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ABSTRACT

The double intertropical convergence zone (ITCZ) is a long-standing bias in the climatology of coupled

general circulationmodels (CGCMs). The warm biases in southeastern Pacific (SEP) sea surface temperature

(SST) are also evident in many CGCMs. In this study, the role of SEP SST in the double ITCZ is investigated

by prescribing the observed SEP SST in the Community Earth System Model, version 1 (CESM1). Both the

double ITCZ and dry equator problems are significantly improved with SEP SST prescribed. Both atmo-

spheric and oceanic processes are involved in the improvements. The colder SST over the SEP decreases the

precipitation, which enhances the southeasterly winds outside the prescribed SST region, cooling the ocean

via increased evaporation. The enhanced descending motion over the SEP strengthens the Walker circula-

tion. The easterly winds over the equatorial Pacific enhance upwelling and shoal the thermocline over the

eastern Pacific. The changes of surface wind and wind curl lead to a weaker South Equatorial Countercurrent

and stronger South Equatorial Current, preventing the warm water from expanding eastward, thereby im-

proving both the double ITCZ and dry equator. The enhancedWalker circulation also increases the low-level

wind convergence and reduces the wind speed in the tropical western Pacific, leading to warmer SST and

stronger convection there. The stronger convection in turn leads tomore cloud and reduces the incoming solar

radiation, cooling the SST. These competing effects between radiative heat flux and latent heat flux make the

atmospheric heat flux secondary to the ocean dynamics in the western Pacific warming.

1. Introduction

Over the past three decades, coupled general circula-

tion models (CGCMs) have been used widely in climate

variability, change, and projection studies. However, the

climatological biases in CGCMs limit their utility in these

aspects and impair the creditability of model results (e.g.,

Cai and Cowan 2013; Zhou and Xie 2015; Tian 2015; Li

et al. 2015). Among numerous CGCM climatological

biases, the double intertropical convergence zone (ITCZ)

stands out as the most prominent one (Mechoso et al.

1995; Davey et al. 2002; Meehl et al. 2005; Dai 2006; Lin

2007; Oueslati and Bellon 2015; Zhang et al. 2015).

In an annual-mean sense, most CGCMs exhibit two par-

allel zonal rainfall bands straddling the equatorial Pacific,

rather than a northern zonal ITCZ and a southern South

Pacific convergence zone (SPCZ) extending southeastward

from the western Pacific in the observations. According to

Mechoso et al. (1995) and De Szoeke and Xie (2008), the

double ITCZ can be divided into two categories: one is the

persistent double-ITCZ bias, in which precipitation persists

too long in the Southern Hemisphere; and the other is the

alternating ITCZ bias, in which the precipitation maximum

migrates meridionally following the seasonal shift of in-

solation maximum. With the improvement in model devel-

opment, the persistent double-ITCZ error has become less

common, and the alternating double-ITCZ error dominates

the majority of current CGCMs (Mechoso et al. 1995; De

Szoeke and Xie 2008; Oueslati and Bellon 2015).

Many efforts have been devoted to identifying the

causes of the double-ITCZ problem, and both tropical

and extratropical origins are suggested. Since ITCZ

precipitation is of convective origin, convective param-

eterization schemes have often been blamed for the

double-ITCZ problem. As such, significant efforts have

been devoted to understanding the role of convection in

the double ITCZ. For example, the double ITCZ is

significantly improved (Zhang andWang 2006; Song and
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Zhang 2009; Zhang and Song 2010) when the convective

parameterization closure (Zhang 2002) is changed in the

Zhang–McFarlane convection scheme (Zhang and

McFarlane 1995). Bacmeister et al. (2006) suggested that

the strong rain reevaporation can also reduce the double

ITCZ in the NASA Seasonal-to-Interannual Prediction

Project, version 2 (NSIPP-2), since the evaporation cooling

weakens the feedback between the convective heating and

boundary layer convergence at high frequency (less than

15 days). The threshold sea surface temperature (SST) for

convection is also found to be a critical parameter, with a

higher threshold prone to a more obvious double-ITCZ

pattern (Bellucci et al. 2010). Some studies also empha-

sized the importance of dynamical suppression of deep

convection by the lateral entrainment of environmental

dry air (Chikira 2010; Hirota et al. 2011; Oueslati and

Bellon 2013). According to these studies, high lateral en-

trainment weakens the precipitation over the southern

ITCZ and has a better representation of SPCZ. However,

although the double ITCZ is mitigated by different mod-

ifications on convection schemes to some extent, it still

plagues most CGCMs, suggesting that convection param-

eterization is not the only culprit.

Deficiencies in midlatitude cloud simulation are also

suggested to be possible causes of double ITCZ (Hwang

and Frierson 2013; Li and Xie 2014). The negative biases

in Southern Hemisphere midlatitude cloud amount lead

to more incoming shortwave radiation and warm the

Southern Ocean in the CGCM. In response to the inter-

hemispheric heat contrast, the cross-equatorial atmo-

spheric energy transport takes place, primarily by

changes in Hadley circulation, which results in a meridi-

onal shift of ITCZ. The Southern Ocean warming shifts

the ITCZ southward, in agreement with some theoretical

studies that suggest that the ITCZ is drawn toward the

warmer hemisphere (Kang et al. 2008, 2009). However,

Kay et al. (2016) tested this argument by reducing the

shortwave radiation bias over the Southern Ocean in the

fully coupled National Center for Atmospheric Research

(NCAR) Community Earth System Model, version 1

(CESM1), and found that the double ITCZ is not im-

proved. They argued that the cross-equatorial energy

transport corresponding to the cooled Southern Ocean

occurs in the ocean instead of the atmosphere and thus

has little effect on the double ITCZ. Hence, it is still

unclear whether the Southern Ocean cloud simulation

bias exerts any influence on the double ITCZ.

The warm SST biases in the southeastern Pacific (SEP),

which are common in CGCMs (Zheng et al. 2011), are re-

gardedas another source for thedouble-ITCZproblem (Ma

et al. 1996;Yu andMechoso 1999;Dai et al. 2003, 2005). It is

believed that the SEP warm bias is associated with the un-

derestimated stratocumulus cloud, which results inmore net

heat flux into the ocean. By artificially increasing the stra-

tocumulus cloud amount (Ma et al. 1996; Yu and Mechoso

1999) or improving the low-level cloud simulation (Dai et al.

2003, 2005), it is found that both the SEP warm bias and

double ITCZ are alleviated. However, the equatorial cold

tongue is stronger and extends farther westward, leading to

deficient precipitation over the western equatorial Pacific.

Recently, Zheng et al. (2011) examined 19 IPCC AR4

CGCMsand found thatmostmodels have negative net heat

flux biases into the SEP region and thus could not explain

thewarmSSTbias there. Instead, they showed that biases in

ocean heat transport through both upwelling and horizontal

advection were most responsible. Yet there are other

studies that suggest that the SEP warm SST bias may not

only be due to a local process, but also from the tropical

Atlantic bias (Wang et al. 2010, 2014; Zhang et al. 2014).

Hence, solving the stratocumulus cloud problem only ad-

dresses part of the effect of SEP warm SST bias on the

double ITCZ. Large and Danabasoglu (2006) investigated

the effects of ocean eastern boundary biases along the

Peruvian–Chilean coast by restoring model ocean temper-

ature and salinity to observations in the upper ocean. They

found that the coastal SST and salinity biases exert signifi-

cant influences on the SEP SST and precipitation, though

the mechanisms remain unknown.

In this study, we investigate the effect of the SEP SST

on the ITCZ simulation in the CESM1. The objectives

are twofold: 1) to determine how much effect the SEP

SST has on the ITCZ simulation in the CESM1 and 2) to

understand the mechanism through which it contributes

to the double ITCZ. The remainder of the paper is or-

ganized as follows: Section 2 describes the model ex-

periments, observational datasets, and methods. The

main results are presented in section 3, including the

influences of SEP SST on the double ITCZ, physical

mechanisms for the SST pattern maintenance, and at-

mospheric and oceanic roles in the SST change over

other regions. Section 4 gives a summary and discussion.

2. Model experiments, observational datasets, and
methods

In this study, the latest model, CESM1.2.2, is used

(refer to http://www.cesm.ucar.edu/models/cesm1.2/ for

more details). The atmospheric component of the model

is the Community Atmospheric Model, version 5.3

(CAM5.3), which includes some modifications to the

spectral element dynamical core based on CAM5 (Neale

et al. 2013). Its oceanic component is the Parallel Ocean

Program, version 2 (POP2), and the land component is

the Community Land Model, version 4.5 (CLM4.5). The

f19_g16 configuration of the CESM1.2.2 is used, with

approximately 28 resolution for the atmospheric model
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and approximately 18 resolution for the ocean model.

Two 12-yr experiments are performed. In the first ex-

periment [referred to as the control (CNTL) run], the

atmosphere and the ocean are freely coupled, with the

external forcing (such as the greenhouse gas, aerosol,

volcanic, and solar activity) fixed at the year-2000 level.

The simulation is initialized in a ‘‘warm start’’ mode, with

the default restart files provided by NCAR. The second

experiment (referred to as the SEP run) is the same as the

CNTL run except that the SST in the SEP region is pre-

scribed with the seasonally varying climatological (1980–

94) SST from the Hadley Centre Sea Ice and Sea Surface

Temperature dataset (HadISST; http://www.metoffice.

gov.uk/hadobs/hadisst/data/download.html; Rayner

et al. 2003). Here, the SEP region is defined as 58–258S
and from 1208W to the South American west coast

(the rectangular region in Fig. 1). It includes part of the

narrow coastal region (08–358S, 848–668W) in Large and

Danabasoglu (2006). To avoid too sharp SST gradients at

the boundaries of the region, a transition zone extending

58 outward is added along the boundaries in which SST

is interpolated linearly from the observed SST to the

model SST. The first 2 years are treated as the spinup,

and the last 10 years are used for analysis. The dif-

ferences of the two experiments measure the in-

fluences of the SEP SST on the ITCZ. The Student’s t

test is used to calculate the statistical significance of

the difference field.

To compare with the model experiments, the follow-

ing observational and reanalysis datasets are used:

1) precipitation from the Global Precipitation Clima-

tology Project (GPCP; http://www.esrl.noaa.gov/psd/

data/gridded/data.gpcp.html; Adler et al. 2003) for

1995–2004; 2) atmospheric three-dimensional winds

from the National Centers for Environmental Pre-

diction (NCEP)–NCAR reanalysis project (NCEP-1;

http://www.esrl.noaa.gov/psd/data/gridded/data.ncep.

reanalysis.html; Kalnay et al. 1996) for 1995–2004; 3)

SST from HadISST for 1995–2004; 4) atmospheric sur-

face winds from Quick Scatterometer (QuikSCAT;

FIG. 1. The annual-mean SST (8C) and 925-hPa wind in the (a) observations (SST from

HadISST and 925-hPa wind from NCEP-1) and their differences between (b) CNTL and

observations, (c) SEP and observations, and (d) the SEP and CNTL runs. The purple box in

(b) shows the region in which observed SSTs are prescribed. The stippled regions in

(d) indicate SST differences exceeding the 5% significance level.
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http://www.remss.com) satellite retrievals for 2000–08;

and 5) ocean temperature, ocean zonal and vertical

velocity, and sea surface height (SSH) from the Sim-

ple Ocean Data Assimilation (SODA) reanalysis

(Carton and Giese 2008) for 1995–2004. The choice of

climatological periods does not affect the results in

this study.

3. Results

a. The influences of SEP SST on the double ITCZ

Figure 1 shows the annual-mean observed SST and

925-hPa wind, along with the differences betweenmodel

simulations and observations. Compared to the obser-

vations, there is a cold bias along the equator over the

western and central Pacific in the CNTL run, an in-

dication that the equatorial cold tongue extends too

much westward (Figs. 1a,b). The warm SST biases are

evident across the Pacific basin in the Southern Hemi-

sphere, with the maximum in the SEP. The cold (warm)

SST bias over the equatorial Pacific (SEP) corresponds

to the near-surface wind divergence (convergence)

(Fig. 1b). The tropical North Atlantic cold bias and

South Atlantic warm bias are also evident in the CNTL

run. After prescribing the observed SST over the SEP

region, the equatorial cold bias weakens and shifts

eastward, an indication of improved cold tongue simu-

lation (Fig. 1c). Compared to the CNTL run, the central

and northeastern Pacific becomes warmer (Fig. 1d),

while the subtropics and the far western Pacific become

colder. The trade winds are enhanced east of 1608W
south of the equator and reduced west of 1208Wnorth of

the equator, forming a near-surface wind convergence

over the western Pacific and near the date line. The in-

fluence of SEP SST is mainly confined to the Pacific

region, and the Atlantic biases are almost unchanged

(Figs. 1b,c).

The annual-mean precipitation in the observations

and CNTL and SEP runs is shown in Fig. 2. The obser-

vations exhibit the ITCZ across the Pacific basin north

of the equator and the SPCZ south of the equator

extending southeastward from the western Pacific

(Fig. 2a). The observed north–south asymmetry of pre-

cipitation over the tropical Pacific is fundamentally de-

termined by the geometries of the American continents

and influenced by many feedback processes (Philander

et al. 1996; Xie and Philander 1994; Li 1997). In the

CNTL run (Fig. 2c), the ITCZ north of the equator is

stronger, while the SPCZ elongates zonally and extends

farther into the eastern equatorial Pacific, forming the

so-called double ITCZ. The overly dry equator in

the CNTL run is also evident over the western Pacific. In

the SEP run (Fig. 2e), the northern ITCZ is much

stronger than both the observations and CNTL run, but

the spurious southern ITCZ is improved considerably to

look more like the SPCZ. The dry equator is also im-

proved. The bias patterns of CNTL and SEP runs are

similar: there is more precipitation over the tropical

Pacific, except for the western equatorial region, than in

the observations; the precipitation over the Indian

Ocean (Atlantic Ocean) shifts westward (southward)

compared to the observations (Figs. 2b,d). However,

compared to the CNTL run, precipitation is increased

over the ITCZ and SPCZ but decreased over the south-

central and southeastern Pacific as well as the eastern

equatorial region, leading to decreased biases in both

the double ITCZ and dry equator in the SEP run

(Fig. 2f).

To ensure that 12-yr integrations are long enough for

the model simulations to reach equilibrium so that the

difference fields in Figs. 1 and 2 are statistically mean-

ingful, the time evolution of SST and precipitation over

the south-central Pacific (SCP; 258–58S, 1508–1208W),

where the double-ITCZ bias is prominent, is shown in

Fig. 3. The SST and precipitation time series in both the

CNTL and SEP runs are stable and undergo regular

annual cycles throughout the 12-yr integration period.

Although there are some interannual variations, the SST

and precipitation in the CNTL run are consistently

higher than in the SEP run. The time evolutions of SST

over the tropical western Pacific (TWP; 108S–108N,

1508E–1708W) and northeastern Pacific (NEP; 158–
308N, 1108–1608W) are also examined (not shown).

Over the TWP region, SST warms up quickly in the first

2 years and remains warm afterward, although there are

some fluctuations in years 7 through 10. Over the NEP

region, SST warms up in the first three years but ex-

hibits much larger variations than TWP and SCP. It

indicates that, over the NEP, SST warming response to

prescribed SEP SST is less robust than in SCP and TWP

regions, and other factors have considerable influences.

We also examined the subsurface ocean temperatures

(not shown). They reach equilibrium in 3–4 years after

the initiation of model integration. To exclude the

possible influences of ENSO, the ENSO years in the

CNTL run are identified using the Niño-3.4 index and

removed from the climatology. The differences be-

tween the SEP and CNTL runs are recalculated. The

results are similar to Figs. 1 and 2 (not shown). Thus,

12-yr integrations are adequate for examining the dif-

ferences between the CNTL and SEP runs, especially

in the tropical regions.

The SST and precipitation averaged over three lati-

tude bands (58–158N, 58N–58S, and 58–158S) over the

Pacific are shown in Fig. 4. The zonal SST gradient in the
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CNTL run is much smaller than in the observations but

becomes closer in the SEP run, especially in the equa-

torial region and south of the equator (Figs. 4a–c). The

SST and precipitation are higher than the observations

west of 1108W north of the equator in the SEP run

(Figs. 4a,d). Corresponding to the improvement of SST,

precipitation in the SEP run is much closer to the ob-

servations in the equatorial region and south of the

equator. Over the equator, precipitation is significantly

less than the observations west of 1708W in the CNTL

run but increases considerably in the SEP run (Fig. 4e),

reducing the dry equator problem. South of the equator,

the precipitation is much higher than the observations in

the CNTL run across the entire Pacific. The positive

biases are reduced by about 50% east of 1608W in the

SEP run, while the biases are worsened in the western

Pacific (Fig. 4f).

Many previous studies suggested that the double-

ITCZ bias in the annual-mean sense could come from

either persistent double-ITCZ bias year-round or al-

ternating ITCZ bias with the season (Mechoso et al.

1995; De Szoeke and Xie 2008; Oueslati and Bellon

2015). It is important to examine which kind of bias this

model has and whether the SEP SST has any effect on

the seasonal variation of the double ITCZ. Figure 5

shows the seasonal cycle of precipitation and SST in the

eastern Pacific averaged over 908–1408W, along with the

meridional wind in the equatorial region. In the obser-

vations (Fig. 5a), SST greater than 278C appears north of

the equator all year round, except January, and south of

the equator in boreal spring (MAM). Precipitation fol-

lows SST closely, with double ITCZ in MAM and sin-

gle ITCZ north of the equator in the rest of the year.

The meridional wind is weak during boreal spring,

FIG. 2. The annual-mean precipitation (mmday21) in (a) GPCP observations, (c) CNTL run, (e) SEP run, and

the differences between (b) CNTL run and GPCP, (d) SEP run and GPCP, and (f) SEP and CNTL runs. The

stippled regions in (f) indicate that precipitation differences exceed the 5% significance level.
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approximately corresponding to the period when the

observations show a double ITCZ straddling the equa-

tor. From May to December, there is northward cross-

equatorial flow into the northern ITCZ. The annual

variation of SST in the northern ITCZ region is similar

between the CNTL and SEP run: both are colder

(warmer) than the observations in boreal spring (au-

tumn). South of the equator, SST is much warmer from

January to June in the CNTL run, whereas that in the

SEP run is closer to the observations because a large

FIG. 4. The annual-mean (a)–(c) SST (8C) and (d)–(f) precipitation (mmday21) averaged over (left) 58–158N, (center) 58S–58N and (right)

58–158S in observations (black line), CNTL run (blue line), and SEP run (red line).

FIG. 3. The time evolution of (a) SST (8C) and (b) precipitation (mmday21) in the SEP run (red

line) and CNTL run (blue line) over SCP (258–58S, 1508–1208W).
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part of the region is prescribed with the observed SST.

Precipitation in the northern ITCZ is largely disrupted

in boreal spring when the southern ITCZ is overly

strong in both the CNTL and SEP runs. Correspond-

ingly, there exists northerly wind across the equator

during this period. From May to December, there is

southerly cross-equatorial wind toward the northern

ITCZ, similar to the observations. Note that although

the SST south of the equator is close to the observa-

tions in boreal spring, the precipitation there in the

SEP run is still much higher than in the observations

(Figs. 5a,c), suggesting that local SST is not the only

factor responsible for the excessive precipitation south

of the equator.

b. The physical mechanisms for the maintenance of
SST difference pattern

From the above results, the annual-mean precipita-

tion change is closely related to SST change. Hence,

investigating the maintenance of SST difference pat-

terns between the CNTL and the SEP run will help us

understand the role of SST in the SEP region in the

double ITCZ. Outside the prescribed SST region, the

evolution of SST difference between the SEP and

CNTL runs ›(DT)/›t is determined by the net surface

heat flux difference DQsfc and ocean dynamic heat

transport difference DDo:

C
›(DT)

›t
5DQ

sfc
1DD

o
, (1)

where C5Co
proH is the heat capacity of the ocean

mixed layer, Co
p and ro are the specific heat at constant

pressure [3850 J (kg 8C)21] and density of seawater

(1025 kgm23), and H is the mixed layer depth. The D
means the difference between the SEP and CNTL runs,

and T is SST. The SST difference is in the range

from 20.88 to 0.88C in the tropics for 10 years (Fig. 1d).

This is equivalent to a magnitude of approximately

1Wm22 for a 100-mmixed layer on the left-hand side of

Eq. (1). On the right-hand side, DQsfc can reach ap-

proximately 25Wm22 (see below), an order of magni-

tude larger than the SST difference term. In other words,

the difference in ocean dynamic transport approxi-

mately balances that of the net surface heat flux. In the

prescribed SST region, replacing model SST with ob-

served SST is equivalent to nudging model SST with

observed SST with a relaxation time equal to ocean

model time step. Thus, the equation for the SST differ-

ence can be formally written as

C
›(DT)

›t
5DD

o
1DQ

sfc
2C

T
mod

2T
obs

dt
. (2)

The last term is the relaxation of model SST Tmod in the

SEP run to observed SST Tobs, and dt is the ocean model

FIG. 5. The seasonal cycle of SST (shaded; 8C) and precipitation (contours; mmday21) and 925-hPa winds (only meridional wind shown in

the equatorial region; vectors; m s21) averaged over 908–1408W in (a) observations, (b) CNTL run, and (c) SEP.
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time step. The relaxation adjustment term can be in-

terpreted as an artificial modification of either the sur-

face heat flux into the ocean or the upper-ocean dynamic

transport. In the analysis below, DQsfc is obtained di-

rectly from the model runs, and DDo is obtained as the

residual in Eq. (1). Thus, in the prescribed SST region,

DDo represents the sum of the relaxation adjustment

term in Eq. (2) and the actual ocean dynamic transport,

but we will call it loosely ocean dynamics. It represents

the contribution that should be provided by the ocean in

order to have the prescribed SSTs in the SEP region.

The net surface heat flux difference DQsfc (positive

downward) is composed of differences of radiative heat

flux DQR, latent heat flux DQE, and sensible heat flux

DQH. The radiative heat flux DQR in turn consists of

shortwave radiation DQS and longwave radiation DQL.

Following Zhang and Li (2014), DQL can be further

divided into upward and downward longwave radiation,

DQup
L and DQdn

L , respectively. According to the Stefan–

Boltzmann law, Q
up
L can be written as

DQup
L 524sT3DT , (3)

where s is the Stefan–Boltzmann constant (5.67 3
1028Wm22K24). The downward longwave radiation

DQdn
L can be estimated as the difference betweenDQL and

DQup
L . This decomposition considers the ocean damping

effect through longwave radiation, which is thought to be

important for the change of SST pattern under global

warming (Zhang andLi 2014).Hence,DQR can be divided

into atmospheric part DQa
R (sum of DQS and DQdn

L ) and

oceanic damping part DQup
L . Following Xie et al. (2010),

DQE is also decomposed into the atmospheric part DQa
E

(because of differences in near-surface wind speed, hu-

midity, and stability) and oceanic part DQo
E (because of

SST difference). The atmospheric contribution DQa
E rep-

resents the atmospheric forcing onSST via latent heat flux,

while the oceanic contribution DQo
E represents the oce-

anic response to SST change (hereafter referred to as

Newtonian cooling), which represents the ocean damping

effects via latent heat flux. The atmospheric contribution

DQa
E can be further decomposed into that due to wind

speed change DQw
E and residuals due to relative humidity

and stability changes DQr
E:

DQ
E
5DQa

E 1DQo
E 5DQw

E 1DQr
E 1DQo

E . (4)

Here,

DQw
E 5

›Q
E

›W
DW5

Q
E

W
DW and (5)

DQo
E 5

›Q
E

›T
DT5aQ

E
DT , (6)

where affiL/RyT
2’ 0.067K21,W is wind speed,L is the

latent heat of evaporation, and Ry is the gas constant for

water vapor. The derivation of Eqs. (5) and (6) is given

in the appendix. By the sign convention,QE is negative.

In the calculation of DQw
E and DQo

E,QE andW from the

CNTL run are used. The atmospheric term DQa
E is

mainly contributed by that due to wind speed difference

DW, while the Newtonian cooling term DQo
E is related to

SST difference DT.
Hence, the atmospheric forcing on SST via surface

heat flux (referred to as atmospheric heat flux term)

DQatm consists of DQa
R, DQH, and DQa

E:

DQ
atm

5DQa
R 1DQ

H
1DQa

E . (7)

We can combine the Newtonian cooling term DQo
E and

DQup
L as the ocean damping term DQocn. To summarize,

with the above decomposition of surface fluxes into

various components, Eq. (1) can be written as

C
›(DT)

›t
5 DQa

R 1DQ
H
1DQr

E 1
Q

E

W
DW

� �

1 (aQ
E
DT2 4sT3DT)1DD

o
. (8)

Here, on the right-hand side, the first pair of the paren-

theses represents atmospheric forcing, the second one

represents the ocean response or damping, and the last

term is the ocean dynamics (including the relaxation term

in the prescribed SST region).

It should be noted that the ocean damping from

longwave radiation is likely overestimated. A large part

of the upward longwave radiation emitted from the

ocean’s surface is radiated back to the ocean from the

low-level atmosphere. In other words, the downward

and upward longwave radiation has large cancellations,

because downwelling longwave radiation is determined

to a large degree by temperature and moisture of the

boundary layer, which are strongly influenced by SST.

As discussed above, the SST difference pattern is

determined by DQatm, ocean dynamics DDo, and DQocn.

These three components and each term of DQatm are

shown in Fig. 6. The contributions to latent heat flux

difference due to wind speed change DQw
E, surface wind

speed difference, and SST difference are shown in Fig. 7.

c. The atmospheric role in the SST maintenance over
other regions

Over other regions, the energetic analysis suggests the

contribution of each term to the SST change under the

influence of prescribed SEP SST. Among the atmo-

spheric heat fluxes (Fig. 6a), the radiative heat flux and

latent heat flux are comparable (Figs. 6b,c), whereas the

sensible heat flux is negligible (Fig. 6d). Among the
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atmospheric radiative heat flux, the shortwave radiation

plays a dominant role, while the longwave radiation

exerts a smaller and opposite effect. The upward long-

wave damping effects have a similar pattern to the

Newtonian cooling term, but with smaller magnitude

(figure not shown). The radiative heat flux contributes to

the SST pattern negatively over the SCP and western

Pacific through the negative shortwave radiation–SST

feedback: warmer SST increases convection and pre-

cipitation, which increase the cloud amount and reduces

the incoming shortwave radiation, leading to SST cool-

ing, and vice versa. Over the NEP region, the positive

stratus cloud–SST feedback makes radiative heat flux

act as a positive contribution to the SST. The atmo-

spheric latent heat flux contributes to the SST warming

north of the equator and cooling over the SCP, while its

contribution to the western Pacific warming south of the

equator is small. The ocean dynamics term contributes

much to the western Pacific warming and moderate

cooling over the SCP.Theocean damping term resembles

the SST pattern with an opposite sign, indicating the

ability of ocean to adjust the temperature itself through

longwave radiation and latent heat flux.

The contribution to latent heat flux difference from

wind speed change can explain most of the atmospheric

term of latent heat flux (Figs. 7a and 6c). The re-

semblance [with a pattern correlation of 20.73 for the

tropical Pacific (208S–208N, 1208E–908W)] between the

wind speed difference and SST difference patterns

(Fig. 7b) indicates the importance of the wind–

evaporation–SST (WES) feedback. A decrease in wind

speed reduces evaporation, leading to warmer SST, and

vice versa. Hence, it is crucial to understand how the

wind field in the tropical Pacific changes when the ob-

served SST is prescribed over the SEP region.

Referring back to Figs. 1d and 2f, the prescribed cold

SST over the SEP region suppresses convection and

reduces precipitation locally. The decreased latent heat

release in the troposphere induces the southeasterly

winds crossing the equator and SCP (Fig. 1d), either as a

FIG. 6. The differences between the SEP and CNTL runs (Wm22) for (a) DQatm, (b) DQ
a
R, (c) DQ

a
E, (d) DQH,

(e) DQocn, and (f) DDo. The stippled regions indicate the differences exceeding the 5% significance level.
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Matsuno–Gill response (Matsuno 1966; Gill 1980) or

as a Lindzen–Nigam response (Lindzen and Nigam

1987). Although the Matsuno–Gill model and the

Lindzen–Nigam model view the tropical circulation

from different perspectives, Neelin (1989) unified in-

terpretation of the two models, at least to the first order.

Superposing on the climatological southeasterly wind,

the wind speed is increased north of the equator and

SCP (Fig. 7b). Hence, the SST cooling is extended out-

side the SEP and decreases precipitation there. The

suppressed convection over the eastern Pacific enhances

the Walker circulation, as shown in Fig. 8. Compared to

the observations, theWalker circulation is much weaker

in the CNTL run, with weaker easterly (westerly) di-

vergent wind in the low level (upper level) (Figs. 8a–c).

The low-level upward motion branch also shifts east-

ward, corresponding to the double ITCZ. In the SEP

run, the magnitude of the Walker circulation is much

closer to the observations, although with westward shift

(Figs. 8d,e). Both the ascendingmotion over the western

Pacific and descending motion over the eastern Pacific

are enhanced compared to the CNTL run (Fig. 8f). The

enhanced Walker circulation is related to the wind

convergence over the western Pacific, reducing the wind

speed and warming the SST.

The above results suggest that the reduced SST in the

SEP suppresses convection and precipitation. The neg-

ative change of atmospheric latent heat release induces

the southeasterly wind outside the SEP region and

strengthens the Walker circulation. The enhanced as-

cending motion over the western Pacific causes the wind

convergence and reduces the wind speed, which warms

the SST through the WES feedback. However, the en-

hanced ascending motion also increases the cloud

amount and reduces the incoming shortwave radiation

(Fig. 6b), which cools the SST over the western Pacific.

Hence, the net atmospheric flux over the western Pacific

south of the equator is small, while the ocean dynamics

plays a more important role.

d. The oceanic role in the SSTmaintenance over other
regions

The above analysis shows the importance of atmo-

spheric processes in the improvement of double ITCZ.

The surface wind changes also influence the upper-

ocean current, which in turn influences SST via the

ocean dynamical transport. Before we delve into the

ocean’s role, the SEP region warrants some special re-

marks, because SST there is prescribed, and thus the

energetic analysis over the region is slightly different

from that over other regions. Over the SEP region, in

observations colder SSTmeans greater gain of heat from

the atmosphere by the ocean. In the SEP run,model SST

is replaced by the much colder observed SST. From the

energetic point of view, there must be a heat loss to

achieve this. The colder the observed SST is relative to

the model SST, the more heat loss. This heat loss is

achieved through nudging (note that replacing model

SST with observed SST is equivalent to nudging with

relaxation time equal to one model time step). Since the

colder (compared to the CNTL run) SST is prescribed in

the SEP run, it favors the development of stratus cloud

(figure not shown), resulting in less shortwave radiation

at the ocean surface (Fig. 6b). The colder SST also

suppresses the convection and induces low-level di-

vergence, which enhances the surface wind speed and

latent heat flux out of the ocean (Fig. 6c). Together these

lead to negative atmospheric heat flux change into

the ocean (Fig. 6a). Averaged over the SEP region, the

difference in atmospheric heat flux is28.95Wm22. The

atmospheric heat flux comes from both radiative heat

flux and latent heat flux about equally, suggesting the

importance of reasonable near-surface wind and stratus

cloud simulation. The difference in ocean dynamic

transport (which includes the nudging correction)

FIG. 7. The difference of (a) wind term of latent heat flux

(Wm22) and (b) SST (shaded; 8C) and wind speed (contours;

contour interval is 0.3 m s21). In (b), the dashed (solid) line rep-

resents the negative (positive) wind speed, with zero as the thick

line. The stippled regions indicate the differences exceeding the

5% significance level.
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is213.22Wm22. Since the relaxation term is included in

ocean dynamic transport over the SEP region, at least

part of this difference is as a result of the nudging cor-

rection, which is negative. Nevertheless, the coastal

upwelling is increased in the SEP run (Fig. 9b), which

should contribute to the negative ocean dynamics

difference between SEP and CNTL runs. Off the

Peruvian–Chilean coast, the upwelling bias exists in the

low-resolution oceanmodel, which contributes to the large

cooling via ocean dynamics (Fig. 6f). A successful simu-

lation of coastal upwelling requires a correct simulation

of the coastal winds and even ocean mesoscale eddies

(Mechoso et al. 2014).

The difference of surface and upper-ocean states be-

tween the SEP and CNTL runs is shown in Fig. 9.

Consistent with the low-level wind difference (Fig. 1d),

the surface wind stress is increased in and northwest of

the SEP region and decreased north of the equator

(Fig. 9a). The enhanced southeasterly wind leads to

negative surface wind stress curl along the Peruvian

coast and enhances the upwelling there (Fig. 9b). The

divergence of wind stress change leads to positive wind

stress curl over the SCP, corresponding to downwelling.

Because of the reduced wind stress north of the equator,

the North Equatorial Countercurrent (NECC) is en-

hanced (Fig. 9c). This contributes to the warmer SST

FIG. 8. The annual-mean vertical velocity-divergent zonal wind (vectors), the vertical velocity (contours; contour

interval of243 1023 Pa s21), and divergent zonal wind speed (shaded; m s21) averaged over 58–108S in (a) NCEP-1,

(c) CNTL run, and (e) SEP run, and differences between (b) the CNTL run and observations, (d) SEP run and

observations, and (f) SEP and CNTL runs. The dashed (solid) line represents the negative (positive) wind speed,

with zero as the thick line. The stippled areas in (b),(d),(f) indicate the differences of zonal wind speed exceeding

the 5% significance level.
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across the Pacific basin north of the equator, as shown in

Fig. 4a, which can also be inferred from the ocean dy-

namics contribution to the SST (Fig. 6f). Because of the

enhanced southeasterly wind stress over the SEP, the

South Equatorial Current (SEC) is enhanced along 108S.
The enhanced ocean current prevents the warmwater in

the western Pacific from expanding eastward, contrib-

uting to the western Pacific warming and central Pacific

cooling (Fig. 6e). The enhanced SEC also leads to higher

SSH over the western Pacific. North of the equator, the

negative wind stress curl over the western Pacific in-

duces downwelling and higher SSH there. Meanwhile,

upwelling leads to lower SSH over the eastern Pacific.

Hence, the SSH change exhibits a west high–east low

seesaw pattern. This gives an SSH distribution in the

SEP run in closer agreement with the observations

(figure not shown).

The meridional structure of surface zonal wind stress

and wind stress curl averaged over 1208–1608W is shown

in Fig. 10. In contrast to the SODA and SEP run, the

easterly wind stress decreases from 208 to 88S, then

slightly increases to the equator in the CNTL run. The

minimum easterly wind stress near 88S is due to the

spurious convection, corresponding to the wind con-

vergence. It leads to a negative wind curl along 208–88S
and positive wind curl equatorward, corresponding to

downwelling and upwelling, respectively. The related

change in SSH causes stronger South Equatorial

Countercurrent (SECC), which transports warm water

eastward in the CNTL run. The warmer SCP leads to

more convection and wind convergence, forming a

positive feedback. This feedback is also suggested by

Zhang et al. (2007) and Zhang and Song (2010). In the

SEP run, this positive feedback is broken because of

the enhanced southeasterly wind. On the one hand, the

enhanced southeasterly strengthens the SEC; on the

other hand, the change of wind curl weakens the SECC,

both contributing to the improvement.

The surface wind change also leads to changes in

upper-ocean current and temperature, as shown in

Fig. 11. In the SODA and SEP run, the SECC is only

confined to west of 1708E and the date line, respectively,

in the upper 150m, while east of the date line is domi-

nated by the westward SEC (Figs. 11a,c). On the other

hand, the SECC in the CNTL run extends eastward to as

far as 1508W and reaches more than 250m, while the

SEC is only confined to east of 1608W in the upper 200m

(Fig. 11b). The stronger SECC in the CNTL run trans-

ports the warm water farther eastward, leading to a

shallower and flatter thermocline across the Pacific

(Fig. 11b). Compared to SODA, there is positive zonal

current bias in the upper 250m across the Pacific in the

FIG. 9. The annual-meandifferences of (a) surfacewind stress (vectors; 1022Nm22) and its curl (shaded; 1027Nm23),

(b) ocean vertical velocity at 50m (1024 m s21), (c) ocean surface zonal current (1022 m s21), and (d) sea surface

height (1022 m) between the SEP and CNTL runs. The stippled areas indicate that the differences exceed the 5%

significance level.
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southern ITCZ region. The eastern Pacific is warmer

in the top 50m and the western Pacific is much colder

at the subsurface (Fig. 11d). The subsurface cold bias

is greatly improved in the SEP run, and the surface

warming bias is shifted to the western Pacific (Figs.

11e,f). The zonal current bias is also reduced signifi-

cantly. This is because of the improved westward SEC

current in the SEP run. Over the equatorial region, the

SEC reaches more than 100m in depth in the SODA

and SEP run, but only about 60m in the CNTL run as a

result of the weaker easterly wind stress in the central

Pacific (Figs. 11g–i). Compared to the CNTL run, the

thermocline is also deepened over the equatorial

western Pacific in the SEP run (Fig. 11l). The ther-

mocline and wind stress changes suggest that the

Bjerknes feedback is operating: the prescribed SEP

cooling and extended equatorial cooling because of

the WES feedback enhance the east–west SST gradi-

ent, which induces the easterly wind over the equato-

rial Pacific (Fig. 9a). The easterly wind induces the

upwelling over the eastern Pacific (Figs. 9a,b), result-

ing in an enhanced east–west thermocline gradient

(Figs. 11c,i). The enhanced east–west thermocline con-

tributes to the SST warming over the western Pacific

through ocean dynamic transport (Fig. 6e), further en-

hancing the east–west SST gradient and forming a pos-

itive feedback.

4. Conclusions and discussion

In this study, the influences of the SEP SST on the

double ITCZ are investigated by prescribing the ob-

served SST over the SEP region in CESM1.2.2. By

comparing the simulations with and without the pre-

scribed SST (referred to as the SEP run and CNTL run,

respectively), it is found that both the double ITCZ and

dry equator are significantly improved in the SEP run.

However, the northern ITCZ precipitation becomes

more excessive. Compared to the CNTL run, the

southern ITCZ in the eastern equatorial Pacific is re-

duced in the SEP run, making it more closely resemble

the observed SPCZ. The improvement of double ITCZ

and dry equator is closely related to SST changes. Over

the equatorial region, the precipitation is increased

west of 1708W because of the higher SST in the SEP

run, thereby improving the dry equator. South of the

equator, because of the colder SST in the SEP run, the

precipitation is decreased significantly east of 1708W.

However, the seasonal evolution of ITCZ shows no

obvious improvement in the SEP run. Although the

SST is similar to the observations in boreal spring over

the eastern Pacific, the alternating ITCZ bias is still

evident, accompanied by the cross-equatorial northerly

wind. This suggests that other factors may be in play in

the alternating ITCZ bias.

Because of the importance of SST in the improve-

ments of precipitation, the SST difference pattern is

investigated following the approach of Zhang and Li

(2014) and Xie et al. (2010). The main contribution

terms include the atmospheric heat fluxes, ocean dy-

namics, and ocean damping effects through the long-

wave radiation and latent heat flux. Among the

atmospheric heat fluxes, the radiative heat flux and

latent heat flux are comparable, whereas the sensible

heat flux is negligible. The latent heat flux is mainly

determined by wind speed through WES feedback:

The decreased (increased) wind speed corresponds to

positive (negative) SST change. The radiative heat

flux, dominated by shortwave radiative heat flux, plays

an opposite role in the maintenance of the SST pattern

over the SCP and western Pacific through negative

shortwave radiation–SST feedback. The prescribed

colder SST over the SEP region suppresses convection

and precipitation locally. The resulting negative latent

heat release induces the southeasterly crossing the

equator and SCP, further cooling SST there through

theWES feedback.TheWalker circulation is strengthened

FIG. 10. The annual-mean (a) zonal wind stress (N m22) and

(b) wind stress curl (1027 N m23) averaged over 1608–1208W in

SODA (black line), the CNTL run (blue line), and the SEP

run (red line).
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as a result of the enhanced descending motion over

the SEP, and ascending motion occupies much of the

region over the western Pacific. The resultant wind

convergence decreases the wind speed and increases

the SST over the western Pacific. The increased SST in

turn leads to more clouds and reduces the incoming

solar radiation, which cancels out a large part of the

effects of latent heat flux. Eventually, ocean dynamics

plays a more important role in the SST warming over

the western Pacific.

The ocean circulation is affected by the surface wind

changes between the SEP andCNTL runs, which further

changes the SST and atmosphere circulation. The

Bjerknes feedback plays an important role in the

equatorial SST pattern maintenance: the prescribed

SEP cooling and equatorial eastern Pacific cooling due

FIG. 11. The annual-mean upper-level ocean temperature (shaded; 8C) and zonal current (contour; cm s21) averaged over (a)–(f) 108–
58S and (g)–(l) 58S–58N for (a),(g) SODA; (b),(h) the CNTL run; and (c),(i) the SEP run, as well as the differences between (d),(j) CNTL

and SODA; (e),(k) SEP and SODA; (f),(l) SEP and CNTL. The thick contour is zero, and solid (dashed) lines represent positive

(negative) values; the contour interval is 3 cm s21 for mean state and 2 cm s21 for the differences. The stippled areas indicate the dif-

ferences of zonal current exceeding the 5% significance level.
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to theWES feedback enhance the east–west SST gradient,

inducing the easterly wind over the equatorial Pacific. The

easterly wind leads to upwelling over the eastern Pacific

and the thermocline shoals. The enhanced east–west

thermocline contributes to the western Pacific warming

through the ocean dynamics, further enhancing the east–

west SST gradient. South of the equator, there also exists

another positive feedback in the CNTL run: the spurious

convection corresponds to wind convergence. It leads to

negative (positive) wind curl north (south) of 88S, corre-
sponding to upwelling (downwelling). The resultant SSH

change leads to strong SECC, which transports more

warm water eastward and favors further convection. This

positive feedback is broken in the SEP run because of the

enhanced southeasterlywind. The increased southeasterly

wind enhances the SEC, and, at the same time, the wind

curl change eliminates the spurious SECC.

The double ITCZ is mostly a coupled model problem,

although it also appears in atmosphere-only models. It is

closely related to the SST biases in the coupled model. In

fact, the double ITCZ and SST biases mutually reinforce

each other. Recognizing that there is a warm SST bias

over the SEP, this study did not address its causes, but

rather sought to investigate what effect it may have on

double ITCZ if it were improved (be it through im-

provement in atmospheric processes, such as clouds, or

oceanic processes, such as upwelling). By prescribing SST

over the SEP, we aim to understand the mechanisms

through which it affects the SST and precipitation in the

rest of the tropical Pacific. The double-ITCZ problem is

extremely challenging, as indicated by the lack of sub-

stantial progress in the last three decades. Deficiencies in

both atmosphere and oceanmodels contribute to the SST

biases and establish that process-level studies are needed

to improve the double-ITCZ problem. At the process

level, some previous studies (Song and Zhang 2009;

Zhang and Song 2010) investigated how atmospheric

convection affects double ITCZ and SST. Likewise, one

could improve ocean process parameterization to in-

vestigate its effect on SST simulation. Besides, the at-

mosphere and ocean model resolution will likely have

important effects as well. For example, a reasonable

depiction of narrow and deep Andes and Central

American mountains are found to be important for

the ITCZ simulation (Xu et al. 2004, 2005). These are

beyond the scope of this study and will be the subjects

of future research.
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APPENDIX

The Components of Latent Heat Flux

The latent heat flux QE (negative upward) can be

written as

Q
E
52Lr

a
C

E
W[q

s
(T)2 q

a
] , (A1)

where L is latent heat of evaporation, ra is surface air

density, CE is aerodynamic transfer coefficient,W is wind

speed at 10m, and qs(T) is the saturation specific humidity

at sea surface temperature. The specific humidity of air at

10m qa can be approximated by the following equation:
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where RH is relative humidity, Ta is the surface air

temperature, dT 5 T 2 Ta is the surface air–sea tem-

perature difference (referred to as the surface stability

parameter), and
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is from the Clausius–Clapeyron equation.

Therefore, fromEq. (A1) and Eq. (A2), we can obtain

Q
E
52Lr

a
C

E
Wq

s
(T)[12RH(12adT)]

52Wq
s
(T)R , (A3)

whereR5LraCE[12RH(12 adT)] is the combination

of relative humidity and surface stability. Taking the

logarithm of Eq. (A3) and differentiating gives
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Hence, the differences of latent heat flux DQE can be

obtained as
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