
The Role of the Water Vapor Feedback in the ITCZ Response to
Hemispherically Asymmetric Forcings

SPENCER K. CLARK

Program in Atmospheric and Oceanic Sciences, Princeton University, Princeton, New Jersey

YI MING, ISAAC M. HELD, AND PETER J. PHILLIPPS

NOAA/Geophysical Fluid Dynamics Laboratory, Princeton, New Jersey

(Manuscript received 26 October 2017, in final form 5 January 2018)

ABSTRACT

In comprehensive and idealized general circulation models, hemispherically 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 vapor field seen by the radiation code prescribed to a static hemi-

sperically symmetric control distribution. Using energy flux equator theory for the latitude 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 water vapor feedback plays a secondary role.

Experiments varying the convective 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 experiments do not preclude thatmore extrememodifications to the convection

scheme could lead to qualitatively different behavior.

1. Introduction

It has been shown in numerous studies using both

idealized and comprehensive general circulation models

(GCMs) that the zonal- and annual-mean latitude of the

intertropical convergence zone (ITCZ) changes in re-

sponse to hemispherically asymmetric perturbations in

the energy budget. By hemispherically asymmetric, we

mean the perturbations on one side of the equator are

substantially different than those on the other. In the

real world, these perturbations can enter the system in a

wide variety of ways, including anomalous ocean heat

fluxes into or out of the atmosphere (e.g., Kang et al.

2008, 2009; Cvijanovic and Chiang 2013; Donohoe et al.

2013; Seo et al. 2014; Bischoff and Schneider 2014,

2016), changes in the surface albedo (e.g., Chiang and

Bitz 2005; Voigt et al. 2014a), or changes in the aerosol

concentrations that can directly scatter/absorb shortwave

radiation and/or indirectly alter the radiative proper-

ties of clouds (e.g., Yoshioka et al. 2007; Yoshimori

and Broccoli 2008; Ming and Ramaswamy 2011; Clark

et al. 2015).

The direction of the shift in the ITCZ position is to-

ward the hemisphere receiving comparatively more

energy (Donohoe et al. 2013); this is consistent with the

seasonally varying position of the ITCZ (Huffman et al.

2009), which migrates from the NH in boreal summer to

the SH in boreal winter. While the direction of the shift

follows a consistent pattern in modeling studies, the

magnitude of the shift has been shown to dependCorresponding author: SpencerK. Clark, skclark@princeton.edu
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strongly on the strength and location of the asymmetric

perturbation and the treatment of physical processes in a

particular model (Kang et al. 2009; Voigt et al. 2014a,b;

Seo et al. 2014).

This dependency on the inclusion or exclusion of

physical processes is illustrated by the results of Kang

et al. (2009) and Seo et al. (2014). In both of these

studies, hemispherically antisymmetric patterns of slab

ocean heat flux were prescribed in both comprehensive

aquaplanet GCMs, complete with water vapor (WV)

and cloud feedbacks, and idealized moist GCMs, with-

out water vapor or cloud feedbacks. In each study, the

ITCZ latitude was more sensitive to a given asymmetry

strength in the comprehensive aquaplanet GCM than in

the idealized moist GCM. In addition, in the compre-

hensive GCM, an asymmetry imposed in the extra-

tropics was more effective at shifting the ITCZ than an

asymmetry imposed in the tropics, but the opposite was

true in the idealized GCM.

Voigt et al. (2014a) imposed hemispherically antisym-

metric perturbations to surface albedo in a comprehen-

sive aquaplanet GCM with water vapor and cloud

feedbacks; in their case, using one convection scheme, the

magnitude of the ITCZ shift in response to a given albedo

asymmetry did not change when switching from in-

teractive cloud radiative effect (CRE) to prescribed

CRE, but with another convection scheme, the ITCZ

shifted more with interactive CRE. Voigt et al. (2014a)

argue that the difference in sensitivity between the two

simulations results from differences in the net radiative

effect of clouds associated with the ITCZ, which can be

traced back to the convection scheme used. When the

clouds had a roughly net zero effect on the net radiation

at top of atmosphere (TOA), there was little difference

between the interactive and ‘‘locked’’ clouds experi-

ments, but when the clouds had a net positive effect on

the net radiation at TOA, the ITCZ shifted more with

interactive clouds than with prescribed clouds.

The examples above demonstrate the importance of

the treatment of physical processes in setting the sensi-

tivity of the ITCZ position to hemispherically asym-

metric perturbations. In the context of radiation and the

energy budget of the atmosphere, clouds and water va-

por are the two most important spatially heterogeneous

factors to consider (Hartmann 2016). In terms of phys-

ical processes, previous studies have either included

both cloud and water vapor radiative feedbacks, by us-

ing comprehensive aquaplanet GCMs, or included nei-

ther, by using models with gray radiative transfer using

prescribed shortwave and longwave optical depths. That

being said, while the parameterization of clouds and

convection in atmospheric models remains a challenge,

and varies from model to model (Boucher et al. 2013),

the interaction between water vapor and radiation is

better understood and more consistently represented

(Held and Soden 2000, 2006). Therefore, there is reason

to believe that the role of water vapor in determining the

ITCZ latitude could bemore robust than that for clouds.

It has been demonstrated by applying radiative feed-

back analysis to simulations conducted with compre-

hensive GCMs that the longwave greenhouse effect of

the water vapormaximum associated with the ITCZ acts

to amplify a latitudinal shift of the ITCZ to a given

asymmetric perturbation (Yoshimori and Broccoli 2009;

Frierson and Hwang 2012). Additional studies have also

touched upon the role of the water vapor feedback in

influencing ITCZ shifts (e.g., Cvijanovic and Chiang

2013; Cvijanovic et al. 2013; Voigt et al. 2014a), but a

targeted study of the role of water vapor in setting the

sensitivity of the ITCZ latitude to the location and

magnitude of hemispherically asymmetric perturba-

tions, with only water vapor, full radiation, and con-

vection as the primary atmospheric physics model

components, has yet to be completed.

In this study, we use a new version of an idealized

moist GCM, based on the model introduced in Frierson

et al. (2006), coupled to a full radiative transfer code to

capture the interaction between water vapor, radiation,

and the circulation of the atmosphere in the absence of

clouds (described in sections 2 and 3). With this model,

we apply negative perturbations to the incoming solar

radiation in the NH tropics or extratropics, in configu-

rations analogous to the ‘‘free’’ and ‘‘locked’’ clouds

experiments in Voigt et al. (2014a)—this time with the

water vapor field seen by the radiation code ‘‘free’’ or

‘‘locked’’ (section 4a). Given that Voigt et al. (2014a)

found that the sensitivity of the ITCZ latitude to hemi-

spherically asymmetric perturbations varied even with

prescribed CRE when the convection scheme was

changed, it is possible that the role of water vapor–

radiation interaction may also be sensitive to the con-

vection scheme used. Therefore, to test the sensitivity to

changes in the convection scheme, we run analogous

experiments while varying the convective relaxation

time (tSBM), an important parameter for the convection

scheme in this particular model (Frierson 2007), through

modest and extreme values (section 4b). We discuss

these results in the context of prior work in section 5 and

conclude in section 6.

2. Methods

a. Model description and control simulations

All experiments in this study are performed using an

idealized moist GCM. This model was introduced in
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Frierson et al. (2006) and Frierson et al. (2007), and was

later modified to include a simplified Betts–Miller pa-

rameterization of convection (Frierson 2007). The be-

havior of this convection scheme is strongly dependent

on the convective relaxation time (tSBM), which

prescribes a time scale over which the ambient profiles

of temperature and humidity are relaxed to reference

convectively adjusted states (Frierson 2007). As de-

scribed in Merlis et al. (2013), in models of this type,

when water vapor condenses through large-scale pro-

cesses or the convection scheme, latent heat is released

and the condensed water falls out instantaneously as

rain. At the surface, themodel is coupled to a slab ocean,

which we set to have a depth of 1m for fast equilibration.

Surface fluxes and boundary layer mixing are de-

termined similarly to the way they were in Frierson et al.

(2006), with some minor distinctions. Instead of using

the same drag coefficients for momentum, temperature,

and water vapor, we use differing ones depending on the

quantity. In determining those coefficients, roughness

lengths of 5 3 1023m, 1 3 1025m, and 1 3 1025m are

used respectively; these are the same values that were

used in O’Gorman and Schneider (2008). In addition,

unlike in Frierson et al. (2006), the formulation of the

drag coefficients differs between neutral and unstable

conditions (Dyer 1974), and we use a critical Richardson

number of 2.0 rather than 1.0.

Radiative transfer was initially kept simple in the

model. The atmosphere was transparent to shortwave

radiation and ‘‘gray’’ (optical depth independent of

wavelength) with respect to longwave radiation. Spe-

cifically, a longwave optical depth, varying with latitude

and height, was prescribed to approximate the static

impact of water vapor on radiative heating and cooling

rates in the atmosphere (Frierson et al. 2006). As such,

feedbacks involving the radiative impact of water vapor

were not considered, as the longwave optical depth

would remain constant at the prescribed value, regard-

less of the specific humidity in the model.

To allow for the water vapor–radiation feedback,

we replace the gray-atmosphere scheme with a com-

prehensive radiative transfer code (Paynter and

Ramaswamy 2014). A similar setup was used in Merlis

et al. (2013) to study the response of the Hadley cir-

culation to orbital precession. Since condensed water

leaves the atmosphere immediately as rain, there are

no parameterizations of clouds in the model, and there-

fore no interactively simulated cloud radiative effects.

Merlis et al. (2013) address this by prescribing a cloud

field to the radiation code (thereby including cloud ra-

diative effects in their experiments); in contrast, in our

case, for simplicity, we do not prescribe any cloud radiative

effects.

The new radiative transfer setup uses a diurnally

varying solar forcing pattern, which is computed based

on the specified obliquity and eccentricity of the orbit.

This is in contrast to the initial version of the model,

where the solar forcing was not subject to a diurnal cycle

and was prescribed as a constant function of latitude

(Frierson et al. 2006). To simplify the analysis, we run

our control simulations with zero obliquity and eccen-

tricity to remove any seasonal cycle in solar insolation;

however, we acknowledge that when running in this

‘‘perpetual equinox’’ mode, the annual average solar

insolation at a given latitude in our simulations does not

match the annual average solar insolation on Earth. The

mixing ratios of the most significant well-mixed green-

house gases, carbon dioxide, methane, and nitrous oxide

are prescribed to present-day values (CO2 5 369.4 ppm,

CH4 5 1.82 ppm, and N2O 5 316 ppb). Additionally, a

hemispherically symmetrized latitudinally varying ver-

tical profile of ozone, the same used in the Aqua-Planet

Experiment Project (Blackburn et al. 2013), is pre-

scribed to the radiation code.

A roughly analogous setup to the idealized moist

GCM we are using here could be obtained using a

comprehensive aquaplanet atmospheric GCM coupled

to a slab ocean model [e.g., GFDL’s aquaplanet con-

figuration of Atmospheric Model version 2 (AM2), as

was used, e.g., in Kang et al. (2009) and Seo et al. (2014)],

with cloud radiative effects prescribed to fixed values.

We have chosen to build up in complexity from the

original idealized moist model rather than down from a

more complex model like AM2, because we would like

the other physics parameterizations (e.g., the boundary

layer scheme and convection scheme) to remain simple.

However, we do not expect the results we obtain from

this study to be sensitive to this choice; we expect that

using a model like AM2 configured as described earlier

would lead to similar conclusions when configured to

run the experiments we conduct here.

We run four control simulations with the model de-

scribed above and a diurnally varying hemispherically

symmetric solar insolation pattern. The first is a case

with the default value of the convective relaxation time

of 2 h used in Frierson (2007). The remaining three use

convective relaxation times of 4, 8, and 16 h, respec-

tively. We discuss briefly the climatology of the control

simulation with the default convective relaxation time in

section 3a.

b. Hemispherically asymmetric forcings

To study the role of the water vapor feedback in

influencing ITCZ shifts, we must first have a way to shift

the ITCZ off the equator. Typically, studies using ide-

alized moist models coupled to a slab ocean shift the
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ITCZ by applying a hemispherically asymmetric ocean

heat flux into the atmosphere (e.g., Kang et al. 2008,

2009; Seo et al. 2014; Bischoff and Schneider 2014, 2016).

In this study, instead of applying an ocean heat flux, we

choose to modify the incoming solar radiation; another

study that took a similar approach was Yoshimori and

Broccoli (2009).

Under perpetual equinox conditions, with zero ec-

centricity, and a solar constant of S0, the unperturbed

solar radiation flux incident at the TOA at t5 0 as a

function of latitude (u) and longitude (f) is given by

S
control

(u,f)5

�
S
0
cos(u) sin(f) 0#f,p

0 p#f, 2p .
(1)

Because of the zonally symmetric nature of our

boundary conditions, for the purposes of this derivation,

we can ignore the time dependence when taking the

zonal and time mean of the insolation (in the model a

diurnal cycle exists). Therefore, the zonal- and time-

mean insolation is given by

S
control

(u)5
1

2p

ðp
0

S
0
cos(u) sin(f) df5

S
0
cos(u)

p
. (2)

In our study, we introduce a perturbation by imposing a

latitudinal dependence on S0. Replacing S0 in Eq. (1)

with S0
0(u) of the form

S0
0(u)5 S

0
1

pdS(u)

cos(u)
(3)

generates a perturbed annual- and zonal-mean pattern

of solar insolation of

S
perturbed

(u)5 S
control

(u)1 dS(u) . (4)

In Eqs. (3) and (4), and throughout the rest of this paper,

the overbars represent time and zonal averages. Im-

posing the annual-mean perturbation in this way ensures

that so long as S0
0(u) is greater than zero at all grid points

in the model, the solar insolation at any given time,

latitude, and longitude will be consistently greater than

or equal to zero.

The shape of the zonal- and time-mean perturbation

dS that we use is a Gaussian in latitude:

dS(u)52
M

M
0

exp

"
2
(u2 u

a
)2

2s2

#
, (5)

whereM0 is a normalization parameter that ensures the

global area-average change in annual-mean incoming

shortwave radiation is given by 2M, a measure of the

strength of the perturbation:

M
0
5

ðp/2
2p/2

exp

"
2
(u2 u

a
)2

2s2

#
cos(u) du

ðp/2
2p/2

cos(u) du

. (6)

The parameter ua is the central latitude of the applied

perturbation in degrees, and the parameter s controls

the width of the perturbation.

In all our simulations we apply a negative perturba-

tion to the incoming solar radiation centered only in the

Northern Hemisphere. This induces an ITCZ shift

southward. Our experimental setup differs again from

some prior studies (e.g., Kang et al. 2008, 2009; Seo

et al. 2014; Bischoff and Schneider 2014, 2016) in that

the perturbation we apply is not antisymmetric. By

‘‘antisymmetric,’’ we mean the perturbation in one

hemisphere is matched by an equal and opposite per-

turbation in the other hemisphere. In our case, rather,

the negative perturbation in the Northern Hemisphere

is left unbalanced [as was done in Yoshimori and

Broccoli (2009) and Ceppi et al. (2013)]. This compli-

cates analysis somewhat, because it changes the global

mean surface temperature and column water vapor;

however, it more closely mimics the potential short-

wave forcing imposed by heterogeneous variations in

aerosols or clouds.

c. Perturbation simulations

We are interested in the change in sensitivity of the

ITCZ position to hemispherically asymmetric forcings

with the inclusion of interactive water vapor and radia-

tion versus without. To test this sensitivity, we apply the

hemispherically asymmetric forcing described in section

2b with varying magnitude (M) and location (ua) in two

model configurations. The first is the default configura-

tion of the idealized moist model with full radiative

transfer, which includes the water vapor feedback; we

refer to this as the ‘‘interactive’’ water configuration.

The second configuration is the idealized moist model

with full radiative transfer, but with the water vapor

field seen by the radiation code prescribed as a sym-

metrized (i.e., the value at a given latitude is the av-

erage of the values at that latitude in the Northern and

Southern Hemispheres in the unsymmetrized case),

zonal-mean climatological water vapor field from a

control simulation with hemispherically symmetric

solar insolation; we refer to this as the ‘‘prescribed’’

water configuration.

We run all experiments with a surface albedo of 0.2725

to obtain a global mean surface temperature that

approximates that of Earth in the control simulation

with symmetric solar insolation with a solar constant of
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S0 5 1365Wm22. All experiments are run for six years,

with the first two allowed for spinup and equilibration

and the final four years used for analysis. All experi-

ments are run with 30 vertical levels and at T42 spectral

resolution (64 latitude by 128 longitude grid points).

In our experiments we vary the strength of the solar

insolation perturbation, M, between 5, 10, 15, and

18Wm22 and impose the change in the tropics

(ua 5 158N and s5 4:948) and extratropics (ua 5 608N
and s5 9:898) (Fig. 1). The parameter s in each case is

chosen such that the full width at 1/100th maximum is

about 308 for a perturbation in the tropics and 608 for a
perturbation in the extratropics. As we alluded to in

section 2b, to maintain a positive solar insolation at all

latitudes given the latitudes of our grid points, we must

take care in the magnitude of the perturbation we apply.

For the Gaussian-shaped perturbation we apply in the

extratropics, and our grid resolution, the maximum

negative perturbation we can apply has a magnitude

M5 18 Wm22.

To test the sensitivity of water vapor’s role in influ-

encing the response of the ITCZ to hemispherically

asymmetric perturbations to changes in the convection

scheme used, we run analogous experiments with con-

vective relaxation times of 4, 8, and 16h. In these cases

the water vapor fields seen by the radiation code in the

prescribed water configuration come from the hemi-

spherically symmetric control simulations withmatching

convective relaxation times.

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

Given that we are using a new model configuration,

we will begin by describing the climatological tropical

circulation in the control case with hemispherically

symmetric solar insolation and the default convective

relaxation time. We will then discuss the full radiation

model’s response to hemispherically asymmetric per-

turbations in the solar insolation as described in section 2,

with an emphasis on the role of water vapor–radiation

interaction in controlling the sensitivity of the ITCZ

position to a given asymmetry.

Climatological tropical circulation

1) NET COLUMN HEATING

The net column heating is a useful diagnostic for in-

vestigating the energy budget of the atmosphere (Neelin

and Held 1987); importantly, it can be used to compute

the total vertically integrated moist static energy flux,

the zero of which has been shown to be correlated

with the latitude of the ITCZ (Kang et al. 2008). Since

we allow the model to run to equilibrium and run with

zero ocean heat flux in all of our simulations, in the time

and zonal mean, the net column heating reduces to

simply the net top-of-atmosphere radiation:

Q5 S2L . (7)

In the above equation, Q is the net column heating,

while S is the net shortwave radiation at the top of the

atmosphere, and L is the outgoing longwave radiation

(Bischoff and Schneider 2014).

In the control climate, the accumulation of water va-

por in the vicinity of the ITCZ has a strong impact on the

radiative budget. This is manifested by a pronounced

peak in the net column heating in the deep tropics, with

values rising sharply between 108 and 208 latitude from

below 25Wm22 to near 50Wm22 at the equator (Fig. 2a).

This peak exists for two primary reasons. The first is that

there is a maximum in the zonal- and time-mean net

shortwave radiation at the top of the atmosphere at the

equator, associated simply with the geometry of the

problem (perpetual equinox conditions and the angle of

incidence of solar radiation on the surface) (Fig. 2a, dashed

line). The second is that the circulation and thermody-

namically induceddistribution ofwater vapor in the tropics

leads to a localminimum inoutgoing longwave radiation at

the ITCZ (Fig. 2a, dashed–dotted line). Figures 2b and 2c

illustrate how this occurs.

In Fig. 2b we can see that, consistent with weak tem-

perature gradient theory (Sobel et al. 2001), the merid-

ional gradient in temperature throughout the tropical

FIG. 1. Annual-mean perturbation to incoming solar radiation.

(a) The tropical perturbation; (b) the extratropical perturbation.
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free troposphere is near zero. Therefore, the spatial

structure we see in outgoing longwave radiation must

result primarily from the spatial structure in longwave

absorbers in the atmosphere (water vapor). Because of

the nature of the circulation, with moist air rising at the

ITCZ and dry air subsiding in the subtropics, the relative

humidity at the ITCZ is relatively high (around 0.7) and

is relatively low in the subtropics (around 0.3). This,

coupled with the weak temperature gradient, indicates a

strong gradient in specific humidity between the deep

tropics and subtropics. Specific humidity in the upper

troposphere reaches a maximum in the deep tropics,

inhibiting air from cooling to space through outgoing

longwave radiation (i.e., for a given vertical profile of

temperature, there will be less outgoing longwave radi-

ation in the deep tropics than in the subtropics); this

results in a local minimum in outgoing longwave radia-

tion in the deep tropics.

In our study, we design experiments that focus on the

role of water vapor–radiation interactions in setting the

sensitivity of the ITCZ latitude to a given hemispheri-

cally asymmetric forcing. While we do perturb the solar

insolation in our experiments to shift the ITCZ, the

maximum always remains at the equator. When the

ITCZ shifts off the equator, the peak inmidtropospheric

relative humidity can shift along with it, altering the

spatial distribution of net column heating.

2) ITCZ IN CONTROL SIMULATION

The strong peak in net column heating in the deep

tropics is associated with net divergence of moist static

energy. In this model, this is achieved primarily through

transient eddy fluxes of dry static energy, even near the

equator (Fig. 3a). This is consistent with at least one

prior study using a similar model (Byrne and Schneider

2016). A component of the moist static energy flux is the

moisture flux; unlike the total moist static energy,

moisture is converged at the ITCZ primarily through the

mean circulation, leading to a narrow peak in pre-

cipitation minus evaporation (Fig. 3b). The spatial

structure in precipitation minus evaporation is primarily

determined by the narrowness of the ascending branch

of the Hadley circulation (Fig. 3c), which carries moist

air upward, leading to precipitation.

With a globalmean surface temperature of 284.5K, the

precipitation rate at the ITCZ is around 10mmday21. In

addition, the strength of the streamfunction reaches

around 10 3 1010kg s21.

4. Sensitivity of ITCZ latitude to hemispherically
asymmetric perturbations

a. ITCZ position in cases with default convective
relaxation time

Our primary experiments are designed with the aim of

understanding the role of feedbacks between water va-

por, radiation, and the circulation in setting the sensi-

tivity of the ITCZ position to hemispherically

asymmetric perturbations. As in Seo et al. (2014) and

Bischoff and Schneider (2014, 2016) we define the po-

sition of the ITCZ as the latitude of themaximum zonal-

mean precipitation rate. To compute this latitudinal

position at a subgrid-scale level, we use cubic in-

terpolation to infer the zonal annual-mean precipitation

rate at a resolution of 0.018 latitude and then select the

latitude where the precipitation rate maximizes. In cases

with the default convective relaxation time (as discussed

in this section), the precipitation rate is the sum of the

large-scale and convective precipitation rates. Figure 4

shows a sample precipitation profile with the ITCZ

FIG. 2. (a) Zonal- and time-mean net column heating (solid line),

net shortwave radiation (dashed line), and outgoing longwave ra-

diation at TOA (dashed–dotted line), (b) temperature, and

(c) relative humidty in the control simulation with the default value

of the convective relaxation time.
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shifted off the equator from a case with interactive water

vapor and radiation and a M5 15Wm22 perturbation

imposed in the tropics. The ITCZ latitude as computed

using the method described is plotted as the dashed

black line. The maximum of the column-integrated

water vapor follows the ITCZ.

1) SENSITIVITY TO PERTURBATION ASYMMETRY

AND LOCATION

In Fig. 5, we show the latitude of the ITCZ plotted

against the hemispheric asymmetry in net solar radiation

in cases with interactive (closed symbols) and prescribed

water vapor (open symbols). We define the hemispheric

asymmetry of a quantity (�), A(�), as the area-weighted

average of the quantity in the Northern Hemisphere

minus that in the Southern Hemisphere:

A(�)5 f�g
NH

2 f�g
SH

. (8)

In Eq. (8) the braces represent area-weighted averages of

(�) over the subscript region. Here the hemispheric

asymmetry in net solar radiation plotted is (12a)A(S),

where a is the surface albedo and S is the zonal- and time-

mean solar insolation. Note that in this calculation we are

ignoring the effects of water vapor shortwave absorption.

Within the range of perturbation asymmetries tested,

the ITCZ always shifts more as the magnitude of the

hemispheric asymmetry is increased. In addition, the

ITCZ shift is more sensitive to a perturbation imposed in

the tropics (Fig. 5a) than that in the extratropics

(Fig. 5b). For example, the ITCZ shifts most off the

equator in response to the M5 18 Wm22 perturbation

imposed in the tropics with interactive water vapor in-

teraction, shifting to a latitude of 9.178S, while the same

magnitude perturbation imposed in the extratropics

results in a shift to 2.038S in the interactive water con-

figuration. Finally, the ITCZ is more sensitive in cases

with interactive water vapor and radiation than with

prescribed water vapor, with the open symbols (repre-

senting the ITCZ latitude in cases with prescribed wa-

ter) in Figs. 5a,b always falling equatorward of the

closed symbols (representing the ITCZ latitude in cases

with interactive water) for equivalent forcings.

2) DIAGNOSTIC THEORIES FOR THE ITCZ
LATITUDE

It is possible to investigate the difference in sensitivity

of the ITCZ latitude to a given perturbation between

FIG. 4. Zonal- and time-mean precipitation rate and column-

integrated water vapor for cases with the default convective relaxation

time, interactive water, and an M5 15Wm22 perturbation imposed

in the tropics. The ITCZ latitude is denoted by the black dashed line.

FIG. 3. (a) Zonally and vertically integrated MSE flux decom-

posed into mean and transient components; (b) zonal- and time-

mean precipitation rate and evaporation rate; and (c) mean mass

streamfunction from the control simulation with default convective

relaxation time.
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cases with interactive water and cases with prescribed

water using several theories that provide diagnostic es-

timates of the latitude of the zonal-mean precipitation

maximum–defined ITCZ in terms of other climate var-

iables. These theories are classified into two categories

by Shekhar and Boos (2016): 1) convective quasi-

equilibrium-based theories, and 2) moist static energy

budget-based theories.

Theories for the ITCZ latitude based on convective

quasi equilibrium suggest that the ITCZ is collocated

with the subcloud-layer moist static energy (MSE)

maximum (e.g., Emanuel 1995; Privé and Plumb 2007;

Shekhar and Boos 2016). In an aquaplanet setting, be-

cause the boundary layer is typically saturated every-

where (meaning the subcloud-layer-specific humidity

can be approximated as a function of temperature), this

approximately reduces to the statement that the ITCZ is

collocated with the latitude of maximum zonal-mean

surface temperature (Voigt et al. 2014a). While this

tends to be a fairly accurate diagnostic theory in our

experiments, it is difficult to relate the latitude of max-

imum surface temperature directly to changes in the

radiative properties of the atmosphere. In addition, this

diagnostic can break downwhenmeridional gradients of

subcloud MSE near its maximum are weak (i.e., the

maximum is fairly broad and flat), for example, in the

longwave ACRE turned off and shortwave ACRE

turned on (ACREonSW) and the longwave and short-

wave ACREs turned off (ACREoff) experiments of

Popp and Silvers (2017).

Energy flux equator theory states that the ITCZ is

approximately coincident with the zero of the total

vertically integrated moist static energy flux (Kang et al.

2008). The vertically intergrated moist static energy flux

can be related to the net column heating (Neelin and

Held 1987; Hill et al. 2015), which in our case in the

time mean at equilibrium (using a slab ocean with

zero prescribed ocean heat flux) is just the net top-of-

atmosphere radiation at a given latitude [Eq. (7)].

Through the moist static energy budget and energy flux

equator theory, the net column heating provides a

theoretical link between the latitude of the ITCZ and

the TOA radiative fluxes. Since our experiments are

based on differences in the treatment of atmospheric

radiative transfer, this is a useful framework for the

discussion of our results.

3) APPLICABILITY OF ENERGY FLUX EQUATOR

THEORY

Before proceeding, to assess the applicability of en-

ergy flux equator theory in our experiments, we plot the

latitude of the energy flux equator versus the ITCZ

latitude (Fig. 6) for all cases with the default convective

relaxation time. We compute the latitude of the energy

flux equator by first computing the vertically integrated

meridional moist static energy flux following Hill et al.

(2015) and then, as we did in finding the latitude of the

ITCZ, use cubic interpolation to sharpen the resolution

to find the latitude of zero flux to within 0.018. Since all

the points in Fig. 6 are above the one-to-one line, the

energy flux equator in general overestimates the shift in

ITCZ for cases with the default convective relaxation

time. The points form a line that is roughly linear and

passes through the origin. If we apply least squares re-

gression, we obtain the following relationship:

u
ITCZ

’ 0:64u
EFE

. (9)

The fitted line has a coefficient of determination of

0.95. Therefore, differences in the latitude of the energy

flux equator between cases with the default convective

relaxation time can be approximately related to differences

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 prescribed water

vapor–radiation interaction (closed symbols). (a) The results of cases with the perturbation imposed in the tropics

and (b) the results of cases with the perturbation imposed in the extratropics.
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in the latitude of the ITCZ by a scaling factor of 0.64.

Therefore, despite the importance of the eddy moist

static energy flux in this model (Fig. 2), which in theory

could weaken the correspondence of the ITCZ latitude

to the zero of the total moist static energy flux (Kang

et al. 2008; Bischoff and Schneider 2016), the two re-

main correlated. Given this result, we will proceed in

linking the energy flux equator position to the net

column heating.

4) LINKING THE LATITUDE OF THE ENERGY FLUX

EQUATOR TO THE NET COLUMN HEATING

Building on the results in Kang et al. (2008), studies

have linked the off-equatorial ITCZ position with the

cross-equatorial moist static energy flux (Frierson and

Hwang 2012; Donohoe et al. 2013; Voigt et al. 2014a).

Assuming this flux is approximately linear with latitude

near the equator and using the moist static energy

budget, Bischoff and Schneider (2014) show that one

can derive a relationship between the cross-equatorial

energy flux and equatorial net column heating, and the

energy flux equator latitude (in radians):

u
EFE

’2
1

2pa2
F
0

Q
0

. (10)

In Eq. (10), F is the vertically integrated moist static

energyflux,Q is thenet columnheating asdefined inEq. (7),

and a is the radius of Earth; the subscript 0s indicate

that each are evaluated at the equator. In our experi-

ments, the approximation in Eq. (10) holds well. If we

plot the result of this approximation (noting to convert

from radians to degrees), the points follow the one-to-

one line closely (Fig. 7); a line of best fit through the

origin has a slope of 0.98 and a coefficient of de-

termination of 0.98. This suggests that in our discussion

of differences in the latitude of the energy flux equator,

and by extension the ITCZ, we can focus on differences

in the cross-equatorial energy flux or equatorial net

column heating.

Through the moist static energy budget, one can ex-

actly relate the cross-equatorial energy flux to the

hemispheric asymmetry in net column heating (Frierson

and Hwang 2012; Voigt et al. 2014a):

F
0
52pa2A(Q) . (11)

Here, A is the hemispheric asymmetry operator as de-

fined in Eq. (8). If the area-average net column heating

of the Northern Hemisphere is greater than that in the

Southern Hemisphere, there must be a cross-equatorial

energy flux out of the Northern Hemisphere into the

Southern Hemisphere (hence the negative sign), as the

global time-mean column heating is zero. By combining

Eq. (10) with Eq. (11), we can therefore approximate the

latitude of the energy flux equator through knowledge of

the net column heating alone:

FIG. 6. ITCZ latitude versus energy flux equator latitude for

cases with the default convective relaxation time. The black dashed

line is the one-to-one line, and the red dashed line is a line of best

fit through the origin (slope5 0.64 and coefficient of determination

is r2 5 0:95).

FIG. 7. True energy flux equator latitude plotted against the di-

agnosed energy flux equator latitude by Eq. (10) for all cases with

the default convective relaxation time. The black dashed line

represents a one-to-one correspondence. A line of best fit through

the origin has a slope of 0.98 and a coefficient of determination

of r2 5 0:98.
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u
EFE

’
A(Q)

2Q
0

. (12)

As such, the energy flux equator’s displacement from

the geographic equator approximately depends on the

magnitude of the hemispheric asymmetry in net column

heating [the numerator in Eq. (12)], and the equatorial

net column heating (the denominator).

5) DIFFERENCES BETWEEN CASES WITH

INTERACTIVE AND PRESCRIBED WATER VAPOR

The ITCZ shifts approximately twice as much for a

given perturbation with interactive water vapor and

radiation than with prescribed water vapor–radiation

interaction (Fig. 8). Equation (12) shows that there is

an approximate positive relationship between the

hemispheric asymmetry in net column heating and the

latitude of the energy flux equator (and by extension

the ITCZ). Previous studies (e.g., Frierson and Hwang

2012; Donohoe et al. 2013; Voigt et al. 2014a) have

leveraged this relationship to understand ITCZ shifts

within the context of changes to the hemispheric

asymmetry in net column heating, under the implicit

assumption that the equatorial net column heating re-

mains roughly constant across experiments. To be

thorough, we will consider the possibility of both dif-

ferences in the hemispheric asymmetry in net column

heating and differences in the equatorial net column

heating in contributing to changes in the energy flux

equator position between cases.

Using the approximation in Eq. (12), we can

decompose a change in the latitude of the energy flux

equator into components due to differences in the

hemispheric asymmetry in net column heating and dif-

ferences in the net column heating at the geographic

equator:

du
EFE

’
1

2Q
0

dA(Q)2
A(Q)

2Q
0
2
dQ

0
. (13)

Figure 9 shows the results of this decomposition.We can

see that the approximation holds well; the sum of the

components (black circles) aligns fairly closely to

the one-to-one line. We find that it is differences in the

hemispheric asymmetry in net column heating that

dominate the difference in energy flux equator position.

Differences in equatorial net column heating play a

lesser role, particularly when the perturbation is im-

posed in the extratropics. The difference in cross-

equatorial moist static energy flux resulting from the

difference in hemispheric asymmetry in net column

heating is achieved mainly through differences in the

mean component of the flux, rather than the eddy

component. As mentioned before, the correspondence

between differences in the energy flux equator latitude

and differences in the precipitation maximum–defined

ITCZ is not as strong, however, particularly for large

perturbations.

Given that interactive water vapor and radiation tends

to amplify the displacement of the energy flux equator

from the geographic equator for a given perturbation

(Fig. 8), and that this amplification is primarily due to an

increase in the hemispheric asymmetry in net column

heating (Fig. 9), we can investigate water vapor’s role in

amplifying the hemispheric asymmetry in net column

heating. To begin this discussion, we will note that the

hemispheric asymmetry, defined in Eq. (8) as the dif-

ference in area-weighted averages of a quantity between

the hemispheres, can equivalently be expressed in in-

tegral form (Frierson and Hwang 2012). For example,

the hemispheric asymmetry in net column heating can

be expressed as

A(Q)5

ðp/2
0

[Q(u)2Q(2u)] cos u du . (14)

In this sense, the asymmetry is the area-weighted aver-

age of the difference between the net column heating

at a latitude in the Northern Hemisphere and the net

column heating at the same latitude in the Southern

Hemisphere (from here on wewill refer to this integrand

FIG. 8. ITCZ position in interactive water cases versus ITCZ

position in prescribed water cases with the default convective re-

laxation 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 5 0:98.
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as the ‘‘pointwise asymmetry’’). We will abbreviate the

mathematical form of the pointwise asymmetry of a

quantity f as

P( f )5 f (u)2 f (2u) . (15)

By computing the difference in the pointwise asymmetry

between two simulations, we can gain insight into which

locations are most responsible for the difference in their

total hemispheric asymmetry.

Figures 10a and 10b show the difference in pointwise

asymmetry in net column heating between cases with

interactive and prescribed water with a M5 15 Wm22

perturbation imposed in the tropics or extratropics,

respectively. Building off Frierson and Hwang (2012)

and Voigt et al. (2014a), we can decompose a difference

in pointwise asymmetry in net column heating into

components due to the difference in net shortwave or

outgoing longwave radiation at TOA:

dP(Q)5 dP(S)2 dP(L) . (16)

It is clear that the difference in pointwise asymmetry for

both perturbation locations is due primarily to differ-

ences in longwave asymmetry. The difference in long-

wave asymmetry in the tropics is collocated with a large

difference in asymmetry in column-integrated water

vapor (Figs. 10c,d). This supports the notion first put

forth inYoshimori and Broccoli (2009) and Frierson and

Hwang (2012) that the water vapor content associated

with the ITCZ acts as a positive feedback, amplifying the

ITCZ’s shift in response to a given perturbation; this is

because a southward ITCZ shift makes the total hemi-

spheric asymmetry in net column heatingmore negative,

shifting the ITCZ farther south.

The difference in longwave pointwise asymmetry in

the tropics is a dominant component of the difference in

total hemispheric asymmetry for all perturbation mag-

nitudes and locations. Recall that the total difference in

the hemispheric asymmetry in net column heating is the

area average of the difference in pointwise asymmetry.

We can decompose that area average into components

over the tropics (08 to 308N) and extratropics (308 to

908N). The results are tabulated in Table 1; percentages

of the overall hemispheric difference are in parentheses.

In cases with the perturbation imposed in the tropics, the

difference in longwave asymmetry in the tropics ac-

counts for around 80% of the total difference. The dif-

ference in shortwave asymmetry in the tropics

approximately accounts for the rest. The two compo-

nents roughly cancel each other out in the extratropics,

with shortwave asymmetries acting to slightly amplify

the total asymmetry, but longwave asymmetries acting

to slightly dampen it out.

When the perturbation is imposed in the extratropics,

the difference in longwave asymmetry in the tropics

remains important, providing the most significant am-

plifying component (69%–101%) to the total hemi-

spheric asymmetry (Table 1). In contrast, it becomes an

appreciable dampening factor in the extratropics

(222% to 263%). The shortwave asymmetries in the

tropics and extratropics act to offset this damping

component.

6) PHYSICAL MECHANISMS

Since water vapor is simultaneously an absorber of

both shortwave and longwave radiation, differences in

FIG. 9. 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, with

the default convective relaxation time. The diagonal black dashed

line represents a one-to-one correspondence. The contributions

from differences in the equatorial net column heating (filled green

circles) and cross-equatorial energy flux (filled red circles) sum to

the values indicated by the black-filled circles. The open left and

right semicircle symbols represent the contribution from the dif-

ference in cross-equatorial MSE flux decomposed further into

parts due to differences in the mean and eddy fluxes; these sum

exactly to the values in the filled red circles. Finally, the filled blue

circles represent the actual difference in ITCZ latitude (as defined

by the latitude of maximum precipitation rate, as opposed to

a scaled value of the energy flux equator latitude). (a) Results from

simulations with forcings imposed in the tropics, and (b) results

from cases with forcings imposed in the extratropics.
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the treatment of water vapor–radiation interaction lead

to the differences in the net column heating asymmetry

between the interactive and prescribed water cases.

With interactive water vapor and radiation, the radia-

tion code sees a water vapor field that is always consis-

tent with the temperature and circulation of the

atmosphere; with prescribed water vapor–radiation in-

teraction, the radiation code sees a constant water vapor

field that does not respond to changes in temperature or

circulation.

In the context of net shortwave radiation at TOA, this

means that in the prescribed water cases, any asymmetry

in shortwave radiation is due only to the imposed per-

turbation, since the planetary albedo in the prescribed

water case does not change. Therefore, when the per-

turbation is imposed in the tropics (extratropics) there is

zero shortwave asymmetry in the extratropics (tropics),

in cases with prescribed water (not shown). In cases with

interactive water vapor and radiation, the planetary al-

bedo is allowed to change. Since we are imposing neg-

ative perturbations, which induce cooling, the specific

humidity decreases in the vicinity of the perturbations,

which is accompanied by a subsequent decrease in

absorbed solar radiation (not shown). This decrease in

FIG. 10. Difference in pointwise asymmetry in net column heating between cases with interactive water and

prescribed water, for a perturbation of magnitude M5 15Wm22 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). (a) Results from a case with the perturbation imposed in the tropics; (b) results from a case with

the perturbation imposed in the extratropics. (c),(d) The difference in pointwise asymmetry in column-integrated

water vapor seen by the radiation code between the interactive and prescribed water cases represented in (a) and (b).

The dashed–dotted lines in (c) and (d) indicate the latitude of the ITCZ in the interactive water vapor case.

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

Tropics (Wm22) Extratropics (Wm22)

Perturbation Shortwave Longwave Shortwave Longwave Total (Wm22)

T5 20.57 (21.5%) 22.42 (90.9%) 20.17 (6.3%) 0.46 (217.1%) 22.66

T10 21.06 (18.5%) 24.87 (84.9%) 20.34 (6.0%) 0.43 (27.6%) 25.73

T15 21.30 (17.3%) 26.10 (80.9%) 20.43 (5.7%) 0.25 (23.3%) 27.54

T18 21.32 (17.4%) 26.16 (81.2%) 20.48 (6.3%) 0.32 (24.3%) 27.58

E5 20.29 (25.0%) 20.79 (69.3%) 20.32 (27.7%) 0.15 (222.2%) 21.15

E10 20.58 (34.1%) 21.56 (91.3%) 20.55 (32.0%) 0.94 (255.0%) 21.71

E15 20.77 (28.3%) 22.43 (88.7%) 20.70 (25.4%) 1.13 (241.1%) 22.74

E18 20.91 (33.1%) 22.77 (101.1%) 20.73 (26.5%) 1.70 (262.9%) 22.74
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absorbed shortwave radiation occurs primarily in the

Northern Hemisphere (where we impose the perturba-

tion); therefore, it tends to mildly enhance the total

hemispheric asymmetry in net column heating with re-

spect to a prescribed water case with the same

perturbation.

In the context of outgoing longwave radiation,

prescribed water vapor–radiation interaction means

that changes are due only to changes in temperature.

In the tropics, temperature is fairly uniform (Sobel

et al. 2001). Therefore, any cooling that takes place

happens with only a minor hemispheric asymmetry,

leading to minor tropical asymmetries in outgoing

longwave radiation. With interactive water vapor and

radiation, however, the latitudinal pattern of the

longwave optical depth of the atmosphere changes

significantly as the ITCZ moves. The ITCZ is a local

maximum in the atmospheric longwave optical depth,

because of high specific humidities in its vicinity and

lower specific humidities in the subsidence regions

surrounding it (Pierrehumbert 1995). This acts to de-

crease outgoing longwave radiation in the vicinity of

the ITCZ, which has a tendency to increase net column

heating. Since the ITCZ shifts into the hemisphere

with greater net column heating (a moistening influ-

ence) and away from the hemisphere with smaller net

column heating (a drying influence), this is a positive

feedback, leading to an amplification of the shift to a

given perturbation. This mechanism is the most im-

portant distinguishing factor between the interactive

and prescribed water cases.

In addition to the positive feedbacks discussed

above, a negative feedback appears to exist in the

extratropics, regardless of the location of the forcing,

damping the asymmetry in the interactive water vapor

case relative to the prescribed water vapor case. This

is evidenced by the positive contribution of longwave

radiation to the difference in hemispheric asymmetry

between the interactive and prescribed water vapor

cases poleward of about 508 latitude in Figs. 10a,b.

The difference between the interactive and pre-

scribed water vapor cases is dominated by the differ-

ence in the Northern Hemisphere (the hemisphere in

which we apply the forcing); there is less outgoing

longwave radiation in the Northern Hemisphere ex-

tratropics in the interactive water vapor case than in

the prescribed water vapor case (not shown), consis-

tent with reduced atmospheric moist static energy flux

convergence.

It has been shown in multiple studies that, consistent

with poleward amplification of warming (cooling),

poleward moist static energy transport increases (de-

creases) under an imposed positive (negative) forcing

(Hwang and Frierson 2010; Frierson and Hwang 2012;

Ocko et al. 2014). More specifically, there is evidence

that the water vapor feedback plays a role in strength-

ening this behavior; for example, Langen et al. (2012)

show in a hemispherically symmetric aquaplanet model

that including the water vapor feedback under a dou-

bling of carbon dioxide increases poleward moist static

energy transport and moist static energy flux conver-

gence in the extratropics, permitting enhanced outgoing

longwave radiation and warmer temperatures. In our

simulations, we see the converse; we apply a localized

cooling forcing in the Northern Hemisphere. In the

simulations with the water vapor feedback, we have

reduced moist static energy flux convergence in the

Northern Hemisphere extratropics relative to the

simulations without the water vapor feedback. In this

manner one could think of the positive contribution of

the difference in pointwise asymmetry in outgoing

longwave radiation to the difference in pointwise

asymmetry in net column heating in the extratropics

(illustrated in Figs. 10a,b) as a manifestation of the

water vapor feedback’s role in the polar amplification

of the imposed cooling in the Northern Hemisphere.

One caveat is that it has been shown with compre-

hensive models that the attribution of changes in at-

mospheric heat transport to changes in surface albedo,

cloud radiative effects, and clear-sky radiative effects

(like those resulting from changes in longwave ab-

sorption due to water vapor), can vary from model to

model (Hwang et al. 2011); therefore it is possible that

studies using more models might be needed to de-

termine if the tendency of the water vapor feedback to

amplify (dampen) moist static energy flux convergence

in the extratropics under warming (cooling) is robust to

the model used.

b. Sensitivity to increases in the convective relaxation
time

In a previous study, using a variant of our model,

variation of the convective relaxation time was shown

to alter the relative humidity distribution in the tropics,

in particular the contrast in relative humidity between

the ITCZ and subtropics (Frierson 2007). Our results

suggest that this contrast may be important for setting

the sensitivity of the ITCZ latitude to a given hemi-

spherically asymmetric forcing; therefore it is possible

that changing this contrast (through changing the

convective relaxation time) could alter the magnitude

of an ITCZ shift to a given forcing. Here we discuss the

results of experiments described above repeated using

convective relaxation times of 4, 8, and 16 h, and how

they differ from the results using a convective re-

laxation time of 2 h.
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1) SENSITIVITY TO PERTURBATION ASYMMETRY

AND LOCATION

As we increase the convective relaxation time, the

ITCZ tends to shift more for a given forcing with in-

teractive water vapor and radiation (filled symbols in

Fig. 11). This is particularly evident for strong forcings

imposed in the tropics, where the ITCZ shifts to 12.98S
with a forcing asymmetry of 226.1Wm22 and convec-

tive relaxation time of 16 h, but only shifts to 9.18S for

the same forcing asymmetry but a convective relaxation

time of 2 h. In contrast, with prescribed water vapor–

radiation interaction, the magnitude of the shift in the

ITCZ for a given forcing is relatively insensitive to the

convective relaxation time (open symbols in Fig. 11).

For all convective relaxation times tested in our ex-

periments, the ITCZ always shifts more with interactive

water vapor and radiation than with prescribed. The

scale factor relating the ITCZ latitude in the interactive

water vapor experiments to the ITCZ latitude in pre-

scribed water experiments increases as the convective

relaxation time increases from 2.0 with tSBM 5 2 h to 2.76

with tSBM 5 16 h (Fig. 12).

2) RELATIVE IMPORTANCE OF CHANGES IN

CROSS-EQUATORIAL MSE FLUX AND

EQUATORIAL NET COLUMN HEATING

With increased convective relaxation time, the energy

flux equator continues to shift more for a given forcing

andmodel configuration than the precipitationmaximum–

defined ITCZ. Again, linear scaling relationships still ap-

proximately hold to relate the two for a given convective

relaxation time. As in the case with the default convective

relaxation time, these linear scalings break down as the

ITCZmoves significantly off the equator (in particular for

the two strongest forcings imposed in the tropics); how-

ever, they remain useful for the weaker tropical forcings,

and all the extratropical forcings.

Figure 13 plots the ITCZ latitude versus the energy

flux equator latitude for the case with tSBM 5 16 h; plots

for tSBM 5 4 h or tSBM 5 8 h look similar, only having

slightly different scaling relationships (slopes of 0.68 and

0.74, respectively, compared with 0.84 for tSBM 5 16 h).

With these quantitative relationships between the ITCZ

latitude and the energy flux equator for each tSBM, we

can apply the same systematic analysis we applied to the

cases with the default convective relaxation time.

As found for the case with the default convective re-

laxation time, the difference in energy flux equator lati-

tude between the interactive and prescribed water vapor

cases can be explained predominantly by a difference in

the cross-equatorial moist static energy flux for simula-

tions with convective relaxation times of 4, 8, or 16h.

Figure 14 shows the decomposition, defined in Eq. (13),

for the simulations with tSBM 5 16h, indicating that the

cross-equatorial energy flux components (the red circles)

make up most of the difference in the scaled energy

flux equator positions (the dashed line) between the

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 tSBM 5 4 h, blue symbols for tSBM 5 8 h, and

purple symbols for tSBM 5 16 h). 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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interactive and prescribed water vapor cases. Decom-

posing the cross-equatorial energy flux components fur-

ther into mean and eddy parts indicates that for forcings

imposed in the extratropics, differences in eddy fluxes can

play a smaller, comparable, or greater role than differ-

ences in mean fluxes, with the eddy contribution making

up a greater fraction of the total change as the forcing

strength decreases. For forcings imposed in the tropics,

differences in the mean fluxes dominate, as in the case

with the default convective relaxation time. Results for

convective relaxation times of 4 and 8h look similar.

3) ROLE OF WATER VAPOR

Finally, the differences in the cross-equatorial moist

static energy flux are again primarily the result of dif-

ferences in the pointwise asymmetry in net column

heating in the tropics for all convective relaxation times

tested. Figure 15 shows the difference in pointwise

asymmetry between the interactive and prescribed wa-

ter vapor cases for tSBM 5 16 h and M5 15Wm2. As

before, this difference is driven mostly by the shift in

longwave radiation absorption by water vapor associ-

ated with the ITCZ. We see similar behavior for the

cases with convective relaxation times of 4 and 8h,

which suggests that this physical mechanism is dominant

across changes to this model’s convection scheme.

4) INCREASE IN THE SCALE FACTOR RELATING

THE ITCZ LATITUDE IN THE INTERACTIVE WV
CASES AND THE PRESCRIBED WV CASES

In section 4b(1) we note that as we increase the con-

vective relaxation time, the scale factor relating the

ITCZ latitude in the interactive water vapor and pre-

scribed water vapor cases increases. Qualitatively, this

can be explained by an increase in the contrast in net

column heating between the ITCZ and the subtropics as

the convective relaxation time increases. In symmetric

control simulations, as we increase the convective re-

laxation time, the relative humidity throughout the

troposphere at the ITCZ increases, but there is little

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. (a)A convective relaxation time of 4 h, the line of best fit with a slope of 2.01,

and a coefficient of determination of r25 0.93; (b) a convective relaxation time of 8 h, the line of best fitwith a slope of 2.14, and a coefficient of

determination of r2 5 0.98; and (c) a convective relaxation time of 16 h, the line of best fit with a slope of 2.76, and a coefficient of de-

termination of r2 5 0.94.

FIG. 13. ITCZ latitude versus energy flux equator latitude for the

case with a convective relaxation time of 16 h. The black dashed

line represents the one-to-one line; the colored dashed line is the

line of best fit through the origin (slope5 0.84 and the coefficient of

determination is r2 5 0:86).
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change in the relative humidity in the subtropics (Fig. 16).

Despite increased upper-tropospheric temperatures (not

shown), there is increased longwave radiation absorption

by water vapor in the vicinity of the ITCZ (and decreased

outgoing longwave radiation), consistent with on-average

increased net column heating in the region of 208S to 208N,

from 38.8Wm22 in the tSBM 5 2 h case to 39.0, 39.4, and

39.6Wm22 in the tSBM 5 4-, 8-, and 16-h cases, re-

spectively. Because of the weak temperature gradient

constraint (Sobel et al. 2001), temperatures in the upper

troposphere in the subtropics also increase as convective

relaxation time increases, but are not accompanied by a

substantial change in relative humidity; this is consistent

with an increase in outgoing longwave radiation and a

decrease in net column heating in the subtropics (308 to
208S and 208 to 308N) from 19.5Wm22 in the tSBM 5 2 h

case to 19.0, 18.7, and 19.0Wm22 in the tSBM 5 4-, 8-, and

16-h cases, respectively (Fig. 17).

If the net column heating in the vicinity of the ITCZ

increases and the net column heating in the subtropics

decreases, the additional asymmetry the ITCZ induces

per degree shift in the cases with interactive water vapor

and radiation increases. This could strengthen the pos-

itive feedback that forms the basis of the difference

between the interactive and prescribed water vapor

cases [described in section 4a(6)]. Because of the

strengthened feedback, the ITCZ shifts more. Another

possibility could be that the strength of the negative

feedback in the extratropics, related to weakened at-

mospheric heat transport in the high latitudes of the

Northern Hemisphere in cases with the water vapor

feedback, is reduced in the cases with greater convective

relaxation time.

It is important to note that, while in the spatial aver-

age this mechanism looks clear, if we look at the fine

details of the difference in net column heating between

the control simulations with varying tSBM and the sim-

ulation with the default tSBM, we can see that the be-

havior is not monotonic at all latitudes. For instance,

between 10 and 20, there is little difference in the net

column heating between the tSBM 5 16 h and the

tSBM 5 2 h cases, but there is a positive difference for the

tSBM 5 4 h case, and a larger positive difference for

the tSBM 5 8 h case. There is also a greater decrease in net

column heating in the subtropics (between 208 and 308)
for the tSBM 5 8 h than for the tSBM 5 4 h or tSBM 5 16h

cases. This suggests that the response of the model to

changing the convective relaxation time may be more

complex than the average numbers make it appear.

5. Discussion

Previous studies have suggested that the water vapor

feedback could play a role in amplifying the response of

the ITCZ to a given hemispherically asymmetric forcing.

Kang et al. (2009) show that compensation (i.e., the

extent to which the cross-equatorial energy flux com-

pensates for the imposed hemispheric asymmetry) de-

creases when they prescribe the water vapor distribution

seen by the radiation code in an aquaplanet compre-

hensive GCM. They argue that this is because the water

vapor feedback acts locally to amplify the given forcing.

Here we show that in an idealizedmodel without clouds,

that local amplification of the extratropical forcing is a

secondary effect (as evidenced by the partially offsetting

contributions of differences in shortwave and longwave

radiation asymmetries in the extratropics to the total

difference in hemispheric asymmetry in net column

heating in Table 1); from the perspective of the net

column heating, the local decrease in shortwave

absorption in the vicinity of the forcing is mostly bal-

anced, or exceeded, by a local decrease in tempera-

ture and decrease in outgoing longwave radiation. The

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. (a) Results from simulations with forcings im-

posed in the tropics, and (b) results from cases with forcings im-

posed in the extratropics. The symbol definitions are the same as

described in the caption of Fig. 9.
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amplification effect associated with water vapor–

radiation interaction in our experiments is mainly due

to the shift of the water vapor-rich ITCZ into the

hemisphere with greater net column heating, consistent

with the conclusions of Yoshimori and Broccoli (2009)

and Frierson and Hwang (2012). This is true regardless

of whether the forcing is imposed in the tropics or

extratropics.

What does differ between the tropical and extra-

tropical cases is the extent of the ITCZ shift in response

to a given magnitude forcing. For all model configura-

tions tested (interactive versus prescribed water vapor

and varying convective relaxation times), a forcing im-

posed in the tropics always results in a larger ITCZ shift

than an equivalent-magnitude forcing in the extra-

tropics. In this sense, the behavior is similar to that seen

in Seo et al. (2014) in a similar idealized moist model

configured with gray radiative transfer (i.e., no water

vapor feedback). This is in contrast to what was ob-

served in a comprehensive aquaplanet GCM, where the

shortwave cloud feedback, strongest in the extratropics,

provided an additional amplifying mechanism to en-

hance the hemispheric asymmetry in net column heat-

ing, ultimately leading to an extratropical forcing being

more effective than a tropical one (Seo et al. 2014). We

expect that the cloud feedback included in AM2 in Seo

et al. (2014) is the primary reason for the increased ef-

fectiveness of the extratropical forcing; if the cloud

feedback was turned off (e.g., by prescribing the cloud

radiative effect in the model to a fixed value), we expect

that the ITCZ would still shift more for a given forcing

than in the idealized moist model with gray radiative

transfer, but a tropical forcing would be more effective

at shifting the ITCZ than an extratropical one. This

difference in behavior between idealized and compre-

hensive models underscores the importance of un-

derstanding all feedbacks in the climate system with

respect to the sensitivity of the ITCZ latitude to hemi-

spherically symmetric forcings.

Whenwe vary the convective relaxation time, in effect

altering activity of the convection scheme in the model,

the ITCZ still moves more in response to a given forcing

with interactive water vapor and radiation than with

prescribed. However, while the physical mechanism

responsible for the increased sensitivity of the ITCZ

latitude to a given forcing in the interactive water vapor

cases when compared with the prescribed water vapor

cases remains the same for all values of tSBM tested, the

quantitative value of the increase in sensitivity changes

(increasing with increasing tSBM). This is empirical

FIG. 15. Difference in pointwise asymmetry in net column heating between cases with interactive water and

prescribedwater, for a perturbation ofmagnitudeM5 15Wm22 and convective relaxation time of 16 h decomposed

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

dotted line). (a) Results from a case with the perturbation imposed in the tropics; (b) results from a case with the

perturbation imposed in the extratropics. (c),(d) The difference in pointwise asymmetry in column-integratedwater

vapor seen by the radiation code between the interactive and prescribedwater cases represented in (a) and (b). The

dashed–dotted lines in (c) and (d) indicate the latitude of the ITCZ in the interactive water vapor case.
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evidence that changes to the convection scheme used

could impact the quantitative difference in sensitivity

between the interactive and prescribed water vapor ca-

ses (i.e., with and without water vapor feedback). Last,

an important caveat is that the sensitivity experiments

described here (limited to changing the convective re-

laxation time) do not rule out that more extreme

changes to the convection scheme used in the model

(e.g., turning it off entirely or switching to a different

type) could alter even the qualitative differences be-

tween cases with interactive and prescribed water vapor.

It has been noted in prior studies that even in setups

with minimal radiative feedbacks [e.g., with locked

clouds (Voigt et al. 2014a) or in an idealizedmoist model

with gray radiation (Kang et al. 2009)] that the sensi-

tivity of the ITCZ latitude to a given hemispherically

asymmetric forcing can change as a result of changing

the convection scheme alone. Here we find that in cases

with prescribed water vapor (i.e., without the water va-

por feedback) that the sensitivity of the ITCZ latitude

to a given hemispherically asymmetric forcing is rela-

tively invariant to the convective relaxation time used

(see the open symbols in Fig. 11); however, it again is

possible that more extreme changes to the convection

scheme could cause a change to the sensitivity of the

ITCZ latitude in this model without the water vapor

feedback.

The shift-amplification mechanism illustrated in this

study, namely, the movement of the anomalous net

column heating associated with the ITCZ into the

warmer hemisphere, has also been discussed within the

context of the CRE (Voigt et al. 2014a). The radiative

effect of the clouds associated with the ITCZdepends on

their shortwave albedo (which acts as a cooling term in

the net column heating) and their absorption of long-

wave radiation [which acts as a heating term, and is

stronger for high clouds (Hartmann 2016)]. Both of

these opposing components depend on the physics and

microphysics parameterizations used in a particular

model. If they enhance the net column heating anomaly

associated with water vapor’s absorption of radiation in

the vicinity of the ITCZ, then the ITCZ latitude would

be more sensitive to hemispherically asymmetric forc-

ings; if they dampen the net column heating anomaly,

the ITCZ latitude will become less sensitive. Regardless,

given the robustness of the increase in sensitivity asso-

ciated with the interactive water experiments, we would

FIG. 17. Difference in symmetrized net column heating between

symmetric control simulations with convective relaxation times of

4, 8, and 16 h and the control simulation with the default convective

relaxation time (2 h).

FIG. 16. (a)–(c) Difference in symmetrized relative humidity

between symmetric control simulations with convective relaxation

times of 4, 8, and 16 h, respectively, and the control simulation with

the default convective relaxation time (2 h).
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expect the baseline sensitivity of the ITCZ latitude to

hemispherically asymmetric forcings to be greater in

comprehensive GCMs than in an idealized moist model

with gray radiative transfer; how clouds alter the sensi-

tivity from that baseline depends on how their effects

are parameterized.

6. Conclusions

Our results reinforce the importance of understanding

the net radiative effects of the water (both in the form of

vapor and clouds) associated with the ITCZ in the at-

mosphere. As long as the contribution to the net column

heating is net positive, then by energy flux equator

theory, if the ITCZ were to move into a particular

hemisphere, there would be a positive feedback

leading it to move farther poleward. The sign of the

net column heating perturbation associated with

the ITCZ determines the sign of the feedback, and the

magnitude of the net column heating perturbation

determines the strength of the feedback. In the case of

water vapor only, the net column heating perturbation

associated with the ITCZ is net positive, leading to an

amplification of an initial shift. With clouds, it has

been shown that depending on the details of the moist

convection parameterization and cloud scheme, the

sign and magnitude of the net column heating per-

turbation associated with the ITCZ are less clear

(Voigt et al. 2014a).
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