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suggest that the biases in the two sectors involve different 
mechanisms and potentially different sources.
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⟨⋅⟩	� Mass-weighted column integration
(⋅)†	� Divergent flux component
(⋅)0	� Equatorial average (5◦S–5◦N)
(⋅)�1−�2

	� Area-weighted meridional average between 
latitudes �1 and �2

e	� Moist enthalpy
h	� Moist static energy
AP	� Tropical precipitation asymmetry index
EP	� Equatorial precipitation index
AET	� Atmospheric energy transport
⟨vh⟩†

0
, AET†

0
	� Meridional component of the cross-equato-

rial divergent atmospheric energy flux
⟨uh⟩†

0
	� Equatorial average of the zonal component 

of the divergent atmospheric energy flux
EFE	� Energy flux equator
EFPM	� Energy flux prime meridian
NEI, I	� Atmospheric net energy input
I∗	� Local atmospheric net energy input (NEI 

plus zonal energy fluxes across atmospheric 
columns) minus energy storage

DIB	� Double-ITCZ bias
ERAI	� ECMWF interim reanalysis
EPA	� Eastern Pacific and Atlantic sector (240◦

E–0◦)
WP	� Western Pacific sector (150◦E–240◦E)

Abstract  Current climate models represent the zonal- and 
annual-mean intertropical convergence zone (ITCZ) position 
in a biased way, with an unrealistic double precipitation peak 
straddling the equator in the ensemble mean over the mod-
els. This bias is seasonally and regionally localized. It results 
primarily from two regions: the eastern Pacific and Atlantic 
(EPA), where the ITCZ in boreal winter and spring is dis-
placed farther south than is observed; and the western Pacific 
(WP), where a more pronounced and wider than observed 
double ITCZ straddles the equator year-round. Additionally, 
the precipitation associated with the ascending branches of 
the zonal overturning circulations (e.g., Walker circulation) 
in the Pacific and Atlantic sectors is shifted westward. We 
interpret these biases in light of recent theories that relate the 
ITCZ position to the atmospheric energy budget. WP biases 
are associated with the well known Pacific cold tongue bias, 
which, in turn, is linked to atmospheric net energy input 
biases near the equator. In contrast, EPA biases are shown 
to be associated with a positive bias in the cross-equatorial 
divergent atmospheric energy transport during boreal winter 
and spring, with two potential sources: tropical biases asso-
ciated with equatorial sea surface temperatures (SSTs) and 
tropical low clouds, and extratropical biases associated with 
Southern Ocean clouds and north Atlantic SST. The distinct 
seasonal and regional characteristics of WP and EPA biases 
and the differences in their associated energy budget biases 
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1  Introduction

Modern coupled general circulation models (GCMs) tend 
to underestimate precipitation near the equator and over-
estimate it south of the equator (Figs. 1 and 2; Lin 2007; 
Li and Xie 2014; Zhang et al. 2015; Oueslati and Bellon 
2015; Tian 2015). This problem, which dates back to the 
earliest climate models (Mechoso et al. 1995; Zhang et al. 
2015), is commonly referred to as the double-intertropical 
convergence zone (ITCZ) bias (DIB) because it gives the 
unrealistic appearance of a precipitation distribution that is 
doubly peaked about the equator in the annual mean (Lin 
2007). However, the precipitation biases have distinct sea-
sonal and regional characteristics: they appear primarily in 
the Pacific and Atlantic sectors, and during the southern 
hemisphere (SH) rainy season (Figs. 2 and 3; Lin 2007; Li 
and Xie 2014; Zhang et al. 2015; Oueslati and Bellon 2015; 
Siongco et al. 2015). Yet only a few studies have consid-
ered seasonal and regional characteristics of DIB in climate 
models (e.g., de Szoeke and Xie 2008; Li and Xie 2014; 
Oueslati and Bellon 2015; Zhang et al. 2015). Here we use 
the distinct seasonal and regional characteristics of tropical 
precipitation biases in climate models in the Coupled Model 
Intercomparison Project Phase 5 (CMIP5) to identify poten-
tial drivers of DIB.

Studies of the annual-mean DIB have generally associ-
ated it with cold sea surface temperature (SST) biases in 
the deep tropics (e.g., Lin 2007; de Szoeke and Xie 2008; 
Hirota and Takayabu 2013; Li and Xie 2014; Oueslati and 
Bellon 2015) and with biases in the representation of deep 
convection (e.g., Zhang and Wang 2006; Hirota and Takay-
abu 2013; Oueslati and Bellon 2015). However, the highly 
interactive nature of the climate system, and the dependence 
of the ITCZ on processes that range in scale from cloud 
microphysics (e.g., Kay et al. 2016) to the large-scale cir-
culation (e.g., Oueslati and Bellon 2015), make it difficult 
to establish a causal relation between DIB and atmospheric 
or oceanic processes. Recent work has provided insight into 
the drivers of DIB by examining the relation of the zonal- 
and annual-mean bias to the atmospheric energy budget in 
GCMs (Hwang and Frierson 2013; Li and Xie 2014; Adam 
et al. 2016c). We use a similar approach to study the sea-
sonal and regional aspects of DIB.

Near the ITCZ, column-integrated atmospheric energy 
fluxes vanish, forming an atmospheric “energy flux equator” 
(EFE) (Broccoli et al. 2006; Kang et al. 2008; Donohoe et al. 
2013; Schneider et al. 2014). The EFE and ITCZ are found 
to covary on seasonal or longer timescales in simulations 
and observations (Donohoe et al. 2013, 2014; Adam et al. 
2016a; Shekhar and Boos 2016), indicating that the ITCZ is 
sensitive to variations in the atmospheric energy budget on 
these timescales. Based on this relation, we associate pre-
cipitation biases in GCMs with shifts in the ITCZ position, 

in an attempt to link DIB to biases in the atmospheric energy 
budgets of GCMs.

Because perturbations to the column-integrated atmos-
pheric energy transport (AET) are generally directed from 
a differentially warming into a cooling hemisphere, and 
because the AET is also directed away from the EFE and 
hence the ITCZ, the ITCZ generally migrates towards a dif-
ferentially warming hemisphere. Therefore, the ITCZ lati-
tude is anti-correlated with cross-equatorial AET (e.g., Vel-
linga and Wood 2002; Chiang and Bitz 2005; Broccoli et al. 
2006; Kang et al. 2008; Chiang and Friedman 2012; Dono-
hoe et al. 2013; Schneider et al. 2014; Adam et al. 2016a). 
For example, over the seasonal cycle, the zonal-mean ITCZ 
is north of the equator during boreal summer, when the 
northern hemisphere (NH) is warmer than the SH and so 
AET is directed southward across the equator, and vice versa 
during boreal winter. Similarly, the observed annual-mean 
position of the ITCZ is north of the equator at around 6◦

N (e.g., Schneider et al. 2014; Adam et al. 2016a), which 
goes along with an annual-mean southward cross-equatorial 
AET of roughly 0.2 PW (1 PW = 1015 W; Trenberth et al. 
2001; Frierson et al. 2013; Marshall et al. 2014; Adam et al. 
2016a). In support of a possible link between DIB and biases 
in the atmospheric energy budgets of climate models, the 
tendency for excess precipitation south of the equator in 
CMIP3 and CMIP5 models is associated with a ∼ 0.02 PW 
higher than observed cross-equatorial AET in the mean over 
the models (Hwang and Frierson 2013; Adam et al. 2016c). 
Similarly, hemispherically antisymmetric intermodel varia-
tions in the precipitation distribution of CMIP3 and CMIP5 
models are strongly correlated with intermodel variations in 
the cross-equatorial AET (Hwang and Frierson 2013; Adam 
et al. 2016c). These findings suggest that the hemispheri-
cally antisymmetric aspect of DIB is linked to either excess 
heating of the SH or excess cooling of the NH in climate 
models, though the source of the excess differential heating 
remains unclear.

Precipitation biases in GCMs are also known to be asso-
ciated with biases in the zonal SST gradients in the Pacific 
and Atlantic (e.g., Lin 2007; Siongco et al. 2015), which 
imply zonally asymmetric tropical heating biases. Boos and 
Korty (2016) have shown that zonally asymmetric tropical 
heating anomalies can lead to zonal shifts of the ITCZ. The 
zonally asymmetric aspects of DIB may therefore likewise 
be linked to zonally asymmetric tropical heating biases in 
climate models.

The ITCZ position is also sensitive to variations in 
the divergence of the column-integrated AET near the 
equator. The ITCZ shifts equatorward when divergence 
increases—e.g., during El Niño episodes—and vice versa 
when divergence decreases (Bischoff and Schneider 2014; 
Schneider et al. 2014; Adam et al. 2016b). In addition, 
double-ITCZ states that straddle the equator can occur 
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when AET divergence near the equator becomes nega-
tive, i.e., when there is net loss of atmospheric energy, as 
occurs, for example, in the eastern Pacific during boreal 
spring (Bischoff and Schneider 2016; Adam et al. 2016b). 
Understanding seasonal and regional biases in the diver-
gence of AET near the equator may therefore also be 
important for understanding DIB in climate models.

The sensitivity of the ITCZ to variations in the inter-
hemispheric atmospheric energy balance implies that the 
source of the bias may lie outside the tropics. Hwang 
and Frierson (2013) pointed to insufficient reflection of 
shortwave radiation by low clouds in the Southern Ocean 
as a potential source of the cross-equatorial AET bias and 
hence of DIB in CMIP3 and CMIP5 models. But hemi-
spherically asymmetric biases of comparable magnitude 
in the atmospheric energy budget of CMIP5 models also 
exist elsewhere, for example, in the deep tropics and in 
the NH subtropics (Adam et al. 2016c). Moreover, par-
tial compensation by ocean heat transport (Hawcroft 
et al. 2016; Kay et al. 2016) and feedbacks associated 
with ITCZ shifts (Hwang and Frierson 2013; Li and Xie 
2014; Kay et al. 2016; Green and Marshall 2017) make it 
difficult to directly link local biases in the atmospheric 
energy budget to biases in the cross-equatorial AET.

Here we examine all of these different energetic fac-
tors jointly and show that the timing and location of DIB 
provide constraints on potential sources of the bias. We 
build on recent work in which we analyzed the relation 
of the zonally averaged annual-mean DIB to biases in the 
atmospheric energy budget of CMIP5 models (Adam et al. 
2016c). We found that the hemispherically antisymmetric 
aspects of the bias are closely related to model biases 
in cross-equatorial AET, as expected from theory and 
as seen in previous studies (Hwang and Frierson 2013). 
However, the hemispherically symmetric aspects of the 
bias are related to model biases in the atmospheric net 
energy input at the equator, which approximately equals 
the AET divergence in the annual and zonal mean. In 
this study we provide additional information on potential 
sources of DIB by extending our analysis to seasonal and 
regional variations and to zonally asymmetric precipita-
tion biases. We begin by describing the theory and data 
on which the analysis is based (Sect. 2). This is followed 
by an analysis of the seasonality and regional aspects of 
the precipitation biases associated with DIB, which shows 
how these are related to biases in the atmospheric energy 
budget and points to potential sources of the energy 
budget biases (Sect. 3). We end with a summary and con-
clusions (Sect. 4).

2 � Methods and data

2.1 � Theory

Here we provide a brief description of the theory relating 
the ITCZ position to the atmospheric energy budget. The 
theoretical framework builds on the concepts reviewed 
by Schneider et al. (2014) and discussed in more detail in 
Bischoff and Schneider (2014) and Bischoff and Schneider 
(2016). The extension of the theory to zonal variations of the 
ITCZ position is discussed in Adam et al. (2016b) and Boos 
and Korty (2016). A list of relevant acronyms, symbols, and 
notation is provided above.

The column-integrated energy balance of the atmosphere 
can be written as

where angle brackets denote the mass weighted column inte-
gral, e denotes moist enthalpy (the sum of latent and ther-
mal energy), t denotes time, and ⟨�h⟩† denotes the divergent 
component of the atmospheric energy transport (AET; e.g., 
Peixoto and Oort 1992). The moist static energy h is the sum 
of thermal, geopotential, and latent energy, and � = (u, v,w) 
is the three-dimensional wind vector. The right-hand side 
of (1) is the atmospheric net energy input (NEI), where I 
denotes the sum of top of the atmosphere (TOA) net radia-
tive fluxes minus surface radiative, sensible, and latent heat 
fluxes.

The zonally varying EFE (which approximates the 
position of the ITCZ) is defined as the latitude where the 
meridional component of the divergent column-integrated 
AET vanishes and diverges (i.e., where ⟨vh⟩† = 0 and 
𝜕y⟨vh⟩† > 0). To first order, the zonally varying position of 
the ITCZ is given by

where I∗ = I − �x⟨uh⟩† − �t⟨e⟩ denotes local NEI minus 
energy storage, composed of net vertical fluxes across the 
TOA and the surface (I), zonal fluxes across atmospheric 
columns (−�x⟨uh⟩†), and energy storage in atmospheric col-
umns (�t⟨e⟩); and (⋅)0 denotes equatorial values (Bischoff 
and Schneider 2014; Schneider et al. 2014; Adam et al. 
2016a). (For simplicity, we use Cartesian notation, but all 
numerical calculations are done in spherical coordinates.) 
The first-order approximation (2) is valid for a tropical mean 
overturning circulation in a sector of longitudes (e.g., a mon-
soonal overturning circulation or Hadley cell) with a single 
rising branch (a single ITCZ) at the EFE, and divergence of 
the column-integrated AET there.

Double-ITCZ states with dual precipitation maxima off the 
equator occur when column-integrated AET converges near 

(1)�t⟨e⟩ + ∇ ⋅ ⟨�h⟩† = I,

(2)�I = −
1

a

⟨vh⟩†
0

I∗
0

,
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the equator, so that the mean circulation transports energy 
equatorward and column-integrated AET converges (dual 
precipitation maxima off the equator can also occur without 
AET transport toward the equator, so AET convergence near 
the equator is merely a necessary condition for double ITCZs, 
not a sufficient condition). The equatorward AET in this case is 
accomplished by two narrow meridional overturning cells with 
a shared equatorial descending branch, and rising branches at 
the ITCZs on either side of the equator (Bischoff and Schnei-
der 2016). Using a Taylor expansion of the AET to third order 
in latitude, the positions of the two ITCZs that straddle the 
equator are approximately given by (Bischoff and Schneider 
2016; Adam et al. 2016b)

The transition from a single- to a double-ITCZ state (i.e., 
from a single real root to three real roots of the cubic Taylor 
expansion) approximately occurs when the discriminant

becomes negative (Adam et al. 2016b). In the present cli-
mate, ΔI is positive year-round outside the Pacific, but it is 
negative in the eastern Pacific during boreal spring, when 
double-ITCZ states do indeed occur (Adam et al. 2016b).

Consistent with the energy budget framework, the position 
of a single observed ITCZ outside the Pacific is captured by 
the first-order approximation (Bischoff and Schneider 2016; 
Adam et al. 2016a, c). In the eastern Pacific, a bifurcation 
from a single to a double ITCZ occurs after ΔI becomes nega-
tive during boreal spring (Adam et al. 2016b). For unknown 
reasons, a lag of one to two months exists between seasonal 
variations in AET†

0
 and NEI0 on the one hand, and variations in 

the ITCZ position on the other hand (Adam et al. 2016b). We 
take these empirical lags into account in our analysis.

Like for the EFE and the meridional overturning circula-
tion, the precipitation maxima associated with the ascending 
branches of the zonal overturning circulation lie near merid-
ians where the zonal component of the divergent AET diverges 
and vanishes (i.e., where ⟨uh⟩† = 0 and 𝜕x⟨uh⟩† > 0). Boos 
and Korty (2016) called these meridians energy flux prime 
meridians (EFPMs). For sufficiently small variations, meridi-
onal and zonal shifts in the precipitation distribution in some 
tropical sector can be related to shifts in the EFE and EFPM by

where P1 and P2 denote two distributions of tropical pre-
cipitation, and ΔEFE and ΔEFPM denote the shifts in the EFE 
and EFPM between the two distributions (Boos and Korty 
2016) (however, Eq. 5 is invalid where bifurcations from a 

(3)�I = −
1

2a

⟨vh⟩†
0

I∗
0

±
1

a

�

−
6I∗

0

�yyI
∗
0

.

(4)ΔI ≡ I∗
0
+

3

��
⟨vh⟩†

0

�2

�yyI
∗
0

(5)P2(x − ΔEFPM, y − ΔEFE) ≈ P1(x, y),

single to a double ITCZ occur). In addition, zonal shifts of 
the zonal overturning circulation are linked to regional vari-
ations of the meridional overturning circulation (Karnauskas 
and Ummenhofer 2014), so that EFPM and EFE shifts may 
be related. In what follows, we examine the biases in the 
atmospheric energy budget of CMIP5 models that can lead 
to EFE and EFPM biases, and therefore to DIB.

2.2 � Precipitation indices

As in Adam et al. (2016c), we decompose variations in 
the tropical precipitation distribution into hemispherically 
symmetric and hemispherically antisymmetric components. 
The antisymmetric component of precipitation variations is 
quantified using the tropical precipitation asymmetry index 
AP

where the overbar denotes a zonal mean over some sector, 
and (⋅)�1−�2

 denotes an area-weighted meridional average 
between latitudes �1 and �2 (Hwang and Frierson 2013).

The symmetric component of tropical precipitation vari-
ations is quantified using the equatorial precipitation index 
EP,

which is maximal for tropical precipitation that peaks 
sharply at the equator, and minimal (EP = −1) when equa-
torial precipitation vanishes, as is approximately the case in 
double-ITCZ states that straddle the equator (Adam et al. 
2016c).

The zonal- and annual-mean values of AP and EP for 
observations and for the 29 CMIP5 models analyzed in 
this study are shown in Fig. 1, where models are numbered 
according to decreasing AP values. The indices AP and EP 
are sensitive to the choice of normalization (P20◦S−20◦N); 
however, as in Adam et al. (2016c), their relative variations 
across models are not.

2.3 � Data

Seasonal and annual-mean climatologies are derived from 
monthly mean data, interpolated to a 1◦ × 1◦ horizontal grid, 
for the years 1979–2004. Data analysis and retrieval were 
performed using GOAT (Geophysical Observation Analysis 
Tool, http://www.goat-geo.org). For precipitation data, we 
use the Global Precipitation Climatology Project (GPCP) 
dataset (Adler et al. 2003). We also compare our results 
with the Climate Prediction Center (CPC) merged analy-
sis precipitation (CMAP) product (Xie and Arkin 1996), 
and the analyzed precipitation of the European Center for 
Medium-Range Weather Forecasts (ECMWF) Interim Rea-
nalysis (Dee et al. 2011) (hereafter referred to as ERAI). 

(6)AP = (P̄0−20◦N − P̄20◦S−0)∕P̄20◦S−20◦N,

(7)EP = P̄2◦S−2◦N∕P̄20◦S−20◦N − 1,

http://www.goat-geo.org
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Fig. 1   Annual-mean tropical precipitation and zonal-mean values 
of the precipitation asymmetry index AP and equatorial precipita-
tion index EP for the Global Precipitation Climatology Project data-

set (GPCP; Adler et al. 2003) and historical simulations of 29 CMIP5 
models for 1979–2004. Models are ordered from largest to smallest 
AP
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SST data were obtained from version 3b of the Extended 
Reconstructed SST dataset (ERSST), provided by NOAA’s 
National Climatic Data Center (Smith et al. 2008).

The ERAI column-integrated atmospheric energy budget 
is calculated using monthly means of energy fluxes derived 
from 4-times daily data at native reanalysis model resolu-
tion, which are adjusted using a barotropic mass-flux correc-
tion (see http://www.cgd.ucar.edu/cas/catalog/newbudgets 
for details; Trenberth 1997; Trenberth and Fasullo 2012). 
TOA radiative fluxes are calculated using the climatological 
mean (2001–2014) of radiative fluxes from the Clouds and 
the Earth’s Radiant Energy System (CERES) Energy Bal-
anced and Filled (EBAF) data (Wielicki et al. 1996; Loeb 
et al. 2009). In order to avoid known systematic errors in the 
ERAI radiative budgets (Trenberth and Caron 2001), surface 
fluxes are calculated as the difference between the clima-
tological means of TOA radiative fluxes derived from the 
CERES dataset, and the column-integrated fluxes derived 
from the ERAI data. Similarly, ERAI NEI is calculated from 
Eq. (1) as the sum of the column-integrated atmospheric 
energy storage and the divergence of the column-integrated 
atmospheric energy transport.

For CMIP5 data, we use monthly data from the first reali-
zation of historical simulations (coupled GCMs driven by 
prescribed atmospheric compositions) of 29 CMIP5 mod-
els (Fig. 1). Because the required 4-times daily fields were 
not available for all models, we calculate CMIP5 ∇ ⋅ ⟨�h⟩† 
using Eq. (1), as the difference between NEI and atmos-
pheric energy storage.

Equatorial values of NEI, AET†, and equatorial atmos-
pheric storage are calculated as the average of these quanti-
ties between 5◦S–5◦N for CMIP5 and ERAI data. Because of 
the large gradients in NEI near the equator, NEI0 values are 
sensitive to the meridional boundaries of averaging. How-
ever, as in Adam et al. (2016c), the results were not qualita-
tively sensitive to the meridional boundaries of averaging, 
if the boundaries do not extend beyond 5◦.

The errors in the seasonally and regionally varying 
energy budgets of the ERAI and CERES datasets are poorly 
known (e.g., Donohoe and Battisti 2013). The largest errors 
are found in the TOA and surface shortwave fluxes, and can 
exceed 10 W m−2 locally (Trenberth and Caron 2001; Kato 
et al. 2011). The estimated uncertainty in the zonal- and 
annual-mean AET0 is ∼ 0.2 PW (Fasullo and Trenberth 
2008). The estimated uncertainty in the zonal- and annual-
mean NEI0 is about ∼ 2 Wm

−2 (Adam et al. 2016a). In addi-
tion, the period used for the ERAI climatology (1979–2004) 
is dominated by an El Niño phase, while the period used 
for the CERES climatology (2001–2014) is dominated by 
a La Niña phase. The TOA and surface fluxes which are 
calculated here using the CERES and ERAI datasets may 
therefore introduce additional biases (∼ 2 Wm

−2) when 
compared with the CMIP5 ensemble mean, in which ENSO 

related variability is approximately averaged out (Adam 
et al. 2016c).

3 � Results

As shown in Fig. 1, the annual-mean tropical precipitation 
in CMIP5 models is generally higher than observed (less so 
when compared with CMAP and ERAI precipitation), and 
varies considerably across models (e.g., Li and Xie 2014). 
The observed annual-mean precipitation asymmetry index 
is AP = 0.193, because the ITCZ is predominantly north of 
the equator. Of the 29 models, 26 have lower than observed 
annual-mean AP values, and 8 models have negative AP val-
ues, indicating an ITCZ predominantly south of the equa-
tor. Additionally, 23 models have lower EP values than the 
observed value EP = 0.135, primarily because equatorial 
precipitation in the Pacific and Atlantic sectors is reduced 
(e.g., Oueslati and Bellon 2015). Despite the notable vari-
ability across models, the key DIB characteristics (i.e., 
reduced precipitation near the equator captured by the lower 
EP, and excess precipitation south of the equator captured by 
lower AP) are shared by most models. Therefore, for robust-
ness, we base our following analysis of DIB on the CMIP5 
ensemble mean bias, shown in Fig. 2. For a detailed review 
of DIB in climate models, see Lin (2007).

3.1 � Seasonal and regional ensemble‑mean precipitation 
biases

The zonally asymmetric biases in the tropical precipitation 
are dominated by the annual-mean signal, shown in Fig. 2b, 
c. A westward shift of precipitation maxima (primarily 
equatorward of 10◦) is seen in the Indian Ocean (associated 
with increased zonal SST gradient variability; Weller and 
Cai 2013), and in the west Pacific (associated with a west-
ward shift of the rising branch of the Walker circulation; Lin 
2007). A decrease in precipitation over equatorial America 
shifts the precipitation maximum associated with the zonal 
overturning circulation in the Atlantic toward the eastern 
boundary of the Pacific (cf. Siongco et al. 2015).

A comparison of the monthly mean precipitation in 
observations and in CMIP5 models reveals that hemispher-
ically symmetric and antisymmetric biases in the ITCZ 
position occur in two main sectors (Fig. 3): (a) the west-
ern Pacific (WP, 150◦E–240◦E), and (b) the eastern Pacific 
and Atlantic (EPA, 240◦–0◦E). CMIP5 precipitation in WP 
shows a more pronounced double-ITCZ signal year-round, 
partly because of an elongated and less diagonal south 
Pacific convergence zone (SPCZ; e.g., Brown et al. 2013) 
than observed, and partly because of enhanced and more 
poleward extended precipitation maxima on either side of 
the equator (Fig. 4). In EPA (Fig. 5), the ITCZ stays north 

http://www.cgd.ucar.edu/cas/catalog/newbudgets
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of the equator year-round in observations, but it migrates 
southward across the equator around December in CMIP5 
models, and returns to its observed position north of the 
equator only around June. During March–April in the east-
ern Pacific (Fig. 3), instead of the double ITCZ that strad-
dles the equator in observations, a dominant ITCZ south 
of the equator is seen in CMIP5 models. This alternating 
northern and southern position of the ITCZ in CMIP5 
models accounts for the doubly peaked annual-mean pre-
cipitation in EPA seen in most GCMs in Fig. 1 and in the 
ensemble mean (Fig. 2a; de Szoeke and Xie 2008).

The distinctions between WP and EPA are demonstrated 
by the sector means of the indices AP and EP (Fig. 6). In 
WP, AP biases are insignificant while EP is biased low in 
CMIP5 models year-round. In contrast, in EPA, both AP 
and EP biases show a strong seasonal signal.

3.2 � Relating precipitation and energy biases

The energy balance relation (2) suggests that the excessive 
southward migration of the ITCZ in EPA in CMIP5 models 
may be related to positive biases in AET†

0
 there. Indeed, such 

AET
†

0
 biases are only seen in EPA (Fig. 7). The timing of 

the AET†

0
 biases, which begin September–October and end 

May–June, is also consistent with the timing of the ITCZ 
biases, given that AET†

0
 variations generally lead ITCZ vari-

ations by one to two months (Adam et al. 2016b).
The increased prevalence of double-ITCZ states in WP 

in CMIP5 models is related to a low bias of the discrimi-
nant ΔI (Eq. 4). Similarly, the increased latitudinal separa-
tion between the ITCZs that straddle the equator is expected 
when local NEI minus energy storage I∗

0
 becomes more neg-

ative (Eq. 3). We find that both ΔI and I∗
0
 are dominated by 

equatorial NEI0, shown in Fig. 8. In agreement with theory, 
negative NEI0 biases are seen year-round in the Pacific but 
are not consistently evident elsewhere.

The annual-mean EFE and EFPMs in observations and 
CMIP5 models are shown in Fig. 9. In CMIP5 models, the 
more pronounced and farther apart double-ITCZ states in 
WP go along with westward extended and farther apart zeros 
of the meridional component of the divergent AET (solid 
black lines). In EPA, the positive AET†

0
 bias (Fig. 7) results 

in a southward shift of the EFE. The westward shift of the 
equatorial precipitation maximum associated with the ris-
ing branch of the Walker circulation is roughly consistent 
with a westward shift of the CMIP5 EFPM in the equatorial 
west Pacific (solid green line). A similar westward shift of 
the EFPM associated with the rising branch of the zonal 
overturning circulation in the Atlantic underestimates the 
pronounced westward shift of the precipitation maximum 
in CMIP5 models (Fig. 2c).

Our seasonal and regional analysis therefore shows a 
consistent relation between hemispherically symmetric and 
antisymmetric precipitation biases and biases in NEI0 and 
AET

†

0
. A weaker relation is found between zonally asymmet-

ric precipitation biases and biases in the zonal component 
of the divergent AET. In addition, we find that biases in 
energy storage by the atmosphere are small and insignifi-
cantly related to the precipitation biases (not shown). The 
seasonal biases in the cross-equatorial AET and in the diver-
gence of AET near the equator can therefore primarily be 
attributed to biases in the TOA and surface energy fluxes. 
Next we examine possible sources of these seasonal and 
regional energy biases.

3.3 � Potential sources of the energy budget biases

The reduced equatorial NEI in the Pacific is associated with 
the well known biases in the eastern Pacific and Atlantic 
cold tongues in CMIP models (e.g., de Szoeke and Xie 

Fig. 2   a Annual-mean precipitation in the GPCP dataset (black con-
tours, 2 mm day−1 intervals) and the CMIP5 ensemble mean (HIST; 
color). b Annual-mean precipitation bias (CMIP5 mean minus 
GPCP). Side panels show zonal means. c Equatorial precipitation 
(averaged equatorward of 10◦ latitude) as a function of longitude in 
the GPCP dataset and the CMIP5 ensemble mean. Data averaged for 
1979–2004
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2008; Li and Xie 2012; Zheng et  al. 2012; Li and Xie 
2014). Figure 10 shows the tropical annual-mean SST and 
NEI in observations and in CMIP5 models. SSTs and NEI 
are clearly strongly coupled equatorward of ∼ 10◦ in both 
observations and CMIP5 models. The biases in SSTs and 
NEI during boreal winter and spring, and during boreal sum-
mer and fall are shown in Fig. 11. In WP, hemispherically 
symmetric negative equatorial NEI and SST biases are seen 

year-round, associated with a westward elongated Pacific 
cold tongue in CMIP5 models. In contrast, the equatorial 
NEI and SST biases in EPA are dominantly hemispherically 
antisymmetric during boreal winter and spring, consistent 
with a positive AET†

0
 bias there (Fig. 11a). During boreal 

summer and fall (Fig. 11b), hemispherically antisymmetric 
NEI and SST biases in EPA are weak, consistent with the 
weak precipitation biases in EPA during this period. The 

Fig. 3   Monthly mean tropical precipitation in the GPCP dataset (black contours, 3 mm day−1 intervals) and the CMIP5 ensemble mean (color) 
for 1979–2004
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hemispherically antisymmetric tropical NEI biases are also 
found in uncoupled (AMIP) climate models, suggesting that 
these biases can likely be traced to the atmospheric compo-
nent of climate models (Xiang et al. 2017).

The biases in the equatorial zonal SST gradients shown in 
Fig. 11 are likewise consistent with the shifts in EFPMs seen 
in Fig. 9. The westward bias of the EFPM over the maritime 
continent is consistent with a cool bias in the mid Pacific and 
a warm bias in the Indian ocean. Similarly, the westward bias 
of the EFPM in the west Atlantic is consistent with warm 

biases in the upwelling region along the western coast of 
south America, and cool biases to the east, off the coast of 
Brazil. However, we find that the effect of the zonally asym-
metric NEI biases on the EFPM shifts is sensitive to the 
boundaries of the region under consideration, making the 
relation of NEI biases and EFPM shifts merely qualitative.

The positive biases in AET†

0
 in EPA during the SH rainy 

season (and the associated ITCZ shifts) are linked to either 
negative NEI biases in the NH or positive NEI biases in 
the SH, which may lie outside the tropics. Hwang and 

Fig. 4   Zonal-mean precipitation in the western Pacific (150◦E–240◦E) for the GPCP dataset (black) and the CMIP5 ensemble mean (HIST; red) 
for 1979–2004. Shading indicates ± 1 standard deviation of intermodel spread
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Frierson (2013) proposed insufficient reflection of short-
wave radiation by Southern Ocean clouds as a potential 
source of positive NEI biases in the SH. Such radiative 
biases are linked mechanistically to biases in the ITCZ 
position through an anomalous meridional overturning 
circulation that transports energy across the equator and 
produces ITCZ shifts (Hwang and Frierson 2013; Li and 
Xie 2014). To quantify the relation of TOA cloud radia-
tive effects (CRE, the difference between total and clear-
sky TOA radiative fluxes) and AET†

0
 biases in EPA, we 

regress local TOA CRE biases onto AET†

0
 biases averaged 

over EPA. We calculate regressions for zero lag (Fig. 12a), 
and for TOA CRE biases that lead and lag AET†

0
 biases 

(left and right panels of Fig.  12, respectively) by 1–5 
months. We find that TOA CRE biases over the Southern 
Ocean indeed lead AET†

0
 biases in EPA by 2–4 months—

a lag consistent with the time it may take extratropical 
SST anomalies to affect the ITCZ position (Kang and Xie 
2014; Woelfle et al. 2015). However, the Southern Ocean 
TOA CRE biases are weak and zonally homogeneous and 
therefore not easily related to the zonally localized AET†

0
 

biases in EPA. A negative TOA CRE regression coefficient 

Fig. 5   As in Fig. 4 but for the eastern Pacific and Atlantic (i.e., zonal average over all longitudes between 240◦E–0◦, including land areas)
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off the western coasts of south America and south Africa, 
associated with tropical low-cloud biases (e.g., Fermepin 
and Bony 2014), is also consistent with the AET†

0
 biases 

and leads these biases by 3–5 months. Additionally, the 
lagged TOA CRE regression coefficient in the deep tropics 
is weak, showing no indication of significant TOA CRE 
feedbacks induced by ITCZ shifts.

To identify potential sources of AET†

0
 biases in EPA that 

are linked to local biases in the net atmospheric energy 
budget, we similarly regress local NEI biases onto AET†

0
 

biases in EPA (Fig. 13). In the deep tropics, the regres-
sions indicate a strong link between equatorial NEI biases 
and AET†

0
 biases in EPA (Fig. 13a), as also implied by 

Fig. 11. However, since the NEI biases both lead and lag 
the AET†

0
 biases by 1–2 months (Fig. 13b, c, g, h), these 

tropical NEI bases may be induced by the ITCZ shifts 
associated with the AET†

0
 biases, rather than causing them. 

Outside the tropics, a region with strong negative NEI 
biases is found in the so-called north Atlantic ‘transition 
zone’, situated at the boundary between the subtropical 
and subpolar gyres (Buckley and Marshall 2016). These 
biases, caused by increased ocean heat uptake, lead AET†

0
 

biases by 0–3 months, pointing to this region as an addi-
tional potential source of bias.

4 � Summary and conclusions

We have provided a detailed analysis of regional and sea-
sonal characteristics of the longstanding double-ITCZ bias 
(DIB). Our analysis of hemispherically symmetric, hemi-
spherically antisymmetric, and zonally asymmetric pre-
cipitation biases in the CMIP5 models showed that these 
are related to biases in the atmospheric energy budget. This 
allowed us to relate ITCZ biases to energetic biases in cli-
mate models. We found:

1.	 In the western Pacific (WP), models throughout the 
year exhibit double ITCZs straddling the equator that 
are more pronounced and farther apart than is observed 
(Fig. 4). This bias is captured by a low bias of the equa-
torial precipitation index EP (Fig. 6b). Consistent with 
the energy budget, the bias is associated with a reduced 
atmospheric net energy input at the equator, which, in 
turn, is linked to the well known eastern Pacific cold 
tongue bias in climate models (e.g., Li and Xie 2014).

2.	 In the eastern Pacific and Atlantic (EPA), the ITCZ in 
models migrates excessively southward during boreal 
winter and spring (Li and Xie 2014). This bias is cap-
tured by a low bias of the precipitation asymmetry index 

Fig. 6   Seasonal cycle of the zonal-mean precipitation asymmetry 
index AP and the equatorial precipitation index EP in the western 
Pacific (left panels) and eastern Pacific and Atlantic (right panels). 

Data from the GPCP dataset (black) and CMIP5 ensemble mean (red) 
for 1979–2004. Shading indicates ± 1 standard deviation of inter-
model spread
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AP (Fig. 6c). The excessive southward ITCZ displace-
ment is associated with a southward shift of the energy 
flux equator in EPA (Fig. 9), which in turn is related to a 
high bias of the cross-equatorial divergent atmospheric 
energy transport AET†

0
 (Fig. 7). A lead-lag analysis of 

the relation of energy budget biases and the AET†

0
 bias 

in the EPA points to low-cloud and SST biases in the 
tropics and SST biases in the north Atlantic as potential 
sources of the AET†

0
 bias (Figs. 12, 13). Consistent with 

previous DIB analyses (Hwang and Frierson 2013; Li 
and Xie 2014), Southern Ocean cloud biases (Fig. 12) 
are also related to the AET†

0
 bias; they lead the AET†

0
 

bias in EPA by 2–4 months. However, the Southern 

Ocean cloud biases are weak in their energetic effect 
on AET†

0
, and they are zonally relatively homogeneous, 

making them less likely candidates for drivers of the 
zonally localized EPA precipitation biases.

3.	 The precipitation peaks associated with the ascend-
ing branches of the zonal overturning circulations in 
the western Pacific and western Atlantic are displaced 
westward in the models relative to observations (Fig. 2b, 
c). These zonally asymmetric biases are qualitatively 
consistent with a westward bias of the energy flux prime 
meridians (EFPMs) in these regions in the models 
(Fig. 9), induced by a low bias of zonal SST gradients 
in the west Pacific and west Atlantic (Figs. 10, 11).

Fig. 7   Seasonal bimonthly means of the meridional component of 
the divergent cross-equatorial atmospheric energy transport AET†

0
 

as a function of longitude for ERAI (OBS; black) and the CMIP5 
ensemble mean (HIST; red) for 1979–2004. Shading indicates ± 1 
standard deviation of intermodel spread. The locations of mean equa-
torial (equatorward of 5◦) land masses are shown in green

Fig. 8   Seasonal bimonthly means of equatorial atmospheric net 
energy input NEI

0
 as a function of longitude for ERAI (OBS; black) 

and the CMIP5 ensemble mean (HIST; red) for 1979–2004. Shading 
indicates ± 1 standard deviation of intermodel spread. The locations 
of mean equatorial (equatorward of 5◦) land masses are shown in 
green
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Generally, the atmospheric NEI biases associated with the 
well known Pacific and Atlantic cold tongue biases are con-
sistent with the hemispherically symmetric, hemispherically 
antisymmetric, and the zonally asymmetric ITCZ position 
biases in CMIP5 models. This highlights the strong link 
between the double-ITCZ and cold tongue biases in CMIP 
models, which both date back to the earliest generations of 
climate models. They likely are inseparable aspects of the 
same problem (de Szoeke and Xie 2008; Li and Xie 2014). 
But as for all budget analyses, causes and effects are difficult 
to disentangle.

The doubly peaked zonal- and annual-mean precipi-
tation distribution in the CMIP5 ensemble mean, from 
which the double-ITCZ bias derives its name, results 
from both the more pronounced double-ITCZs in WP 
and the extended southward seasonal migrations of the 
ITCZ in EPA. Previous works have shown strong corre-
lations between zonal- and annual-mean hemispherically 
antisymmetric precipitation biases in CMIP5 models and 
cross-equatorial AET (Hwang and Frierson 2013; Adam 

Fig. 9   Annual-mean zonal (color) and meridional (black contours) 
components of the divergent atmospheric energy transport ⟨�h⟩† 
in a the ERAI dataset and b the CMIP5 ensemble mean. Solid/
dashed black contours indicate positive/negative values at 40 ⋅ 106 
W m−1 intervals. Zonal energy flux prime meridians (EFPMs, where 
⟨uh⟩† = 0 and 𝜕x⟨uh⟩† > 0) equatorward of 30◦ are indicated by green 
lines. Zero contours of ⟨vh⟩† where 𝜕y⟨vh⟩† > 0 (implying a rising 
branch of the meridional overturning circulation) are shown in thick 
solid black. Zero contours of ⟨vh⟩† where 𝜕y⟨vh⟩† < 0 (implying a 
descending branch) are shown in thick dashed black. Data averaged 
for 1979–2004

Fig. 10   Annual-mean tropical atmospheric net energy input (NEI, 
color) and sea surface temperatures (contours, 1K intervals) for a 
observations and b the CMIP5 ensemble mean. Side panels show 
zonal means of the oceanic NEI. The observational data are taken 
from the ERAI and ERSST datasets for 1979–2004

Fig. 11   Differences between the CMIP5 ensemble mean and obser-
vations in tropical atmospheric net energy input (NEI, color) over 
oceans and in sea surface temperatures (1K contours), for the months 
a Jan–Jun and b Jul–Dec. Side panels show zonal means of the NEI 
bias over oceans (thick black), as well as the hemispherically sym-
metric (dotted) and antisymmetric (dashed) components of the zonal 
means. The observational data are taken from the ERAI and ERSST 
datasets for 1979–2004
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et al. 2016c). However, in contrast with theory (Eq. 2), 
these strong correlations do not result because of a grad-
ual southward shift of the ITCZ (i.e., of the precipitation 
peak); rather, the strong zonal- and annual-mean corre-
lations primarily result from variations in the amplitude 

of the precipitation maximum south of the equator (cf. 
Hwang and Frierson 2013; Adam et al. 2016c). Our analy-
sis shows that this inconsistency with theory is resolved 
when the seasonal and regional aspects of the bias are 
taken into account.

Fig. 12   Regression coefficients of monthly CMIP5 ensemble-mean 
biases in top-of-atmosphere cloud radiative effects (TOA CRE) and 
biases in AET†

0
 in the eastern Pacific and Atlantic (240◦E–0◦ sector 

indicated by a green line). Regions where the regression of TOA CRE 
onto AET†

0
 biases is insignificant (p < 0.05) are masked out (shown in 

white). Zero-lag regression is shown in panel a. Regressions of TOA 

CRE biases that lead (lag) AET†

0
 biases by 1 to 5 months are shown 

on the left (right) panels. Positive AET†

0
 biases are expected for a 

regression that is negative (blue) in the NH and positive (orange) in 
the SH. Bias time series is derived from monthly CMIP5 data minus 
monthly ERAI and CERES data for the period 2001–2014



Regional and seasonal variations of the double‑ITCZ bias in CMIP5 models﻿	

1 3

While previous studies have focused primarily on the 
relation of zonal- and annual-mean DIB and the cross-
equatorial AET bias (Hwang and Frierson 2013; Li and 
Xie 2014; Xiang et al. 2017), we have shown here that the 
cross-equatorial AET bias is related to DIB only in EPA. 
The WP precipitation bias, which accounts for about half 
of the zonal- and annual-mean DIB signal, has a strong 
hemispherically symmetric component that is independent 

of the cross-equatorial AET bias. The distinct seasonal and 
regional characteristics of WP and EPA biases and the dif-
ferences in the associated energy budget biases suggest that 
the precipitation biases in these sectors may involve different 
mechanisms and potentially have different sources.
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