this occurs.251

In Figure 2(b) we can see that, consistent with weak temperature gradient theory (Sobel et al.252

2001), the meridional gradient in temperature throughout the tropical troposphere is near zero.253
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Therefore, the spatial structure we see in outgoing longwave radiation must result primarily from254

the spatial structure in longwave absorbers in the atmosphere (water vapor). Due to the nature of255

the circulation, with moist air rising at the ITCZ, and dry air subsiding in the subtropics, the relative256

humidity at the ITCZ is relatively high (around 0.7) and is relatively low in the subtropics (around257

0.3). This, coupled with the weak temperature gradient, indicates a strong gradient in specific258

humidity between the deep tropics and subtropics. Specific humidity in the upper troposphere259

reaches a maximum in the deep tropics, inhibiting air from cooling to space through outgoing260

longwave radiation (i.e. for a given vertical profile of temperature there will be less outgoing261

longwave radiation in the deep tropics than in the subtropics); this results in a local minimum in262

outgoing longwave radiation in the deep tropics.263

In our study, we design experiments which focus on the role of water vapor-radiation interaction264

in setting the sensitivity of the ITCZ latitude to a given hemispherically asymmetric forcing. While265

we do perturb the solar insolation in our experiments to shift the ITCZ, the maximum always266

remains at the equator. When the ITCZ shifts off the equator, the peak in mid-tropospheric relative267

humidity can shift along with it, altering the spatial distribution of net column heating.268

2) ITCZ IN CONTROL SIMULATION269

The strong peak in net column heating in the deep tropics is associated with net divergence of270

moist static energy. In this model this is achieved primarily through transient eddy fluxes of dry271

static energy, even near the equator [Figure 3(a)]. A component of the moist static energy flux is272

the moisture flux; unlike the total moist static energy, moisture is converged at the ITCZ primarily273

through the mean circulation, leading to a narrow peak in precipitation minus evaporation [Fig-274

ure 3(b)]. The spatial structure in precipitation minus evaporation is primarily determined by the275
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narrowness of the ascending branch of the Hadley circulation [Figure 3(c)], which carries moist276

air upward leading to precipitation.277

With a global mean surface temperature of 284.5 K, the precipitation rate at the ITCZ is around278

10 mmd−1. In addition, the strength of the streamfunction reaches around 10×1010 kgs−1.279

4. Sensitivity of ITCZ latitude to hemispherically asymmetric perturbations280

a. ITCZ position in cases with default convective relaxation time281

Our primary experiments are designed with the aim of understanding the role of feedbacks be-282

tween water vapor, radiation, and the circulation in setting the sensitivity of the ITCZ position283

to hemispherically asymmetric perturbations. As in Seo et al. (2014) and Bischoff and Schneider284

(2014, 2015) we define the position of the ITCZ as the latitude of the maximum zonal mean precip-285

itation rate. To compute this latitudinal position at a sub-gridscale level, we use cubic interpolation286

to infer the zonal annual mean precipitation rate at a resolution of 0.01 degrees latitude and then287

select the latitude where the precipitation rate maximizes. In cases with the default convective288

relaxation time (as discussed in this section), the precipitation rate is the sum of the large scale289

and convective precipitation rates. Figure 4 shows a sample precipitation profile with the ITCZ290

shifted off the equator from a case with interactive water vapor and radiation and a M = 15Wm−2
291

perturbation imposed in the tropics. The ITCZ latitude as computed using the method described is292

plotted as the dashed black line. The maximum of the column integrated water vapor follows the293

ITCZ.294

1) SENSITIVITY TO PERTURBATION ASYMMETRY AND LOCATION295

In Figure 5 we show the latitude of the ITCZ plotted against the hemispheric asymmetry in net296

solar radiation in cases with interactive (closed symbols) and prescribed water vapor (open sym-297
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bols). We define the hemispheric asymmetry of a quantity (·), A(·), as the area-weighted average298

of the quantity in the northern hemisphere minus the average of the in the southern hemisphere:299

A(·) = {·}NH−{·}SH . (8)

In Equation 8 the braces represent area-weighted averages of (·) over the subscript region. Here300

the hemispheric asymmetry in net solar radiation plotted is (1−α)A(S), where α is the surface301

albedo, and S is the zonal and time mean solar insolation. Note that in this calculation we are302

ignoring the effects of water vapor shortwave absorption.303

Within the range of perturbation asymmetries tested, the ITCZ always shifts more as the mag-304

nitude of the hemispheric asymmetry is increased. In addition, the ITCZ shift is more sensitive305

to a perturbation imposed in the tropics [Figure 5(a)] than that in the extratropics [Figure 5(b)].306

For example, the ITCZ shifts most off the equator in response to the M = 18Wm−2 perturbation307

imposed in the tropics with interactive water vapor interaction, shifting to a latitude of 9.17◦S,308

while the same magnitude perturbation imposed in the extratropics results in a shift to 2.03◦S in309

the interactive water configuration. Finally, the ITCZ is more sensitive in cases with interactive310

water vapor and radiation than with prescribed water vapor, with the open symbols (representing311

the ITCZ latitude in cases with prescribed water) in Figures 5(a) and 5(b) always falling equa-312

torward of the closed symbols (representing the ITCZ latitude in cases with interactive water) for313

equivalent forcings.314

2) DIAGNOSTIC THEORIES FOR THE ITCZ LATITUDE315

It is possible to investigate the difference in sensitivity of the ITCZ latitude to a given perturba-316

tion between cases with interactive water and cases with prescribed water using several theories317

that provide diagnostic estimates of the latitude of the zonal-mean-precipitation-maximum de-318

fined ITCZ in terms of other climate variables. These theories are classified into two categories319
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by Shekhar and Boos (2016): (1) convective quasi-equilibrium-based theories, and (2) moist static320

energy budget-based theories.321

Theories for the ITCZ latitude based on convective quasi-equilibrium suggest that the ITCZ is322

collocated with the sub-cloud layer moist static energy maximum (e.g. Emanuel 1995; Privé and323

Plumb 2007; Shekhar and Boos 2016). In an aquaplanet setting, because the boundary layer is324

typically saturated everywhere (meaning the sub-cloud layer specific humidity can be approxi-325

mated as a function of temperature), this approximately reduces to the statement that the ITCZ326

is collocated with the latitude of maximum zonal-mean surface temperature (Voigt et al. 2013).327

While this tends to be a fairly accurate diagnostic theory in our experiments, it is difficult to relate328

the latitude of maximum surface temperature directly to changes in the radiative properties of the329

atmosphere. In addition this diagnostic can break down when meridional gradients of sub-cloud330

MSE near its maximum are weak (i.e. the maximum is fairly broad and flat), for example in the331

CREonSW and CREoff experiments of Popp and Silvers (2017).332

Energy flux equator theory states that the ITCZ is approximately coincident with the zero of the333

total vertically integrated moist static energy flux (Kang et al. 2008). The vertically intergrated334

moist static energy flux can be related to the net column heating (Neelin and Held 1987; Hill335

et al. 2014), which in our case in the time mean at equilibrium (using a slab ocean with zero pre-336

scribed ocean heat flux) is just the net top of atmosphere radiation at a given latitude (Equation 7).337

Through the moist static energy budget and energy flux equator theory, the net column heating338

provides a theoretical link between the latitude of the ITCZ and the TOA radiative fluxes. Since339

our experiments are based on differences in the treatment of atmospheric radiative transfer, this is340

a useful framework for the discussion of our results.341

17



3) APPLICABILITY OF ENERGY FLUX EQUATOR THEORY342

Before proceeding, to assess the applicability of energy flux equator theory in our experiments,343

we plot the latitude of the energy flux equator versus the ITCZ latitude (Figure 6) for all cases344

with the default convective relaxation time. We compute the latitude of the energy flux equator by345

first computing the vertically integrated meridional moist static energy flux following Hill et al.346

(2014) and then, as we did in finding the latitude of the ITCZ, use cubic interpolation to sharpen347

the resolution to find the latitude of zero flux to within 0.01 degrees. Since all the points in348

Figure 6 are above the one-to-one line, the energy flux equator in general overestimates the shift in349

ITCZ for cases with the default convective relaxation time. The points form a line that is roughly350

linear and passes through the origin. If we apply least squares regression, we obtain the following351

relationship:352

θITCZ ≈ 0.64θEFE. (9)

The fitted line has a coefficient of determination of 0.95. Therefore differences in the latitude of353

the energy flux equator between cases with the default convective relaxation time can be approx-354

imately related to differences in the latitude of the ITCZ by a scaling factor of 0.64. Therefore355

despite the importance of the eddy moist static energy flux in this model (Figure 2), which in356

theory could weaken the correspondence of the ITCZ latitude to the zero of the total moist static357

energy flux (Kang et al. 2008; Bischoff and Schneider 2015), the two remain correlated. Given358

this result, we will proceed in linking the energy flux equator position to the net column heating.359

4) LINKING THE LATITUDE OF THE ENERGY FLUX EQUATOR TO THE NET COLUMN HEATING360

Building on the results in Kang et al. (2008), studies have linked the off-equatorial ITCZ position361

with the cross-equatorial moist static energy flux (Frierson and Hwang 2011; Donohoe et al. 2013;362

Voigt et al. 2013). Assuming this flux is approximately linear with latitude near the equator and363
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using the moist static energy budget, Bischoff and Schneider (2014) show that one can derive a364

relationship between the cross equatorial energy flux and equatorial net column heating, and the365

energy flux equator latitude (in radians):366

θEFE ≈−
1

2πa2
F0

Q0
. (10)

In Equation 10, F is the vertically integrated moist static energy flux, Q is the net column heating367

as defined in Equation 7, and a is the radius of the Earth; the subscript 0’s indicate that each are368

evaluated at the equator. In our experiments, the approximation in Equation 10 holds well. If we369

plot the result of this approximation (noting to convert from radians to degrees), the points follow370

the one-to-one line closely (Figure 7); a line of best fit through the origin has a slope of 0.98 and371

a coefficient of determination of 0.98. This suggests that in our discussion of differences in the372

latitude of the energy flux equator, and by extension the ITCZ, we can focus on differences in the373

cross equatorial energy flux or equatorial net column heating.374

Through the moist static energy budget, one can exactly relate the cross equatorial energy flux to375

the hemispheric asymmetry in net column heating (Frierson and Hwang 2011; Voigt et al. 2013):376

F0 =−πa2A(Q). (11)

Here A is the hemispheric asymmetry operator as defined in Equation 8. If the area average net377

column heating of the northern hemisphere is greater than that in the southern hemisphere, there378

must be a cross equatorial energy flux out of the northern hemisphere into the southern hemisphere379

(hence the negative sign) as the global time mean column heating is zero. By combining Equa-380

tion 10 with Equation 11, we can therefore approximate the latitude of the energy flux equator381

through knowledge of the net column heating alone:382

θEFE ≈
A(Q)

2Q0
. (12)

19



As such, the energy flux equator’s displacement from the geographic equator approximately de-383

pends on the magnitude of the hemispheric asymmetry in net column heating (the numerator in384

Equation 12), and the equatorial net column heating (the denominator).385

5) DIFFERENCES BETWEEN CASES WITH INTERACTIVE AND PRESCRIBED WATER VAPOR386

The ITCZ shifts approximately twice as much for a given perturbation with interactive water387

vapor and radiation than with prescribed water vapor-radiation interaction (Figure 8). Equation 12388

shows that there is an approximate positive relationship between the hemispheric asymmetry in net389

column heating and the latitude of the energy flux equator (and by extension the ITCZ). Previous390

studies (e.g. Frierson and Hwang 2011; Donohoe et al. 2013; Voigt et al. 2013) have leveraged391

this relationship to understand ITCZ shifts within the context of changes to the hemispheric asym-392

metry in net column heating, under the implicit assumption that the equatorial net column heating393

remains roughly constant across experiments. To be thorough, we will consider the possibility of394

both differences in the hemispheric asymmetry in net column heating and differences in the equa-395

torial net column heating in contributing to changes in the energy flux equator position between396

cases.397

Using the approximation in Equation 12, we can decompose a change in the latitude of the en-398

ergy flux equator into components due to differences in the hemispheric asymmetry in net column399

heating and differences in the net column heating at the geographic equator:400

δθEFE ≈
1

2Q0
δA(Q)− A(Q)

2Q0
2 δQ0. (13)

Figure 9 shows the results of this decomposition. We can see that the approximation holds well;401

the sum of the components (black circles) align fairly closely to the one-to-one line. We find that402

it is differences in the hemispheric asymmetry in net column heating that dominate the differ-403

ence in energy flux equator position. Differences in equatorial net column heating play a lesser404
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role, particularly when the perturbation is imposed in the extratropics. As mentioned before, the405

correspondence between differences in the energy flux equator latitude and differences in the pre-406

cipitation maximum-defined ITCZ is not as strong, however, particularly for large perturbations.407

Given that interactive water vapor and radiation tends to amplify the displacement of the en-408

ergy flux equator from the geographic equator for a given perturbation (Figure 8), and that this409

amplification is primarily due to an increase in the hemispheric asymmetry in net column heating410

(Figure 9), we can investigate water vapor’s role in amplifying the hemispheric asymmetry in net411

column heating. To begin this discussion, we will note that the hemispheric asymmetry, defined412

in Equation 8 as the difference in area-weighted averages of a quantity between the hemispheres,413

can equivalently be expressed in integral form (Frierson and Hwang 2011). For example, the414

hemispheric asymmetry in net column heating can be can be expressed as:415

A(Q) =
∫

π/2

0

[
Q(θ)−Q(−θ)

]
cosθ dθ . (14)

In this sense, the asymmetry is the area-weighted average of the difference between the net column416

heating at a latitude in the northern hemisphere and the net column heating at the same latitude417

in the southern hemisphere (from here on we will refer to this integrand as the “point-wise asym-418

metry”). We will abbreviate the mathematical form of the point-wise asymmetry of a quantity f419

as:420

P( f ) = f (θ)− f (−θ). (15)

By computing the difference in the point-wise asymmetry between two simulations we can gain421

insight into which locations are most responsible for the difference in their total hemispheric asym-422

metry.423

Figures 10(a) and 10(b) show the difference in point-wise asymmetry in net column heating424

between cases with interactive and prescribed water with a M = 15Wm−2 perturbation imposed425
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in the tropics or extratropics respectively. Building off Frierson and Hwang (2011) and Voigt426

et al. (2013), we can decompose a difference in point-wise asymmetry in net column heating into427

components due to that in net shortwave or outgoing longwave radiation at TOA:428

δP(Q) = δP(S)−δP(L). (16)

It is clear that the difference in point-wise asymmetry for both perturbation locations is due pri-429

marily to differences in longwave asymmetry. The difference in longwave asymmetry in the trop-430

ics is collocated with a large difference in asymmetry in column integrated water vapor (Fig-431

ures 10c and 10d). This supports the notion first put forth in Yoshimori and Broccoli (2009) and432

Frierson and Hwang (2011) that the water vapor content associated with the ITCZ acts as a positive433

feedback, amplifying the ITCZ’s shift in response ot a given perturbation; this is because a south-434

ward ITCZ shift makes the total hemispheric asymmetry in net column heating more negative,435

shifting the ITCZ farther south.436

The difference in longwave point-wise asymmetry in the tropics is a dominant component of the437

difference in total hemispheric asymmetry for all perturbation magnitudes and locations. Recall438

that the total difference in the hemispheric asymmetry in net column heating is the area average439

of the difference in point-wise asymmetry. We can decompose that area average into components440

over the tropics (0◦ to 30◦N) and extratropics (30◦N to 90◦N). The results are tabulated in Table 1;441

percentages of the overall hemispheric difference are in parentheses. In cases with the perturbation442

imposed in the tropics, the difference in longwave asymmetry in the tropics accounts for around443

80% of the total difference. The difference in shortwave asymmetry in the tropics approximately444

accounts for the rest. The two components roughly cancel each other out in the extratropics, with445

shortwave asymmetries acting to slightly amplify the total asymmetry, but longwave asymmetries446

acting to slightly dampen it out.447
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When the perturbation is imposed in the extratropics, the difference in longwave asymmetry448

in the tropics remains important, providing the most significant amplifying component (69% to449

101%) to the total hemispheric asymmetry (Table 1). In contrast, it becomes an appreciable damp-450

ening factor in the extratropics (−22% to −63%). The shortwave asymmetries in the tropics and451

extratropics act to offset this damping component.452

6) PHYSICAL MECHANISMS453

Since water vapor is simultaneously an absorber of both shortwave and longwave radiation,454

differences in the treatment of water vapor-radiation interaction lead to the differences in the net455

column heating asymmetry between the interactive and prescribed water cases. With interactive456

water vapor and radiation, the radiation code sees a water vapor field that is always consistent457

with the temperature and circulation of the atmosphere; with prescribed water vapor-radiation458

interaction, the radiation code sees a constant water vapor field, that does not respond to changes459

in temperature or circulation.460

In the context of net shortwave radiation at TOA, this means that in the prescribed water cases,461

any asymmetry in shortwave radiation is due only to the imposed perturbation, since the planetary462

albedo in the prescribed water case does not change. Therefore when the perturbation is imposed463

in the tropics (extratropics) there is zero shortwave asymmetry in the extratropics (tropics), in cases464

with prescribed water (not shown). In cases with interactive water vapor and radiation, the plan-465

etary albedo is allowed to change. Since we are imposing negative perturbations, which induce466

cooling, the specific humidity decreases in the vicinity of the perturbations, which is accompanied467

by a subsequent decrease in absorbed solar radiation (not shown). This decrease in absorbed short-468

wave radiation occurs primarily in the northern hemisphere (where we impose the perturbation);469

23



therefore it tends to mildy enhance the total hemispheric asymmetry in net column heating with470

respect to a prescribed water case with the same perturbation.471

In the context of outgoing longwave radiation, prescribed water vapor-radiation interaction472

means that changes are due only to changes in temperature. In the tropics, temperature is fairly473

uniform (Sobel et al. 2001). Therefore any cooling that takes place happens with only a minor474

hemispheric asymmetry, leading to minor tropical asymmetries in outgoing longwave radiation.475

With interactive water vapor and radiation, however, the latitudinal pattern of the longwave optical476

depth of the atmosphere changes significantly as the ITCZ moves. The ITCZ is a local maximum477

in the atmospheric longwave optical depth, because of high specific humidities in its vicinity and478

lower specific humidities in the subsidence regions surrounding it (Pierrehumbert 1995). This479

acts to decrease outgoing longwave radiation in the vicinity of the ITCZ, which has a tendency to480

increase net column heating. Since the ITCZ shifts into the hemisphere with greater net column481

heating (a moistening influence) and away from the hemisphere with smaller net column heating482

(a drying influence), this is a positive feedback, leading to an amplification of the shift to a given483

perturbation. This mechanism is the most important distinguishing factor between the interactive484

and prescribed water cases.485

In addition to the positive feedbacks discussed above, a negative feedback appears to exist in the486

extratropics, regardless of the location of the forcing, damping the asymmetry in the interactive487

water vapor case relative to the prescribed water vapor case. This is evidenced by the positive488

contribution of longwave radiation to the difference in hemispheric asymmetry between the inter-489

active and prescribed water vapor cases poleward of about 50◦ latitude in Figures 10(a) and (b).490

The difference between the interactive and prescribed water vapor cases is dominated by the dif-491

ference in the northern hemisphere (the hemisphere in which we apply the forcing); there is less492

outgoing longwave radiation in the northern hemisphere extratropics in the interactive water vapor493
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case than in the prescribed water vapor case (not shown), consistent with reduced atmospheric494

moist static energy flux convergence.495

It has been shown in multiple studies that, consistent with poleward amplification of warming496

(cooling), poleward moist static energy transport increases (decreases) under an imposed positive497

(negative) forcing (Hwang and Frierson 2010; Frierson and Hwang 2011; Ocko et al. 2014). More498

specifically, there is evidence that the water vapor feedback plays a role in strengthening this be-499

havior; for example Langen et al. (2012) show in a hemispherically-symmetric aquaplanet model500

that including the water vapor feedback under a doubling of carbon dioxide increases poleward501

moist static energy transport and moist static energy convergence in the extratropics, permitting502

enhanced outgoing longwave radiation and warmer temperatures. In our simulations, we see the503

converse; we apply a localized cooling forcing in the northern hemisphere. In the simulations with504

the water vapor feedback, we have reduced moist static energy convergence in the northern hemi-505

sphere extratropics relative to the simulations without the water vapor feedback. In this manner506

one can think of the positive contribution of the difference in pointwise asymmetry in outgoing507

longwave radiation to the difference in pointwise asymmetry in net column heating in the extrat-508

ropics [illustrated in Figures 10(a) and (b)] as a manifestation of the water vapor feedback’s role509

in the polar amplification of the imposed cooling in the northern hemisphere.510

b. Sensitivity to increases in the convective relaxation time511

In a previous study, using a variant of our model, variation of the convective relaxation time was512

shown to alter the relative humidity distribution in the tropics, in particular the contrast in relative513

humidity between the ITCZ and subtropics (Frierson 2007). Our results suggest that this con-514

trast may be important for setting the sensitivity of the ITCZ latitude to a given hemispherically-515

asymmetric forcing; therefore it is possible that changing this contrast (through changing the con-516

25



vective relaxation time) could alter the magnitude of an ITCZ shift to a given forcing. Here we517

discuss the results of experiments described above repeated using convective relaxation times of518

4, 8, and 16 hours, and how they differ from the results using a convective relaxation time of 2519

hours.520

1) SENSITIVITY TO PERTURBATION ASYMMETRY AND LOCATION521

As we increase the convective relaxation time the ITCZ tends to shift more for a given forcing522

with interactive water vapor and radiation (filled symbols in Figure 11). This is particularly ev-523

ident for strong forcings imposed in the tropics, where the ITCZ shifts to 12.9◦S with a forcing524

asymmetry of−26.1 Wm−2 and convective relaxation time of 16 h, but only shifts to 9.1◦S for the525

same forcing asymmetry but a convective relaxation time of 2 h. In contrast, with prescribed water526

vapor-radiation interaction, the magnitude of the shift in the ITCZ for a given forcing is relatively527

insensitive to the convective relaxation time (open symbols in Figure 11).528

For all convective relaxation times tested in our experiments, the ITCZ always shifts more with529

interactive water vapor and radiation than with prescribed. The scale factor relating the ITCZ530

latitude in the interactive water vapor experiments to the ITCZ latitude in prescribed water experi-531

ments increases as the convective relaxation time increases from 2.0 with τSBM = 2h to 2.76 with532

τSBM = 16h (Figure 12).533

2) RELATIVE IMPORTANCE OF CHANGES IN CROSS-EQUATORIAL MSE FLUX AND EQUATO-534

RIAL NET COLUMN HEATING535

With increased convective relaxation time, the energy flux equator continues to shift more for536

a given forcing and model configuration than the precipitation-maximum-defined ITCZ. Again537

linear scaling relationships still approximately hold to relate the two for a given convective relax-538
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ation time. As in the case with the default convective relaxation time, these linear scalings break539

down as the ITCZ moves significantly off the equator (in particular for the two strongest forcings540

imposed in the tropics); however, they remain useful for the weaker tropical forcings, and all the541

extratropical forcings.542

Figure 13 plots the ITCZ latitude versus the energy flux equator latitude for the case with543

τSBM = 16h; plots for τSBM = 4h or τSBM = 8h look similar, only having slightly different scaling544

relationships (slopes of 0.68 and 0.74 respectively, compared with 0.84 for τSBM = 16h). With545

these quantitative relationships between the ITCZ latitude and the energy flux equator for each546

τSBM we can apply the same systematic analysis we applied to the cases the the default convective547

relaxation time.548

As found for the case with the default convective relaxation time, the difference in energy flux549

equator latitude between the interactive and prescribed water vapor cases can be explained pre-550

dominantly by a difference in the cross-equatorial moist static energy flux for simulations with551

convective relaxation times of 4, 8, or 16 hours. Figure 14 shows the decomposition, defined in552

Equation 13, for the simulations with τSBM = 16h, indicating that the cross equatorial energy flux553

components (the red triangles) make up most of the difference in the energy flux equator positions554

(the dashed line) between the interactive and prescribed water vapor cases. Results for convective555

relaxation times of 4 and 8 hours look similar.556

3) ROLE OF WATER VAPOR557

Finally, the differences in the cross-equatorial moist static energy flux are again primarily the558

result of differences in the pointwise asymmetry in net column heating in the tropics for all con-559

vective relaxation times tested. Figure 15 shows the difference in pointwise asymmetry between560

the interactive and prescribed water vapor cases for τSBM = 16h and M = 15Wm−2. As before,561
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this difference is driven mostly by the shift in longwave radiation absorption by water vapor as-562

sociated with the ITCZ. We see similar behavior for the cases with convective relaxation times of563

4 and 8 hours, which suggests that this physical mechanism is dominant across changes to this564

model’s convection scheme.565

4) INCREASE IN THE SCALE FACTOR RELATING THE ITCZ LATITUDE IN THE INTERACTIVE566

WV CASES AND THE PRESCRIBED WV CASES567

In Section 4b.1 we note that as we increase the convective relaxation time, the scale factor re-568

lating the ITCZ latitude in the interactive water vapor and prescribed water vapor cases increases.569

Qualitatively, this can be explained by an increase in the contrast in net column heating between570

the ITCZ and the subtropics as the convective relaxation time increases. In symmetric control571

simulations, as we increase the convective relaxation time, the relative humidity throughout tro-572

posphere at the ITCZ increases, but there is little change in the relative humidity in the subtropics573

(Figure 16). This increases longwave radiation absorption in the vicinity of the ITCZ, thereby574

on average increasing the net column heating in the region 20◦S to 20◦N from 38.8 Wm−2 in the575

τSBM = 2h case to 39.0, 39.4, and 39.6 Wm−2 in the τSBM = 4, 8, and 16 h cases respectively.576

In addition, the average net column heating in the subtropics 30◦S to 20◦S and 20◦N to 30◦N de-577

creases from 19.5 Wm−2 in the τSBM = 2h case to 19.0, 18.7, and 19.0 Wm−2 in the τSBM = 4,578

8, and 16h cases respectively (Figure 17). If the net column heating in the vicinity of the ITCZ579

increases and the net column heating in the subtropics decreases, the additional asymmetry the580

ITCZ induces per degree shift in the cases with interactive water vapor and radiation increases.581

This could strengthen the positive feedback that forms the basis of the difference between the582

interactive and prescribed water vapor cases (described in Section 4a.6). Because of the strength-583

ened feedback, the ITCZ shifts more. Another possibility could be that the strength of the negative584
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feedback in the extratropics, related to weakened atmospheric heat transport in the high-latitudes585

of the northern hemisphere in cases with the water vapor feedback, is reduced in the cases with586

greater convective relaxation time.587

It is important to note that while in the spatial average this mechanism looks clear, if we look588

at the fine details of the difference in net column heating between the control simulations with589

varying τSBM and the simulation with the default τSBM we can see that the behavior is not mono-590

tonic at all latitudes. For instance between 10◦ and 20◦, there is little difference in the net column591

heating between the τSBM = 16h and the τSBM = 2h cases, but there is a positive difference for the592

τSBM = 4h case, and a larger positive difference for the τSBM = 8h case. There is also a greater593

decrease in net column heating in the subtropics (between 20◦ and 30◦) for the τSBM = 8h than594

for the τSBM = 4h or τSBM = 16h cases. This suggests that the response of the model to changing595

the convective relaxation time may be more complex than the average numbers make it appear.596

5. Discussion597

Previous studies have suggested that the water vapor feedback could play a role in amplifying598

the response of the ITCZ to a given hemispherically asymmetric forcing. Kang et al. (2009) show599

that compensation (i.e. the extent to which the cross equatorial energy flux compensates for the600

imposed hemispheric asymmetry) decreases when they prescribe the water vapor distribution seen601

by the radiation code in an aquaplanet comprehensive GCM. They argue that this is because the602

water vapor feedback acts locally to amplify the given forcing. Here we show that in an idealized603

model without clouds that local amplification of the extratropical forcing is a secondary effect604

(as evidenced by the partially offsetting contributions of differences in shortwave and longwave605

radiation asymmetries in the extratropics to the total difference in hemispheric asymmetry in net606

column heating in Table 1); from the perspective of the net column heating, the local decrease607
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in shortwave absorption in the vicinity of the forcing is mostly balanced, or exceeded, by a local608

decrease in temperature and decrease in outgoing longwave radiation. The amplification effect609

associated with water vapor-radiation interaction in our experiments is mainly due to the shift of610

the water vapor-rich ITCZ into the hemisphere with greater net column heating, consistent with611

the conclusions of Yoshimori and Broccoli (2009) and Frierson and Hwang (2011). This is true612

regardless of whether the forcing is imposed in the tropics or extratropics.613

What does differ between the tropical and extratropical cases is extent of the ITCZ shift in614

response to a given magnitude forcing. For all model configurations tested (interactive versus615

prescribed water vapor, varying convective relaxation times), a forcing imposed in the tropics al-616

ways results in a larger ITCZ shift than an equivalent-magnitude forcing in the extratropics. In617

this sense, the behavior is similar to that seen in Seo et al. (2014) in a similar idealized moist618

model configured with gray radiative transfer (i.e. no water vapor feedback). This is in contrast619

to what was observed in a comprehensive aquaplanet GCM, where the shortwave cloud feedback,620

strongest in the extratropics, provided an additional amplifying mechanism to enhance the hemi-621

spheric asymmetry in net column heating, ultimately leading to an extratropical forcing being more622

effective than a tropical one (Seo et al. 2014). This difference in behavior between idealized and623

comprehensive models underscores the importance of understanding all feedbacks in the climate624

system with respect to the sensitivity of the ITCZ latitude to hemispherically symmetric forcings.625

When we vary the convective relaxation time, in effect altering activity of the convection scheme626

in the model, the ITCZ still moves more in response to a given forcing with interactive water vapor627

and radiation than with prescribed. However, while the physical mechanism responsible for the in-628

creased sensitivity of the ITCZ latitude to a given forcing in the interactive water vapor cases when629

compared with the prescribed water vapor cases remains the same for all values of τSBM tested, the630

quantitative value of the increase in sensitivity changes (increasing with increasing τSBM). This631
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is empirical evidence that changes to the convection scheme used could impact the quantitative632

difference in sensitivity between the interactive and prescribed water vapor cases (i.e. with and633

without water vapor feedback). Lastly, an important caveat is that the sensitivity experiments de-634

scribed here (limited to changing the convective relaxation time) do not rule out that more extreme635

changes to the convection scheme used in the model (e.g. turning it off entirely or switching to636

a different type) could alter even the qualtitative differences between cases with interactive and637

prescribed water vapor.638

It has been noted in prior studies that even in setups with minimal radiative feedbacks (e.g. with639

locked clouds (Voigt et al. 2013) or in an idealized moist model with gray radiation (Kang et al.640

2009)) that the sensitivity of the ITCZ latitude to a given hemispherically asymmetric forcing641

can change as a result of changing the convection scheme alone. Here we find that in cases with642

prescribed water vapor (i.e. without the water vapor feedback) that the sensitivity of the ITCZ643

latitude to a given hemispherically asymmetric forcing is relatively invariant to the convective644

relaxation time used (see the open symbols in Figure 11); however, it again is possible that more645

extreme changes to the convection scheme could cause a change to the sensitivity of the ITCZ646

latitude in this model without the water vapor feedback.647

The shift-amplification mechanism illustrated in this study, namely the movement of the anoma-648

lous net column heating associated with the ITCZ into the warmer hemisphere, has also been649

discussed within the context of the cloud radiative effect (CRE) (Voigt et al. 2013). The radiative650

effect of the clouds associated with the ITCZ depends on the their shortwave albedo (which acts651

as a cooling term in the net column heating) and their absorption of longwave radiation (which652

acts as a heating term, and is stronger for high clouds (Hartmann 2016)). Both of these oppos-653

ing components depend on the physics and microphysics parameterizations used in a particular654

model. If they enhance the net column heating anomaly associated with water vapor’s absorp-655
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tion of radiation in the vicinity of the ITCZ, then the ITCZ latitude would be more sensitive to656

hemispherically asymmetric forcings; if they dampen the net column heating anomaly, the ITCZ657

latitude will become less sensitive. Regardless, given the robustness of the increase in sensitivity658

associated with the interactive water experiments, we would expect the baseline sensitivity of the659

ITCZ latitude to hemispherically asymmetric forcings to be greater in comprehensive GCM’s than660

in an idealized moist model with gray radiative transfer; how clouds alter the sensitivity from that661

baseline depends on how their effects are parameterized.662

6. Conclusion663

Our results reinforce the importance of understanding the net radiative effects of the water (both664

in the form of vapor and clouds) associated with the ITCZ in the atmosphere. As long as the665

contribution to the net column heating is net positive, then by energy flux equator theory, if the666

ITCZ were to move into a particular hemisphere, there would be a positive feedback leading it to667

move farther poleward. The sign of the net column heating perturbation associated with the ITCZ668

determines the sign of the feedback, and the magnitude of the net column heating perturbation669

determines the strength of the feedback. In the case of water vapor only, the net column heating670

perturbation associated with the ITCZ is net positive, leading to an amplification of an initial shift.671

With clouds, it has been shown that depending on the details of the moist convection parameterized672

and cloud scheme, the sign and magnitude net column heating perturbation associated with the673

ITCZ are less clear (Voigt et al. 2013).674
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Tropics [Wm−2] Extratropics [Wm−2]

Perturbation Shortwave Longwave Shortwave Longwave Total [Wm−2]

T5 -0.57 (21.5 %) -2.42 (90.9 %) -0.17 (6.3 %) 0.46 (−17.1 %) -2.66

T10 -1.06 (18.5 %) -4.87 (84.9 %) -0.34 (6.0 %) 0.43 (−7.6 %) -5.73

T15 -1.30 (17.3 %) -6.10 (80.9 %) -0.43 (5.7 %) 0.25 (−3.3 %) -7.54

T18 -1.32 (17.4 %) -6.16 (81.2 %) -0.48 (6.3 %) 0.32 (−4.3 %) -7.58

E5 -0.29 (25.0 %) -0.79 (69.3 %) -0.32 (27.7 %) 0.15 (−22.2 %) -1.15

E10 -0.58 (34.1 %) -1.56 (91.3 %) -0.55 (32.0 %) 0.94 (−55.0 %) -1.71

E15 -0.77 (28.3 %) -2.43 (88.7 %) -0.70 (25.4 %) 1.13 (−41.1 %) -2.74

E18 -0.91 (33.1 %) -2.77 (101.1 %) -0.73 (26.5 %) 1.70 (−62.9 %) -2.74

TABLE 1. Decomposition of total difference in hemispheric asymmetry in net column heating into components

due to differences in tropical and extratropical asymmetries in net shortwave radiation at TOA and outgoing

longwave radiation for cases using the default convective relaxation time. Percentages in parentheses represent

the percent of the total the contribution makes up.
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FIG. 1. Annual mean perturbation to incoming solar radiation. Panel (a) shows the tropical perturbation;

panel (b) shows the extratropical perturbation.
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FIG. 2. Zonal and time mean net column heating (solid line), net shortwave radiation (dashed line), and

outgoing longwave radiation at TOA (dashed-dotted line) (a), temperature (b), and relative humidty (c) in the

control simulation with the default value of the convective relaxation time.
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FIG. 3. Zonally and vertically integrated moist static energy flux decomposed into mean and transient com-

ponents (a); zonal and time mean precipitation rate and evaporation rate (b); and mean mass streamfunction (c)

from the control simulation with default convective relaxation time.
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FIG. 4. Zonal and time mean precipitation rate and column integrated water vapor for case with the default

convective relaxation time, interactive water, and a M = 15Wm−2 perturbation imposed in the tropics. The

ITCZ latitude is denoted by the black dashed line.
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FIG. 5. ITCZ latitude plotted against the hemispheric-asymmetry in absorbed solar insolation for cases with

the default convective relaxation time and interactive water vapor and radiation (filled symbols) or presribed

water vapor-radiation interaction (closed symbols). Panel (a) shows the results of cases with the perturbation

imposed in the tropics and panel (b) shows the results of cases with the perturbation imposed in the extratropics.

Circles represent cases where the forcing is imposed in the tropcis, while squares represent cases where the

forcing is imposed in the extratropics.
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FIG. 6. ITCZ latitude versus energy flux equator latitude for cases with the default convective relaxation time.

The black line is the one-to-one line; the red dashed line is a line of best fit through the origin (slope equals 0.64

and coefficient of determination is r2 = 0.95).
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FIG. 7. True energy flux equator latitude plotted against the diagnosed energy flux equator latitude by Equa-

tion 10 for all cases with the default convective relaxation time. The black line represents a one-to-one cor-

respondence. A line of best fit through the origin has a slope of 0.98 and a coefficient of determination of

r2 = 0.98.
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FIG. 8. ITCZ position in interactive water cases versus ITCZ position in prescribed water cases with the

default convective relaxation time. The colored dashed line is fitted to pass through the origin and minimize

least squares error from the points; it has a slope of 2.00 and a coefficient of determination of r2 = 0.98.
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relaxation time. The diagonal black dashed line represents a one-to-one correspondence.
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FIG. 10. Difference in point-wise asymmetry in net column heating between cases with interactive water

and prescribed water, for a perturbation of magnitude M = 15Wm−2 using the default convective relaxation

time decomposed into components due to net shortwave radiation at TOA (dashed line) and outgoing longwave

radiation (dashed-dotted line). Panel (a) shows results from a case with the perturbation imposed in the tropics;

panel (b) shows results from a case with the perturbation imposed in the extratropics. Panels (c) and (d) show

the difference in point-wise asymmetry in column integrated water vapor seen by the radiation code between the

interactive and prescribed water cases represented in panels (a) and (b).
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FIG. 11. ITCZ position plotted against the hemispheric-asymmetry in absorbed solar insolation for cases with

interactive water vapor and radiation (filled symbols) or prescribed water vapor-radiation interaction (closed

symbols) with varying convective relaxation times (green symbols for τSBM = 4h, blue symbols for τSBM = 8h,

and purple symbols for τSBM = 16h). The left column shows the results of cases with the perturbation imposed

in the tropics and the right column shows the results of cases with the perturbation imposed in the extratropics.

Note the difference in the scale of the y-axis between the two columns.
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FIG. 12. ITCZ position in interactive water cases versus ITCZ position in prescribed water cases with varying

convective relaxation time. The colored dashed lines are fits through least squares regression. Panel (a) uses a

convective relaxation time of 4 h and the line of best fit has a slope of 2.01 and a coefficient of determination

of r2 = 0.93; panel (b) uses a convective relaxation time of 8 h and the line of best fit has a slope of 2.14 and a

coefficient of determination of r2 = 0.98; and panel (c) uses a convective relaxation time of 16 h and the line of

best fit has a slope of 2.76 and a coefficient of determination of r2 = 0.94.
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FIG. 13. ITCZ latitude versus energy flux equator latitude for the case with a convective relaxation time of

16 h. The black line represents the one-to-one line; the colored dashed line is the line of best fit through the

origin (slope equals 0.84 and the coefficient of determination is r2 = 0.86).
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FIG. 14. Decomposition of the difference in energy flux equator position between cases with interactive

water vapor and radiation and cases with prescribed water vapor-radiation interaction; all results here are from

simulations with a convective relaxation time of 16 h. The diagnonal black dashed line represents a one-to-one

correspondence.
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FIG. 15. Difference in point-wise asymmetry in net column heating between cases with interactive water

and prescribed water, for a perturbation of magnitude M = 15Wm−2, and convective relaxation time of 16

hours decomposed into components due to net shortwave radiation at TOA (dashed line) and outgoing longwave

radiation (dashed-dotted line). Panel (a) shows results from a case with the perturbation imposed in the tropics;

panel (b) shows results from a case with the perturbation imposed in the extratropics. Panels (c) and (d) show

the difference in point-wise asymmetry in column integrated water vapor seen by the radiation code between the

interactive and prescribed water cases represented in panels (a) and (b).
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(c) SBM = 16 hours
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FIG. 16. Difference in symmetrized relative humidity between symmetric control simulations with convective

relaxation times of 4, 8, and 16 hours and the control simulation with the default convective relaxation time (2

hours) [panels (a), (b), and (c) respectively].
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FIG. 17. Difference in symmetrized net column heating between symmetric control simulations with convec-

tive relaxation times of 4, 8, and 16 hours and the control simulation with the default convective relaxation time

(2 hours).
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