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ABSTRACT

Aquaplanet simulations for a given sea surface temperature (SST) are conducted to elucidate possible roles

of transient variability in the Hadley circulation and the intertropical convergence zone (ITCZ). Their roles

are best illustrated with globally uniform SSTs. For such SSTs, an ITCZ and a Hadley circulation that are

nearly equatorially symmetric emerge spontaneously. Their strength varies over a wide range from being faint

to climatologically significant depending on a tunable parameter of the model’s cumulus parameterization. In

some cases asymmetric Hadley circulations formed along with long-lived tropical cyclones.

The tunable parameter affects the transient variability of tropical precipitation. In the runs in which well-

defined near-symmetric ITCZs formed, tropical precipitation exhibited clear signatures of convectively

coupled equatorial waves. The waves can explain the concentration of precipitation to the equatorial region,

which induces the Hadley circulation. Also, the meridional structures of simulated ITCZs are consistent with

the distribution of convergence/divergence associated with dominant equatorial wave modes.

Even when the pole–equator temperature gradient is introduced, the dependence of the strength of the

circulation to transient disturbances remains. Therefore, transient variability may have a broader impact on

tropical climate and its numerical modeling than has been thought.

The reason that a wide variety of circulation is possible when the SST gradient is weak is because the

distribution of latent heating can be interactively adjusted while a circulation is formed. Angular momentum

budget does not provide an effective thermodynamic constraint, since baroclinic instability redistributes the

angular momentum.

1. Introduction

The Hadley circulation and the intertropical conver-

gence zone (ITCZ) are important components of the

general circulation of the earth’s atmosphere. A histori-

cally important and influential theory of the Hadley cir-

culation is proposed by Held and Hou (1980, hereafter

HH). HH offered a theory of the axisymmetric circula-

tion that is driven thermally by Newtonian relaxation

toward a radiative equilibrium temperature, which has

a cos2f dependence on latitude f. The HH model is able

predict a number of features of the Hadley circulation

such as the meridional extent and the strength (if the

relaxation time scale is given). It can also be extended to

equatorially asymmetric cases to show that a heating

maximum centered off the equator effectively drives the

circulation (Lindzen and Hou 1988).

Later studies have shown that extratropical eddies af-

fect the Hadley circulation substantially (e.g., Schneider

1984; Satoh et al. 1995; Becker et al. 1997; Walker and

Schneider 2006). Using an idealized aquaplanet global

model, Satoh et al. (1995) demonstrated that the Hadley

circulation is enhanced and widened by vertical angular

momentum transport in baroclinic eddies. Walker and

Schneider showed the scaling relations of the Hadley

circulation depending on a number of external parameters

such as the planet radius, the rotation rate, and thermal

conditions.

The distribution of the sea surface temperature (SST),

which is given in aquaplanet simulations or in atmo-

spheric general circulation models (AGCMs), is in re-

ality affected by the atmospheric circulation. Thus, an

understanding of the Hadley circulation and the ITCZ

should eventually be placed in the context of a coupled

atmosphere–ocean system (e.g., Xie and Philander 1994;
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Xie 2005). Understanding how the atmosphere responds

to prescribed SST is a critical step toward this under-

standing, which is actually not straightforward as re-

viewed below.

The ITCZ tends to be situated along zonally oriented

SST peaks off the equator. Lindzen and Nigam (1987)

proposed a simple theory with which climatological con-

vergence in the tropical boundary layer is driven by SST

gradients. While a part of the convergence contributes

to the shallow boundary layer circulation (Zhang et al.

2004), a large portion of the remaining contributes to

deep upwelling associated with the ITCZ. The extent to

which the Lindzen and Nigam theory is applicable has been

argued substantially, but recently Back and Bretherton

(2009) showed its validity using a skillful linear mixed layer

model and observational (satellite and reanalysis) data.

In numerical atmospheric models, however, a variety

exists among the simulated relationship between the

tropical precipitation and SST (e.g., Biasutti et al. 2006).

Early studies by Numaguti (1993) and Hess et al. (1993)

showed that in aquaplanet general circulation models

with SST peaking at the equator, both single and double

ITCZs can form depending on the cumulus parameteri-

zation used (in their cases, the moist convective adjust-

ment scheme for the single ITCZ and the Kuo scheme for

the double ITCZ). Although most modern AGCMs do not

use Kuo-type closures based on moisture convergence,

many of them still suffer the ‘‘double ITCZ syndrome’’

to a varying extent, which sometimes occurs in com-

bination with SST biases in coupled GCMs (Lin 2007;

Bretherton 2007).

There have been theoretical studies that emphasized

the role of dynamics in control of the location of the

ITCZ (Charney 1971; Bellon and Sobel 2010, and refer-

ences there in). In this context, Holton et al. (1971) pro-

posed that the equatorial waves subject to the conditional

instability of the second kind (CISK) may contribute to

the off-equatorial location of the ITCZ. Hess et al. (1993)

also suggested the role of zonally asymmetric equatorial

disturbances in the control of the ITCZ by comparing

three-dimensional and two-dimensional axisymmetric

aquaplanet AGCM experiments. However, the possible

roles of equatorial disturbances have not drawn much

attention in most of the literature on the ITCZ and the

Hadley circulation. Also, there is an observational study

against it (Gu and Zhang 2002).

As will be shown in the rest of this paper, the role of

the equatorial disturbances can be illustrated in a clear

manner by using aquaplanet experiments with globally

uniform SST. The AGCM studies with such an SST can

be reviewed as follows. It has been shown that structures

like the ITCZ and the Hadley circulation often emerge

in aquaplanet experiments even with globally uniform

SST (Sumi 1992; Horinouchi and Yoden 1998; Kirtman

and Schneider 2000; Chao and Chen 2004; Barsugli et al.

2005). Kirtman and Schneider obtained a well-defined

ITCZ centered on the equator using an aquaplanet ex-

periment with globally uniform SST. They further con-

ducted an experiment with a coupled oceanic mixed layer

model under globally uniform solar insolation. In this

case the SST predicted in the model was minimized at

the equator, but the ITCZ, though weaker, was formed

around the equator. Barsugli et al. extended the study of

Kirtman and Schneider and found multiple forms of

equilibria depending on the values of the globally uniform

solar insolation: an equatorially symmetric double ITCZ,

a near-symmetric single ITCZ, a transient asymmetric

ITCZ, and a stable, strongly asymmetric ITCZ. Hysteresis

and multiple equilibria were also found. In their study,

asymmetric equilibria were not obtained with their

atmosphere-only model with globally uniform SST. How-

ever, Chao and Chen (2004) obtained both symmetric and

asymmetric ITCZs depending on model settings with

prescribed globally uniform SST. Raymond (2000) used a

two-dimensional (latitude vs altitude) model and showed

that in the presence of the cloud–radiation feedback, an

equatorially asymmetric Hadley circulation formed over

uniform SST.

In this study, aquaplanet simulations are conducted to

elucidate possible roles of transient equatorial distur-

bances in the control of the Hadley circulation and the

ITCZ. A special focus is on the cases conducted using

globally uniform SST, where a meridional circulation

cannot form under the HH theory. It is shown that the

strength of the ‘‘Hadley circulation’’ over the uniform

SST varies from being faint to substantial (comparable

that in the real atmosphere) depending on the activity of

the convectively coupled equatorial waves. Here, their

activity is controlled by a subcloud relative humidity

threshold on the triggering of the cumulus parameteri-

zation (see section 2). The waves affect not only the

strength of the circulation but also the fine structure of the

simulated ITCZ. Experiments with latitudinally varying

SST are shown to show the relevance of the findings

to more realistic SST distributions with a pole–equator

temperature gradient.

The aforementioned studies using the global uniform

SST indicate that there is a substantial degree of freedom

regarding the structure and the strengths of the ITCZ and

the Hadley circulation for a given SST. However, these

studies did not explicitly explain why a large variability is

possible in terms of the thermodynamic constraints. The

task is undertaken in this study.

The rest of the paper is organized as follows. The

model and the numerical experiments are introduced in

section 2. Results from the runs using globally uniform
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SST are presented in section 3. The results are further

examined in section 4 to elucidate possible roles of con-

vectively coupled disturbances. Results using latitudinally

dependent SST are investigated in section 5. Discussion is

presented in section 6 of the thermodynamic constraints

and the angular momentum budget. Conclusions are

drawn in section 7.

2. Model and experiments

The model used is the University of Tokyo Center

for Climate System Research–National Institute for

Environmental Studies–Frontier Research Center for

Global Chance (CCSR/NIES/FRCGC) AGCM version

5.6 (Hasumi and Emori 2004). Numerical experiments

are made with the T42 horizontal resolution. The entire

surface is assumed to be the ocean with prescribed SST.

The number of vertical levels taken is 25, where 19 lev-

els are below the 0.1-sigma level, and the greatest sigma

level is 0.0027. Rayleigh friction is exerted in the strato-

sphere with the coefficient increasing with altitude up

to 3021 day21. Analysis is made after interpolating model

outputs, which are daily mean values, onto the standard

pressure levels.

The cumulus parameterization of the model is the

prognostic Arakawa–Schubert scheme on which an ad-

ditional constraint is introduced to limit the triggering of

deep convection if the subcloud relative humidity is under

a threshold value RHC. The model’s standard setting of

RHC is 0.8 (80%). The introduction of RHC to this model

improved a bias that the variability of tropical rainfall is

too small (Emori et al. 2005). Note that a similar thresh-

olding is introduced in many AGCMs (Gregory and

Miller 1989; Sud and Walker 1999; Zhang and Mu 2005;

Li et al. 2007). In this study RHC is treated as an ad hoc

controllable parameter, rather than an object of tuning,

to modify the behavior of parameterized convection.

In most experiments, the model’s standard radiation

scheme (Nakajima et al. 2000) is used, but the solar

insolation is assumed to be steady and globally uniform

equal to the annual- and global-mean value. In a series, a

simplified four-color radiation scheme is used. This scheme

is not tuned much and is found to cause unrealistically

excessive cooling by low-level clouds by as much as

.10 K day21. Therefore, the results obtained with it

should not be emphasized much. They are nonetheless

shown in this paper since the results are of some interest

from a dynamical point of view.

The vertical eddy diffusion is parameterized by the

Mellor–Yamada level-2 scheme. The horizontal diffusion

is of eighth order (}=8), and the e-folding time for the

greatest total wavenumber of 42 is 1 day.

SSTs of all the series can be expressed as

SST 5 T0 1 Ds(m 2 m0)2, (1)

where m [ sinf, and DS, T0, and m0 (5sinf0) are con-

stants. When SST maximizes on the equator (m0 5 0), DS

is the pole-to-equator SST difference. In many series in-

cluding the control series, named Cntrl, SST is set to 299 K

uniformly over the globe (T0 5 299 K and DS 5 0).

The numerical experiments reported are outlined in

Table 1. Nonstandard settings that have not been de-

scribed are as follows. In the series AMSI (standing for

the annual-mean solar insolation), solar insolation is set

to the annual mean value for each latitude. In the series

Eqdmp, the Rayleigh friction with an e-folding time of

2 days is exerted on the perturbation horizontal winds

(defined as the deviation from the zonal mean) between

108N and 108S. In the series Axsym, the axisymmetric

version of the model is used with the same meridional

resolution. In the series RotChg, the angular frequency of

the planetary rotation V is changed; in the other series, it

is set to equal to the earth’s value VE.

The initial condition of all runs is a resting isothermal

atmosphere of 299 K with a small large-scale tempera-

ture perturbation, and the model was run for 720 days

(expressed as 2 yr hereafter) or 1440 days (4 yr). Although

TABLE 1. Summary of the numerical experiment series. Nonstandard settings and the value of f0 when DS 6¼ 0 are denoted in the ‘‘Others’’

field. Some runs (the V/VE 5 1 run in RotChg and the DS 5 0 runs in Y2-eq and Y2–10N) are the same runs as in the Cntrl series.

Series name T0 (K) DS (K) RHC Others

Cntrl 299 0 0, 0.3, 0.4, 0.5

0.6, 0.7, 0.8, 0.9

4-Col 299 0 0, 0.3, 0.7, 0.9 Four-color radiation

AMSI 299 0 0, 0.3, 0.5, 0.7, 0.9 f-dependent solar insolation

T0Chg 293, 302 0 0, 0.3, 0.5, 0.7, 0.9

Eqdmp 299 0 0.7 Equatorial eddy damping

Axsym 299 0 0.7 Axisymmetric runs

RotChg 299 0 0.7 V/VE 5 1, 1/2, 1/4

Y2-eq 299 0, 5, 10, 20, 40 0, 0.3, 0.5, 0.7, 0.9 f0 5 08

Y2–10N 299 0, 5, 10, 20, 40 0, 0.7 f0 5 108N
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the statistics presented in this paper are made for the

second model year, checks were made for the third and

fourth years in many cases, and the validity was confirmed.

3. Mean precipitation and circulation when
SST is uniform

In the Cntrl series, SST is set uniformly to 299 K, and

RHC is varied. Figure 1 shows the time evolution of the

zonal mean precipitation. For RHC $ 0.5, persistent lat-

itudinal structures emerge spontaneously in the tropics in

the first year and last until the end of the fourth year (not

shown). Figure 2 shows precipitation averaged over the

second model year. An enhancement in the equatorial

region and suppression at higher latitudes in the tropics

are found when RHC $ 0.5, although SST is globally

uniform. The equatorial enhancement is referred to as

the ‘‘ITCZ’’ in what follows. Precipitation is nearly

FIG. 1. Time–latitude sections of zonal mean precipitation (W m22; expressed in terms of latent heating) for the first 2 yr of the Cntrl runs.

The RHC values are shown above the panels.

FIG. 2. Meridional distribution of zonal mean precipitation (W m22) averaged over the second model year of the Cntrl runs.
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globally uniform for RHC # 0.3, and a small equatorial

maximum is found when RHC 5 0.4.

Figure 3 shows the meridional mass streamfunction C

derived numerically based on

y 5
g ›C

2pRE cosf›p
, (2)

where y is the zonal mean meridional wind, g is gravity,

RE is the earth’s radius, and p is pressure. Corresponding

to the precipitation distribution shown in Fig. 2, circula-

tions like the Hadley circulation (hereafter simply called

the Hadley circulation, or Hadley cells) form. Its strength

at large RHC is substantial, being comparable to or

greater than the half of the observed climatological mass

flux in the equinoctial seasons. The width of each of the

Hadley cells is about 208 irrespective of the values of RHC,

which is smaller than that in the real atmosphere. Figure 3

also shows the absolute angular momentum

m [ RE cosf(VRE cosf 1 u), (3)

which is investigated in section 6b (here u is the zonal-

mean zonal wind).

These results are similar in the AMSI series in which

latitudinally dependent annual-mean solar insolation is

used (not shown). In the AMSI runs, the meridional

distribution of mean precipitation has a slightly different

f dependence in the extratropics, but the precipitation

and the circulation in the tropics are similar to those in

the Cntrl runs.

Figure 4 shows the upward mass flux associated with

the Hadley circulation in the Cntrl runs (filled squares).

The strength of the Hadley circulation is increased as the

value of RHC is increased from 0 to 0.8 by more than 10

times and it is slightly decreased when RHC is further

increased to 0.9. It is noteworthy that altering a tunable

parameter of cumulus parameterization (here, RHC)

can vary the meridional circulation to a large extent in

FIG. 3. Meridional mass streamfunction C (contours; contour interval 5 2 3 1010 kg s21) and the absolute angular momentum m (shading;

interval 5 0.05 3 109 m2 s21) averaged over the second model year of the Cntrl runs.

FIG. 4. Upward mass flux associated with the Hadley circulation

DC600 (see below) in the Cntrl runs (T0 5 299 K, filled squares) and

the T0Chg runs (T0 5 293 and 302 K, triangles and plus marks,

respectively) averaged over the second model year. The abscissa is

RHC. The mass flux is defined as the difference between the

maximum (in the Northern Hemisphere) and the minimum (in the

Southern Hemisphere) of C at 600 hPa in the tropics. Note that RHC

values supported in the T0Chg series are only 0, 0.3, 0.5, 0.7, and 0.9.

Furthermore, the value for the run with T0 5 293 K and RHC 5 0.3 is

not shown, since the resultant circulation is highly asymmetric (see

text), so a comparison is meaningless.
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a continuous manner. As mentioned in section 2, RHC

modifies the spatiotemporal variability of tropical pre-

cipitation, which is investigated in section 4. For refer-

ence, relative humidity thresholds are introduced in

many cumulus parameterizations in the course of GCM

tuning [e.g., Sud and Walker (1999) in the relaxed

Arakawa–Schubert scheme; Zhang et al. (2004) in the

Zhang and McFarlane scheme; Li et al. (2007) in the

Tiedtke scheme].

Results of the 4-Col series are shown in Fig. 5 for

RHC 5 0. The only difference between this and the Cntrl

series is in radiation, but the resultant mean precipitation

and meridional circulation are very different from the

ones shown in Figs. 1a–3a. In the 4-Col run, precipitation

around 108S is significantly enhanced, and the corre-

sponding Hadley circulation is asymmetric with a cross-

hemispheric mass circulation. The mass flux is comparable

to that in the real atmosphere in solstitial seasons, but

the width of the circulation is smaller. The off-equatorial

precipitation maximum is due to a persistent tropical

cyclone circulating zonally to the west off the equator.

The result is similar when RHC 5 0.3, but the tropical

cyclone in a hemisphere disappears at 1.3 model years,

and at the same time another appears in the other hemi-

sphere. Therefore, a similar hemispheric flip might occur

in the RHC 5 0 run too if time integration is extended

(not done). At higher RHC values of 0.7 and 0.9, the

tropical cyclone is not formed, and the precipitation is

rather equatorially symmetric. The differences between

the Cntrl and 4-Col runs are interesting. However, the

4-Col radiation scheme is not tuned, and low-level cloud

causes excessive cooling, so this study mainly focuses on

the results obtained with the standard radiation scheme.

Chao and Chen (2004) conducted aquaplanet AGCM

simulations with globally uniform SST. The cumulus

parameterization used is the relaxed Arakawa–Schubert

scheme. They found that either an equatorially symmet-

ric or asymmetric ITCZ forms depending on model set-

tings such as in radiation (using a simple uniform cooling

or using the model’s radiation scheme with or without

clouds), surface sensible and latent heat flux (uniformly

prescribed or interactively calculated), and RHC (0 or

0.95). Roughly speaking, the meridional distributions of

precipitation in the Cntrl runs with large RHC are similar

to their symmetric cases (although there is a large varia-

tion among their results), and those in the 4-Col runs with

small RHC are similar to their asymmetric cases. It is,

however, not certain, as it is not mentioned, whether a

persistent tropical cyclone is formed in the latter cases of

their study.

The contrast between the Cntrl and 4-Col experi-

ments is at least superficially consistent with the result

by Raymond (2000) by using a two-dimensional model;

since the low-level clouds are denser in the subsidence

region, the 4-Col radiation scheme should have a greater

cloud–radiation feedback. This issue is revisited in sec-

tion 6a. Note, however, that a similar circulation can be

obtained with the standard radiation scheme, as shown

in what follows.

The equatorial precipitation peak in the high RHC runs

in the Cntrl series is much weaker than those obtained by

Horinouchi and Yoden (1998) with the moist convective

adjustment scheme and by Kirtman and Schneider (2000)

with the relaxed Arakawa–Schubert scheme. In these

studies, the equatorial precipitation was larger than that

in the extratropics by a factor of 2 or more.

In the atmosphere-only experiments by Barsugli et al.

(2005), a well-defined equatorially symmetric ITCZ

formed with the globally uniform SST values 208 and

308C, while the zonal mean precipitation was highly tran-

sient and the resultant organization of time-mean pre-

cipitation was much weaker when SST was 258C. The

FIG. 5. Results from the run with RHC 5 0 in the 4-Col series: (a),(b) precipitation as in Figs. 1 and 2, respectively; (c) mass

streamfunction C (kg s21).
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model they used is the National Center for Atmo-

spheric Research Community Climate Model version 3

(CCM3) (with the physics of version 3.6.6), so the cu-

mulus parameterization they used must be the Zhang

and McFarlane scheme.

In the current study, dependence on the uniform SST is

not like what was in Barsugli et al. As seen in Fig. 4, for

RHC $ 0.3 the strength of the Hadley circulation when

T0 5 302 K (;298C) is quite similar to that when T0 5

299 K (;268C). The strength is a little weaker when T0 5

293 K (;208C), but the dependence on RHC is similar

when RHC $ 0.5.

At T0 5 293 K and RHC 5 0.3, the ITCZ and the

Hadley circulation are quite similar to those obtained in

the 4-Col runs at RHC 5 0 and 0.3. This is the only run

with the standard radiation scheme in which a distinct

asymmetric circulation is formed. However, there could

be multiple equilibria for some parameter values, which is

not investigated in this study.

4. Possible role of convectively coupled
disturbances

a. Control runs

Figure 6 shows longitude–time plots of tropical pre-

cipitation in the Cntrl series runs. Variability is larger at

RHC $ 0.5, when well-defined Hadley circulations are

formed, than at smaller RHC values. Both eastward and

westward propagating signals are seen there. As RHC is

increased from 0.7 to 0.9, the zonal scales of disturbances

become smaller.

Figure 7 shows zonal wavenumber–frequency spectra

of tropical precipitation. Signals are enhanced along the

dispersion curves of the equatorial waves at the equiva-

lent depth h around 30 m when RHC $ 0.5. This feature

indicates the existence of convectively coupled equatorial

waves (Takayabu 1994; Wheeler and Kiladis 1999). Sig-

nals corresponding to Kelvin waves and the mixed

Rossby–gravity (MRG) waves (or the n 5 0 eastward-

moving inertia gravity waves, which are not distinguished

from the MRG waves in this study) are especially evident,

while it is difficult to distinguish simple advection and

Rossby wave signature from this figure. A similar spectral

feature was obtained by Horinouchi and Yoden (1998) in

an aquaplanet experiment with globally uniform SST.

It is beyond the scope of this paper to elucidate how

RHC affects the spatiotemporal variability of simulated

convection or convectively coupled equatorial waves.

However, a few remarks can be made as follows. The

relative humidity threshold introduces the convective

inhibition to permit the convective available potential

energy (CAPE) to be accumulated (e.g., Sud and Walker

1999). Wang and Schlesinger (1999) demonstrated that

introduction of this threshold in some cumulus parame-

terizations can increase the amplitude of the tropical in-

traseasonal oscillation (ISO). They suggested that this

occurs because the need for the accumulation lowers the

dominant frequencies of convective precipitation to en-

hance the intraseasonal time scales. In the present study,

FIG. 6. Longitude–time plots of tropical precipitation averaged between 158S and 158N over the second model year of the

Cntrl runs (W m22).
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a large RHC caused amplification of the overall convective

variability. This may also be attributed to the enhance-

ment of convective inhibition. Note, however, that the

relative humidity thresholding is not the only way to

control it [e.g., Chikira and Sugiyama (2010); see also

Maloney and Hartmann (2001) for ISO simulations].

Therefore, RHC is regarded in this study as one of the

model-dependent parameters that can affect the con-

vective variability.

If a large fraction of tropical precipitation is associated

with convectively coupled equatorial waves, it will pro-

duce meridional contrast in the distribution of mean

precipitation. If averaged over the cycles of waves, con-

vergence and divergence would cancel, but precipitation

would not, since it is a nonlinear positive-only quantity.

Convergence and divergence associated with low equa-

torial wave modes occur predominantly near the equator.

If h 5 30 m, the equatorial radius of deformation le is

FIG. 7. Zonal wavenumber–frequency spectra of tropical precipitation averaged between 208S and 208N derived from the second model

year of the Cntrl runs: spectra of (a)–(h) equatorially symmetric and ( j)–(p) antisymmetric mode components. Note that coloring is made

with a logarithmic scaling. Lines show the dispersion relation of equatorial waves with the equivalent depth h 5 30 m subject to Doppler

shifting with the background zonal velocity at the equator shown above each panel (by ‘‘u05’’ m s21). The values of the background

velocity are determined subjectively from mean zonal wind in the equatorial lower troposphere.
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870 km. In the Kelvin waves, convergence and divergence

peak at the equator, and the strength falls to e21/2 times at

jyj 5 le, where y [ REf is the distance from the equator;

convergence and divergence of the MRG waves peak at

jyj5 le; in the n 5 1 Rossby waves, the peaks are at jyj#
le, but the meridional tails are slightly wider than that of

MRG waves. Therefore, the enhancement of precipi-

tation at y & 1.5 seen in Fig. 2 is consistent with the en-

hancement by convectively coupled equatorial waves.

If precipitation is enhanced in the equatorial region

for some reason, precipitation at higher latitudes in the

tropics can be suppressed by the formation of subsidence,

as discussed in section 6a. Figure 8 shows the relation

between the lower-tropospheric perturbation kinetic en-

ergy, where the perturbation denotes the deviation from

the zonal mean, and the upward mass flux of the Hadley

circulation, shown in Fig. 4. Although there is no clear

causal relationship between them, the relationship is

remarkably compact, perhaps too compact by coincidence.

The slope obtained by the least squares fit is 1.19. The

relation is rather insensitive to small changes in the lat-

itudinal widths and the vertical extent over which the

kinetic energy is averaged. If the energy is, instead, cal-

culated for the upper troposphere, the relationship is still

similar but it is slightly less compact and the slope is

higher (1.39 if averaged over 200 , p , 600 hPa).

This result supports, though it does not prove, the

suggestion that the convectively coupled equatorial waves

play an important role to determine the strength of the

simulated Hadley circulation. Note that the circulation is

thermally direct, having upwelling where latent heat is

released. Therefore, the circulation is not wave-driven.

Convectively coupled equatorial waves play a further

role to determine the fine structure of the tropical zonal

mean precipitation. Figure 2d shows that tropical pre-

cipitation is enhanced right at the equator (actually on

the two grid points straddling the equator) when RHC 5

0.5. Figures 7d and 7l show that, when RHC 5 0.5,

convectively coupled Kelvin waves are significant, but

convectively coupled MRG waves are weak. This feature

is consistent with the narrow peak at the equator. When

RHC is 0.6–0.8, on the other hand, the tropical precipi-

tation is enhanced over a wider latitudinal range, and

secondary peaks are found at the grid points at jfj ; 78

(Fig. 2). In this RHC range, both Kelvin and MRG waves

are significant (Fig. 7). This is also consistent with the

distribution of tropical precipitation. When RHC 5 0.9,

the signature of MRG waves is also evident, and slow

westward-moving spectral power, which might be partly

associated with Rossby waves, is relatively strong. This

feature could be consistent with the tropical precipitation

structure in Fig. 2h, which is smoother than that with

smaller RHC values.

b. Restricting equatorial disturbances

Further investigation is made to elucidate the possible

roles of convectively coupled equatorial waves. Figure 9

shows the mean precipitation and mass streamfunction

from the Eqdmp run. In this run, the Rayleigh friction

with a time scale of 2 days is applied to the perturbation

horizontal winds between 108N and 108S. The resultant

Hadley circulation is weaker, and the contrast in the

tropical precipitation is smaller than in the corresponding

Cntrl run with RHC 5 0.7. This is expected if convectively

coupled equatorial waves play an important role in the

formation the Hadley circulation in the Cntrl run. How-

ever, precipitation minima still exist around jfj; 208, and

the Hadley circulation did not vanish. In this run, equa-

torial precipitation varied nearly axisymmetrically, but

transient disturbances did not disappear. The dominant

variation is a zonal wavenumber-0, equatorially antisym-

metric oscillation with a period of 4 days, as can be seen in

Fig. 9a at close look. The oscillation is consistent with the

zonal wavenumber-0 MRG wave with h ; 20 m. It is not

clear to what extent the subtropical weak rainfall sup-

pression can be attributed to the transient disturbances.

Figure 10 shows the result from the Axsym run. The

mean precipitation shows narrow peaks and depressions

around the two tropics (Fig. 10c). The meridional stream-

function shows corresponding narrow peaks (Fig. 10b).

Note that transient variability is evident in this run too

(Fig. 10a). Kirtman and Schneider (2000) showed that

transient variability dominates the momentum transport

FIG. 8. Relation between the lower-tropospheric perturbation

kinetic energy (kinetic energy of the deviation from the zonal mean

horizontal winds averaged between 208S and 208N and 600 # p #

1000 hPa) and the upward mass flux of the Hadley circulation

DC600 for the Cntrl series. The line shows the least squares fit.
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in the tropical lower troposphere in their axisymmetric

run, although the variability is at much lower frequen-

cies than in the present study. See also Satoh (1995) for

axisymmetric aquaplanet experiments.

Axisymmetric runs exclude not only convectively

coupled nonzero wavenumber waves but also other

disturbances that can redistribute angular momentum.

Therefore, investigating this run is not very fruitful in the

current context of the study (see section 6b for discussion

on angular momentum).

c. Changing the rotation rate

In the RotChg series, the planetary rotation rate is

changed to 1/2 and 1/4 times the earth’s rotation rate. The

resultant time evolution of zonal mean precipitation is

shown in Fig. 11. The width of enhanced precipitation

in the ITCZ is approximately doubled when the rota-

tion rate is 4 times slower. This result is consistent with

the change in le, which is proportional to V21/2. Thus, the

result is not inconsistent with the importance of con-

vectively coupled equatorial waves.

However, there could be other factors that also vary in

proportion to V21/2. For instance, the critical latitude at

which the baroclinic instability shown in the next section is

initiated can also be proportional to V21/2 in the equato-

rial b plane. Also, when dealing with such scaling lows,

one should be aware of possible limitation of the equa-

torial b-plane approximation. Its validity is a prerequisite

for a simple meridional scaling low to hold. This may not

be granted if the phenomena of interest extend well into

the extratropics.

5. Effect of nonuniform SST

The importance of convectively coupled equatorial

waves was shown in section 4 using the experiments with

globally uniform SST. This feature is dynamically sup-

ported by the high degree of freedom in the meridional

distribution of convective heating as shown in section 6a

and the passive angular momentum redistribution as

shown in section 6b. However, the occurrence of pene-

trative convection is affected by gross moist stability. It

FIG. 9. As in Fig. 5, but for the Eqdmp run.

FIG. 10. As in Fig. 5, but for the Axsym run.
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depends on subcloud moist static energy, which is affected,

if not dominated, by SST. Therefore, it is questioned to

what extent the mechanisms working in the uniform SST

experiments work if SST is not uniform. Here investi-

gation is made on the effect of SST variation by introduc-

ing a simple meridional dependence decreasing toward

the poles.

Figure 12 shows the meridional distribution of precipi-

tation obtained in the Y2-eq and Y2–10N series. As DS is

increased, precipitation around the SST peak is increased.

At the same time, width of the suppressed region, associ-

ated with subsidence, is increased. The increase in the

poleward extent of the subsidence region may partly be

explained by the poleward shift of the baroclinic instability

suggested in section 6b. This is because the local thermal

wind outside the meridional circulation is increased as the

meridional SST gradient is increased. However, as DS is

increased, the familiar baroclinic instability owing to the

surface baroclinicity takes over, so the mechanism sug-

gested above was not successfully isolated by data analysis.

FIG. 11. As in Fig. 1, but for the RotChg series.

FIG. 12. Meridional distribution of precipitation averaged over the second model year in the (a),(b) Y2-eq and

(c),(d) Y2–10N series when RHC is (left) 0 and (right) 0.7. In each panel results for DS 5 0, 5, 10, 20, and 40 K are

shown, with offsets of 0, 100, 200, 300, and 400 W m22, respectively, for illustration purposes.
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Figure 13a shows the relation between the lower-

tropospheric perturbation kinetic energy and upward

mass flux of the Hadley circulation for the Y2-eq series.

Sensitivity of both parameters to RHC decreases as DS is

increased. At DS 5 40 K the difference in the kinetic en-

ergy is within a factor of 1.4. However, the positive

correlation between kinetic energy and the Hadley

circulation strength is retained. The slope in the log–log

scaling is shown in Fig. 13b for each DS value. As expected

from the increasing contribution from the SST gradient,

the slope is decreased as DS is increased. However, the

value remains at ;0.5. This result suggests that the de-

pendence of the Hadley circulation strength on the trop-

ical disturbances remains at realistic pole–equator SST

gradients. However, since the dynamic range of the kinetic

energy is not large at DS 5 40 K, further investigation

would be desirable. That would require a sensitivity study

that is not within the current experimental design, so it is

left for future studies.

In section 4 it is shown that the convectively coupled

equatorial waves leave clear signatures in the fine struc-

tures of the simulated ITCZs when DS 5 0. The relation is

also seen when DS 6¼ 0. As in the cases with DS 5 0 de-

scribed in section 4, some of the simulated ITCZ have

equatorial sharp peaks while some have peaks off the

equator. Zonal wavenumber–frequency spectra of tropi-

cal precipitation as shown in Fig. 7 are examined for

nonzero DS too (not shown), and it is found that the cor-

respondence between ITCZ structure and the dominant

convectively coupled equatorial wave signals hold even

when DS . 0. More specifically, for both series when DS 5

5, 10, or 20 K, the MRG wave signals are weak if RHC 5

0 and are evident when RHC 5 0.7. As for the cases with

DS 5 40 K, a clear explanation was not found, but for both

RHC 5 0 and 0.7, low-frequency westward signals ex-

hibited relatively high power, so this could explain the

meridional structures.

It is noteworthy that in the Y2–10N series the me-

ridional distribution of precipitation does not follow the

SST increase in the Northern Hemisphere. The maxi-

mum is in the Southern Hemisphere when RHC 5 0.7

and DS # 20 K. This behavior may be supported by the

convectively coupled equatorial waves.

6. Discussion

a. Thermodynamic constraints

The results shown above, along with the past studies

mentioned above, suggest that the strength of the ITCZ

and Hadley circulation is quite variable and depends on

subtle model setups such as a tunable parameter in the

cumulus parameterization. The existence of the circula-

tion cannot be explained by the HH theory, so a discus-

sion is made here.

If the horizontal transport of dry static energy s is ne-

glected, which can be justified to the first approximation

in the tropical free troposphere (Sobel et al. 2001), and if

the surface sensible heating neglected as being small, the

steady-state vertically averaged thermodynamic energy

equation for a single column can be expressed as

2sv 52R 1 C, (4)

where v is the column-mean pressure velocity, s is a

positive parameter on the static stability, and R and C are

the column-mean radiative cooling and condensation

heating, respectively.

FIG. 13. (a) As in Fig. 8, but for the Y2-eq series. The RHC values

are indicated by different symbols; DS values by colors. (b) Slope of

the linear least squares fit for each DS value based on the log–log

scaling in (a). Standard errors are shown by the error bars.
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Under the persistent presence of penetrative deep

convection somewhere in the tropics, the vertical thermo-

dynamic structure approaches the moist adiabat. There-

fore, to the first approximation, the radiative cooling rate

R can be regarded as a constant, say R0, throughout the

tropics. If the mass circulation is closed within a region of

the tropical meridional circulation, the domain averaged

C is simply equal to R0. Then, v in the region of subsidence

can have any value between 0 and s21R0 depending on

the inhomogeneity in C. Since the distribution of cumulus

convection can be interactively adjusted while a meridio-

nal circulation is formed, a meridional circulation is pos-

sible even when the SST is uniform. This is a fundamental

difference of a moist atmosphere from a Newtonian-

cooling driven atmosphere in which diabatic heating is

strongly tied to temperature. Note that C is the net col-

umn condensation heating. If the convective adjustment

is a dry one [or if it does not provide net column heating

as in Walker and Schneider (2006)], the adjustable nature

mentioned above does not exist. Therefore, the thermo-

dynamic framework of HH may still be appropriate to

a dry radiative–convective atmosphere, such as on Mars.

Condensation heating must also satisfy the steady-state

moisture budget. If the Hadley circulation is the only

dynamical feature that exists in the system considered,

the moisture budget may introduce another constraint

to predict the circulation given SST. However, the three-

dimensional moist atmosphere can have transient distur-

bances, which are affected by factors other than SST

(specifically, RHC in the experiments of this study). Since

they introduce a new degree of freedom, the moisture

budget does not necessarily provide a good constraint. An

analysis conducted in this study showed that eddy mois-

ture transport is indeed significant in the moisture budget

of many of the experiments (not shown). However, in-

sight beyond that was not obtained since the difference

among the experiments did not appear systematic.

Raymond (2000) demonstrated that the cloud–radiation

feedback can significantly affect the Hadley circulation

in an axisymmetric model [see also Bretherton and

Sobel (2002) for the study on the Walker circulation].

However, the new degree of freedom associated with

transient disturbances can also be important (and can

even be more important).

b. Angular momentum budget

Meridional temperature structure is associated with

zonal wind through the thermal wind relationship. HH

showed that, if the absolute angular momentum around

the earth’s rotation axis is conserved along the poleward

branch of the Hadley circulation, vertically averaged

temperature decreases with latitude proportional to y4. If

SST is uniform, atmospheric temperature near the surface

is also nearly uniform. In this case, the static stability

would decrease with latitude since the temperature aloft

must decrease to accomplish the decrease in the vertical

average. Therefore, if the circulation is axisymmetric and

nearly inviscid, there exists a negative feedback in the

moist atmosphere to suppress the formation of the (at

least near symmetric) ITCZ.

In the Cntrl runs, however, the angular momentum is

not conserved along the poleward branch of the Hadley

circulation as shown in Fig. 3. Actually, zonal wind is quite

weak as shown in Fig. 14, so the angular momentum is

dominated by the planetary rotation.

Is the angular momentum change along the upper

branch induced by the convectively coupled equatorial

waves? If the answer is yes, one can say that the sim-

ulated Hadley circulation is created self-consistently by

the waves. However, the answer is no, as shown in what

follows.

The steady-state angular momentum budget is expressed

in the standard notation of the log-pressure coordinate

system (see Andrews et al. 1987) as

u*
›m

›f
1 w*

›m

›z
5 r21

0 $ � F 1 X . (5)

FIG. 14. Mean zonal wind averaged over the second model year

in the Cntrl runs with RHC 5 (a) 0 and (b) 0.7. Contour interval 5

2 m s21. Negative values are shaded.
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Thus, the angular momentum change along the meridional

circulation is associated with divergence of the Eliassen–

Palm (EP) flux F. The frictional term X is negligible in the

free troposphere. Here, y* and w* are the transformed

Eulerian mean residual circulation rather than the naive

Eulerian mean circulation shown in Fig. 3. However, it is

confirmed for the Cntrl runs that the difference is small in

the Hadley circulation region (not shown). On the other

hand, the simulated ‘‘Ferrel’’ circulation is rather stron-

ger in the residual circulation than in Eulerian circulation,

suggesting that the direction of the meridional Stokes

drift is opposite to that in the real atmosphere.

The EP flux and its divergence in the Cntrl runs are

shown in Fig. 15. A convergence (in bluish colors) is found

in the upper troposphere within the Hadley circulation.

This is consistent with the angular momentum decrease

along the poleward branch. The EP flux that caused this

convergence comes from higher latitudes. A further

analysis (not shown) is made to confirm that the flux is

associated with intrinsically westward-moving distur-

bances, so the direction of arrows represents that of the

group propagation.

The EP flux from higher latitudes (at ;308) is likely due

to baroclinic instability in the interior of the upper tro-

posphere. The mechanism is illustrated in Fig. 16. Without

contributions from eddies, steady-state thermal-wind-

balanced zonal wind outside the meridional circulation

is zero if SST and solar insolation are uniform. There-

fore, if the upper branch of the meridional circulation

conserves angular momentum, a shear (or a discontinuity

in zonal wind if the system is inviscid) will develop at the

poleward boundary of the circulation. The shear is cyclonic,

so the potential vorticity there has a positive anomaly. If it

is strong enough, the meridional potential vorticity gra-

dient is negative on its poleward flank. Therefore, it is

unstable to cause stirring. The actual latitudes at which

the unstable disturbances develop in simulations depend

on the zonal wind at the equator ueq and the model

resolution. It was confirmed that the contribution of the

model horizontal hyperdiffusion was negligible.

The mechanism proposed above is passive to the me-

ridional circulation. Thus, it is understood that the EP

flux convergence/divergence was larger in the runs in which

the meridional circulation was stronger. Also, this mecha-

nism does not occur in axisymmetric runs. This is the rea-

son that the Eqdmp run is more suitable than the Axsym

run for the purpose of comparing with the Cntrl runs.

FIG. 15. The EP flux F (arrows) and r0
21$ � F (shading) averaged over the second model year of the Cntrl runs. The divergence is

multiplied by a constant factor to make the units in m s22. Unlike the other figures, the ordinate p is shown with a logarithmic scaling. The

contour is plotted where the value is zero.

FIG. 16. Schematic illustration of how the baroclinic/barotropic

instability occurs in the upper troposphere: u and q represent zonal

mean zonal wind and potential vorticity, respectively; ueq is the zonal

wind at the equator. See text for the mechanism explanation.
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If the meridional gradient exists in SST, the baroclinic

instability owing to the surface baroclinicity can also

present. That can also affect the width of the Hadley

circulation. The relative importance of the two types of

baroclinic instability depending on DS is left unrevealed in

this study.

7. Summary and conclusions

Aquaplanet simulations have been conducted to ad-

vance our understanding and the numerical modeling of

the Hadley circulation and the ITCZ for given SST. Pos-

sible roles of transient tropical disturbances have been

investigated.

In the control series, SST is set uniformly to 299 K, and

the relative humidity threshold of the model’s cu-

mulus parameterization RHC is varied. Depending on

the threshold value, features like the ITCZ and the

Hadley circulation that are nearly symmetric with re-

spect to the equator emerge spontaneously. The

strength of the circulation is increased as the value of

RHC is increased from 0 to 0.8 by more than 10 times,

and it is slightly decreased when RHC is further in-

creased to 0.9. The largest strength is greater than the

half of the observed climatological mass flux in the real

atmosphere in the equinoctial seasons. The width of

each of the Hadley cells is about 208 irrespective of the

values of RHC, which is smaller than in the real atmo-

sphere. When the radiation scheme is changed to a simple

four-color scheme, which causes excessive cooling by

low-level clouds, and when RHC is small, an equato-

rially asymmetric Hadley circulation is obtained. This

circulation is associated with a long-lived tropical cy-

clone. A similar case is found with the standard radiation

scheme, when the prescribed uniform SST is 293 K and

RHC 5 0.3.

In the control series, the spatiotemporal variability of

tropical precipitation is large in the runs with large RHC $

0.5 in which well-defined ITCZs and Hadley circulations

formed. In this case, spatiotemporal spectra of tropical

precipitation exhibited clear signatures of convectively

coupled equatorial waves whose equivalent depths h are

around 30 m.

The waves can cause the concentration of precipitation

to the equatorial region. If averaged over the cycles of

waves, convergence and divergence would cancel, but

precipitation would not, since it is a nonlinear positive-

only quantity. The meridional scales of the low equatorial

wave modes of h ; 30 m are consistent with the meridi-

onal extent of the enhanced precipitation. Moreover, the

fine structure of the ITCZ in each run is consistent with

the meridional structure of convergence field associated

with dominant equatorial waves. It is found that the

strength of the simulated Hadley circulation has a high

correlation with the eddy kinetic energy in the tropical

lower troposphere. If an additional Rayleigh damping is

introduced on perturbation horizontal winds in the equa-

torial regions, the Hadley circulation was weakened. If

the planetary rotation rate is changed to 4 times slower,

the width of enhanced precipitation in the ITCZ is ap-

proximately doubled, consistent with the V dependence

of the equatorial radius of deformation. These results

suggest the importance of convectively coupled equato-

rial waves in the simulated ITCZ and Hadley circulation.

Simulations are also conducted with SST decreasing

toward the poles, where the pole-to-equator SST differ-

ence is characterized by the parameter DS. As DS is in-

creased for given RHC, precipitation is more concentrated

to around the SST peaks, and the meridional circulation is

strengthened, as expected in terms of the SST control on

the Hadley circulation. For given DS, however, there still

remains a tendency that the circulation is stronger if the

lower-tropospheric eddy kinetic energy is greater, where

the slope of the linear regression shown in Fig. 13b

remained around 0.5. Therefore, convectively coupled

waves are likely to play a role in the runs with nonuniform

SST. It is also noteworthy that the fine structures of the

ITCZs are consistent with the meridional structure of the

dominant equatorial waves even at nonzero DS.

Discussion is made on the fundamental differences in

the thermodynamic constraints between moist convec-

tive atmospheres and radiatively driven, or dry convec-

tive, atmospheres. It elucidates that, in an atmosphere in

which convection releases net latent heat release, the

distribution of convective heating can be interactively

adjusted while a circulation is formed. This adjustable

nature is the source of the large variability in the Hadley

circulation strength when the SST gradient is weak.

Also discussed is the angular momentum budget. If the

poleward branch of the circulation conserves the angular

momentum around the rotation axis, a negative feedback

exists to suppress formation of the ITCZ since the thermal

wind balance implies that the static stability is decreased

as the distance from the equator is increased. However,

the angular momentum is effectively reduced while being

advected in the poleward branch, so the feedback does

not work. It is accomplished by baroclinic instability

within the upper troposphere when the SST gradient is

weak.

This study shows that SST does not necessarily domi-

nate the ITCZ and Hadley circulation when the SST

gradient is weak. Convectively coupled equatorial waves

affect the concentration of precipitation to the equatorial

region and furthermore the internal structure of the

ITCZ. Their roles have not drawn much attention in the

context of the climatology of the ITCZ and Hadley
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circulation. However, they might be important in the

real atmosphere, and also they can affect climate pre-

dictions by numerical modeling. In numerical models,

the waves are greatly affected by cumulus parameteri-

zation. For better climate modeling and understanding,

further studies would be needed to establish the re-

lationship among cumulus parameterization, transient

disturbances, and tropical circulation.
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