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ABSTRACT

In phases 5 and 6 of the state-of-the-art Coupled Model Intercomparison Project (CMIP5 and CMIP6,
respectively) models, there is an apparent excessive rainfall bias with a negative SST bias in the tropical Pacific
intertropical convergence zone (ITCZ). The regime of the excessive ITCZ but negative SST bias is incon-
sistent with the common positive rainfall-SST correlation of climate anomalies over the tropics. Using a two-
mode model, we decomposed the rainfall bias into two components and found that the surface convergence
(SC) bias is the key factor forming the excessive ITCZ bias in the historical runs of 25 CMIP5 models and
23 CMIP6 models. A mixed layer model was further applied to connect the formation of the SC bias with the
SST pattern bias. The results suggest that the meridional pattern of the SST bias plays a key role in forming the
SC bias. In the CMIPS and CMIP6 models, the overall negative SST bias has two apparent meridional troughs
at around 10°S and 10°N, respectively. The two meridional troughs in the SST bias drive two convergence
centers in the SC bias favoring the excessive ITCZ, even though the local SST bias is negative.

1. Introduction

The strong positive correlation between rainfall and
local sea surface temperature (SST) in the tropics is
almost a common sense in studying their spatial distri-
bution and interannual variations. Spatially, higher SST
in one area relative to other tropical areas can drive
higher local rainfall; and temporally, positive SST
anomalies can often induce positive local rainfall
anomalies (e.g., Bjerknes 1969; Gill and Rasmusson
1983; Graham and Barnett 1987; Liebmann and Hartmann
1982). The positive correlation between rainfall and SST in
the tropics is mainly due to the dominant role of SST in the

Corresponding authors: Ping Huang, huangping@mail.iap.ac.cn

DOI: 10.1175/JCLI-D-19-0922.1

tropical convective instability (e.g., Sobel et al. 2001; Xie
et al. 2010).

However, the state-of-the-art climate models partici-
pating in phase 5 of the Coupled Model Intercomparison
Project (CMIP5) simulate an apparent rainfall-SST re-
gime characterized by positive rainfall but negative SST
biases in the tropical Pacific (Fig. 1; analysis details
presented in section 2), which does not follow the
common positive rainfall-SST correlation. The positive
rainfall biases are symmetrical about the equator, fea-
turing an excessive rainfall bias over the intertropical
convergence zone (ITCZ), the South Pacific conver-
gence zone, and the southeastern Pacific (Adam et al.
2018; Lin 2007). In the previous studies, the positive
rainfall biases in the southeastern Pacific are well known

© 2020 American Meteorological Society. For information regarding reuse of this content and general copyright information, consult the AMS Copyright

Policy (www.ametsoc.org/PUBSReuseLicenses).


mailto:huangping@mail.iap.ac.cn
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses

5306 JOURNAL OF CLIMATE VOLUME 33
a) Bias of Pr (9
oy @ ] 3 © ‘
10N - G . v,
I A
0 18 === AR
5 oY
108 e T ¥ — o © ghdhPhedso
S 'S, 20 F o £ro @ oy
20S © DEJD ap Bo
120E  150E 180  150W  120W  90W  60W 'g o,
I — — I — — E o0 :
25-2-15-1-050 05 1 15 2 25 AT Gt
mm day ™’ a I o
(b) Bias of SST kS
20N T &
; T 20 [ !
10N % Il O Tropics
0 ¢ O Tropics_NH
B A Tropics_SH
10S 40 1
20S I I I I I
120E  150E 180  150W  120W  90W  60W 20 10 0.0 1.0 2.0
08 04 0 04 08— Bias of SST (°C)
0,
C
d) Bias of Pr f
20N ECL) 40 (,) ‘
10N %. | Cm— : NS
A
0 %’,? AL . v o' DAD A
o5 DT ~ g g B
P 'S, 20 | ° A 04 8
20S : ‘ : ‘ 3 a0 gR®.°40 %0
120E  150E 180  150W  120W  90W  60W 'g o
—— — ——— £ =
25-2-15-1-050 05 1 1.5 2 25 R X J R R R
mm day ™" i ‘
(e) Bias of SST S
20N e
) 8 20 [ ,
10N o O Tropics
0 O Tropics_NH
A Tropics_SH
108 40 - ‘
20S I I I I I
120E  150E 180  150W  120W  90W  60W 20  -1.0 0.0 1.0 2.0
0E 04 0 04 o8 Bias of SST (°C)
o
c

FIG. 1. Annual-mean bias of (a) rainfall and (b) SST in the MME of CMIPS5 historical simulations compared with
observation. The hatched area in (b) denotes the rainfall bias (20°S-20°N, 150°E-90°W) greater than 1 mm day ! to
represent the excessive ITCZ region. (c) Relationship between the area average of SST and rainfall biases (black
circles) over the region of the excessive ITCZ bias in the 25 CMIP5 models. The blue squares and red triangles in
(c) represent the area average over the Northern and Southern Hemispheres of the excessive ITCZ region, re-
spectively. (d)-(f) As in (a)—(c), respectively, but for CMIP6 models.

as the double-ITCZ problem (Dai 2006; Li et al. 2004;
Mechoso et al. 1995). Here, we label the positive rainfall
biases over the entire tropical Pacific as the “‘excessive
ITCZ bias” to distinguish from “double-ITCZ bias”
term which often refers to the excessive rainfall over the
southeastern Pacific.

Many studies have been conducted to understand the
double-ITCZ part of the excessive ITCZ problem, and
some key factors have been revealed; for example, the
convective parameterization scheme (Song and Zhang
2009, 2018; Zhang and Song 2010), the entrainment
parameter for the dynamical suppression of deep con-
vection (Hirota et al. 2011; Oueslati and Bellon 2013),
the convective mixing rate (Mobis and Stevens 2012),
the SST threshold of deep convection (Bellucci et al.
2010), and cross-equatorial energy transport (Hwang

and Frierson 2013). The large number of studies indi-
cates the variety of factors contributing to the formation
of the double ITCZ (Song and Zhang 2016). For the SST
bias in the tropical Pacific, the mechanism of the for-
mation of the cold SST bias in the excessive ITCZ region
remains unclear, even though the excessive cold-tongue
SST bias and the warm SST bias in the southeastern
Pacific bias have been well studied (Fushan et al. 2005;
Huang and Ying 2015; Li and Xie 2012; Wittenberg et al.
2006; Yu and Mechoso 1999; Zhang and Song 2010;
Zhang et al. 2014; Zheng et al. 2012, 2011).

Previous studies have shown that the biases in models
and the intermodel discrepancies with respect to the
tropical Pacific rainfall and SST are closely connected to
the projected climate changes under global warming (e.g.,
Huang and Ying 2015; Li et al. 2016; Ying and Huang
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2016). Therefore, the unexplained regime of the ex-
cessive ITCZ bias but cold local SST bias will impair
the reliability of the climate predictions and future
projections given by the models (Samanta et al. 2019;
Tian 2015; Wittenberg et al. 2006). Moreover, this
rainfall-SST bias regime imposes a barrier to applying
the “‘emergent constraint’ approach to correct future
climate change projections (Hall et al. 2019), even
though some significant emergent relationships have
been found.

Actually, besides the direct effect of local SST, the at-
mospheric surface convergence (SC) is another factor with
an important role in tropical rainfall (Back and Bretherton
2009b; Fu et al. 1994; Ramage 1977; Zhang 1993). Based on
the combined role of local SST and SC on tropical rainfall,
Back and Bretherton (2009b) developed a simple two-
mode model to explain the climatological pattern of
tropical rainfall and connect it to SST and SC. This two-
mode model can decompose the tropical rainfall-related
vertical motion into a shallow mode and a deep mode,
which are further related to local SST and SC, respectively.
Furthermore, the SCis closely associated with the gradient
of SST, which dominates the gradient of surface air pres-
sure (Back and Bretherton 2009a; Lindzen and Nigam
1987). The two-mode model reveals that tropical rainfall is
dependent not only on local SST but also on the SST
pattern in a larger region. Recently, the two-mode model
decomposition for tropical rainfall was used to understand
changes in tropical rainfall and their relationship with the
tropical SST change under global warming (Back and
Bretherton 2009b; Duffy et al. 2020).

In this study, we use the two-mode model to investi-
gate the formation of the excessive ITCZ but negative
SST biases in CMIP5 models and the latest released
CMIP6 simulations. The observed and CMIP5- and
CMIP6-simulated tropical Pacific rainfall are decom-
posed into two parts, associated with SST and SC, using
the two-mode model. The results show that the meridi-
onal pattern of the SST bias in the whole tropical Pacific
is another key reason forming the excessive ITCZ bias
with negative local SST bias. Section 2 describes the
CMIP5 and CMIP6 outputs and observed data used in
this study and briefly introduces the two-mode model
and mixed layer model. In section 3, we present the re-
sults from the two-mode model and emphasize the role
of the meridional pattern of SST bias. Conclusions and
discussion are presented in section 4.

2. Data and methods
a. Data

We used the historical runs from 25 CMIPS5 models
(available at http://pcmdi9.llnl.gov/; Taylor et al. 2012).
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They were ACCESS1.0, ACCESS1.3, BCC_CSM1.1,
BNU-ESM, CanESM2, CCSM4, CESM1(BGC),
CESM1(CAMS), CMCC-CM, CNRM-CMS5, GFDL
CM3, GFDL-ESM2G, GFDL-ESM2M, HadGEM2-ES,
IPSL-CM5A-LR, IPSL-CM5A-MR, IPSL-CM5B-LR,
MIROCS, MIROC-ESM, MIROC-ESM-CHEM, MPI-
ESM-LR, MPI-ESM-MR, MRI-CGCM3, NorESM1-M,
and NorESM1-ME (see http://cmip-pcmdi.llnl.gov/cmip5/
availability.html for details). The historical runs from 23
CMIP6 models were also used (Eyring et al. 2016). They
were BCC_CSM2-MR; BCC_ESM1; Chinese Academy
of Meteorological Sciences Climate System Model, ver-
sion 1.0 (CAMS-CSM1.0); CanESMS5; CESM2; CNRM-
CM6.1; CNRM-ESM2.1; FGOALS-g3; GISS-E2.1-G;
GISS-E2.1-G-CC; GISS-E2.1-H; GFDL CM4; GFDL-
ESM4; HadGEM3-GC31-LL; IPSL-CM6A-LR; MIROC-
ES2L; MIROC6; MRI-ESM2.0; Nanjing University of
Information Science and Technology Earth System
Model, version 3 (NESM3); Norwegian Climate Prediction
Model, version 1 (NorCPM1); NorESM2-LM; Seoul
National University Atmosphere Model, version 0, with
a Unified Convection Scheme (SAMO-UNICON); and
U.K. Earth System Model, version 1.0 (UKESM1.0-LL).
The horizontal wind at 1000 hPa was used to represent
the surface wind in CMIP datasets. The number of
CMIP5 models (25) is arguably quite limited; however,
we were restricted by the need for the following analyses
to draw upon numerous variables that are unavailable
in several of the other models that were not selected.
We only selected the first realization (rlilpl for CMIP5
and rlilplfl for CMIP6) of each model, excluding
CNRM-CM6.1 (rlilplf2), CNRM-ESM2.1 (rlilplf2),
HadGEM3-GC31-LL (rlilp1f3), MIROC-ES2L(r1ilp1f2),
and UKESM1.0-LL (rlilp1f2) in CMIP6, because of the
lack of the first realization in these models.

For contrasting with observational data, we used
rainfall data from the Global Precipitation Climatology
Project dataset (Adler et al. 2003), SST data from
monthly NOAA optimal interpolation SSTs (Reynolds
et al. 2002), and surface wind data from scatterometer
measurements of sea surface vector wind by the
QuikSCAT satellite (Liu et al. 2000). The temperature,
geopotential, vertical pressure velocity, and shortwave
and longwave radiative fluxes at the surface and top of
the atmosphere were obtained from the ERA-Interim
dataset (Dee et al. 2011). All the model output and
observational data were interpolated onto a 2.5° X 2.5°
grid (90°S-90°N, 0°-357.5°E) using bilinear interpola-
tion before analysis. Although this study focuses on the
annual-mean result, all data are monthly and first aver-
aged over years to give climatological monthly values.

The present-day climatology in CMIP5 and CMIP6 is
defined as the average from 1981 to 2000. Since the
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FIG. 2. Annual-mean climatology of observed (a),(c) SST and (b),(d) rainfall in the periods (a),(b) 2000-08 and

(c),(d) 1981-2000. The difference in climatology between the periods 2000-08 and 1981-2000 with respect to
(e) SST and (f) rainfall. The ratio of the different climatologies of the two periods with respect to (g) SST and
(h) rainfall relative to the respective biases in CMIP5 models. The hatched area in (h) denotes the excessive ITCZ

region with rainfall bias greater than 1 mm day ™~

surface wind is a very important variable to the two-
mode model analysis, but reliable wind data from
QuikSCAT are only available for the period of 2000-08,
the 2000-08 mean was defined as the present-day cli-
matology in observed data. We compared the 1981-2000
mean and the 2000-08 mean in terms of SST and rainfall
for the observed data (Fig. 2). The differences of annual-
mean climatological SST and rainfall between the two
periods are shown in Figs. 2e and 2f, respectively. To
prove that the differences have little impact on the study
of bias, we calculate the ratio of these differences to
the SST and rainfall biases in the CMIP5 models
(Figs. 2g,h). The impact of the difference between the
two periods is little on the SST bias, only a few grids
show the values greater than 1 (Fig. 2g). In the exces-
sive ITCZ region [where the annual-mean rainfall bias
is greater than 1mmday ' over the tropical Pacific
(20°S-20°N, 150°E-90°W)], we found that the difference
between the two periods is also negligible compared with

, as in Fig. 1b.

the excessive ITCZ biases (Fig. 2h). Therefore, we are
confident that the observed climatology defined by the
2000-08 mean does not influence the main conclusions in
the present study.

b. Two-mode model

A two-mode model that depicts the climatological
rainfall from SST and SC was used in the present study.
This model starts from the dry static energy equation
and considers a simplified balance between the adiabatic
variation due to vertical motion, radiative cooling and
latent heating. The vertical motion is further repre-
sented by two modes, the shallow and deep modes,
which can together explain more than 90% of the ver-
tical motion variability in the tropics. The shallow mode
is theoretically connected to SC only, while the deep mode
is empirically connected to SC and SST. Meanwhile, the
radiative cooling is also empirically linked to these two
modes. Thus, tropical rainfall can be approximately
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depicted from the adiabatic variation due to the two-
mode vertical motion and radiative cooling, and further
connected to the SC and SST. The tropical rainfall
reconstructed by the two-mode model (denoted as
Pryvv) can depict the observed and modeled rainfall
climatology well in the tropics (Back and Bretherton
2009b; Duffy et al. 2020). To distinguish the components
related to different physical processes, we recombined
the terms in the shallow and deep mode and decom-
posed tropical rainfall into two components—the first
component consisting of the terms related to SC Pgc and
the heating component Py, composed of the remain-
ing terms—which are distinct to the two-mode decom-
position in previous studies (Back and Bretherton
2009b; Duffy et al. 2020). The Pgsc is linearly related with
SC, while Py, consists of the terms related to relative
SST (calculated as the difference between the SST and
its average over the tropical oceans) and spatially av-
eraged radiative heating. More details about the two-
mode model can be found in the appendix.

c. Surface convergence contributed by SST

Previous studies have shown that SC can be approxi-
mately described by the downward momentum mixing
from the above free atmosphere and the gradient of
surface pressure using a linear mixed layer model (Back
and Bretherton 2009a; Stevens et al. 2002). In the linear
mixed layer model, the boundary layer winds driven by
the gradient of surface pressure make up the dominant
component of SC, which can be written as

d 9

f Py + € Py

T dy Lox
INCRIDN

J J

Lo
v=—ou——2 2

PNCESD @

where u and v are boundary layer horizontal winds, ¢; is a
parameter related to entrainment mixing at the top of
the boundary layer and set to 3.5 X 10 °s ™!, fis the
Coriolis parameter, pg is a constant reference density
(1.255kgm %), and p is the surface pressure. Moreover,
the contribution of SST to the surface pressure can be
estimated as

u=

)

— 1
Py—sst = PoPsso <2 - E”SST> ) A3)

where Dgs is the geopotential at 850 hPa and the over-
bar denotes the tropical (20°S—-20°N) mean and # is a
constant (1/288 K™'). Finally, the linear mixed layer
model can estimate the contribution of the SST pattern
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to SC from SST datasets, mathematically connected to
the Laplacian of SST (Duffy et al. 2020). Previous
studies have shown that the SC estimated by the linear
mixed layer model is highly consistent with the SC di-
rectly calculated from the observed or modeled surface
wind (Back and Bretherton 2009a). Therefore, the lin-
ear mixed layer model is a useful tool to illustrate the
impact of the SST pattern on SC.

3. Results

a. The SST and rainfall biases among the CMIP5
models

Figures la and 1b show the annual-mean rainfall
and SST biases in the CMIP5 historical simulations.
There is an apparent excessive ITCZ bias in the tropical
Pacific and an associated negative SST bias. We fur-
ther defined the area where the rainfall bias is greater
than 1 mm day ' over the tropical Pacific (20°S—20°N,
150°E-90°W) as the excessive ITCZ region to clearly
show the relationship between the SST and rainfall
biases in each model. The area average of rainfall
versus SST biases over the excessive ITCZ region for
each model is shown in Fig. lc. In most CMIPS5
models, there is a positive rainfall bias corresponding
to anegative SST bias in either the northern part (blue
squares in Fig. 1c) or the southern part (red triangles
in Fig. 1c) of the excessive ITCZ region. There is an
obvious positive intermodel relationship between the
excessive ITCZ bias and negative SST bias among the
CMIP5 model in Fig. 1c, which cannot change the fact
that most points exist in the second quadrant. The
results from the CMIP6 models (Figs. 1d—f) are nearly
the same as those based on the CMIP5 models.
Although the warm SST bias in the southeastern
Pacific extends more westward in CMIP6 than CMIP5
(Fig. 1e), this discrepancy does not influence the regime
of the rainfall and SST biases (Fig. 1f). From Fig. 1, we
can clearly see that the well-known double-ITCZ bias is
not only located over the southeastern Pacific but can
also extend to the southwestern Pacific, and there is a
corresponding excessive rainfall bias in the Northern
Hemisphere. Therefore, the double-ITCZ bias could be
considered as a part of the excessive ITCZ bias.

b. Rainfall biases presented by the two-mode model

The two-mode model was used to reconstruct tropical
Pacific rainfall and decompose it into the heating and SC
components. Figure 3 shows the tropical Pacific rainfall
reconstructed by the two-mode model (Pryy) in the
observations (Fig. 3a) and in the multimodel ensemble
(MME) of the CMIPS5 historical runs (Fig. 3b). The root-
mean-square error (RMSE) of the reconstructed Py
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FIG. 3. Reconstructed rainfall Py based on the two-mode
model in (a) observations and (b) the MME of the historical runs
from 25 CMIP5 models. (c) The bias of the CMIP5 historical Py
relative to the observed Prynv. The contours in (c) are the original
rainfall bias presented in Fig. 1a (interval: 0.5 mm day ).

compared to the original rainfall over the tropical
oceans (20°S-20°N) is 1.95 and 1.23mmday ' for the
observation (Fig. 3a) and CMIP5 (Fig. 3b), respectively.
This result suggests that the two-mode model can suc-
cessfully capture the pattern and amplitude of the
annual-mean tropical Pacific rainfall in the observation
and the CMIPS5 simulations. The bias of Pry in the
MME of CMIP5 models relative to the observed Prym
shown in Fig. 3c resembles the excessive ITCZ bias,
characterized by deficient equatorial rainfall and ex-
cessive rainfall flanked on both sides of the equator.
The heating and SC components (Pgeq and Pgc) in
the two-mode model are shown in Fig. 4. The pattern of
Piieat (Figs. 4a,b) is closely correlated to the pattern of
SST, reflecting the direct heating role of local SST in
tropical rainfall. Compared to Pyear, Psc (Figs. 4d,e)
exhibits a pronounced variation pattern, similar to the
pattern of total rainfall but with apparent negative
values. Here, the differences of Py, and Pgc between
the CMIP5 simulation and the observation define their
biases. As shown in Figs. 4c, 4f, 3c, and 1a, the bias of
Pgsc dominates the total rainfall bias, suggesting the
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important role of SC bias in forming the excessive
ITCZ bias. The bias of Py, is mainly contributed by
relative SST (not shown), with one order of magnitude
less than Pgc.

¢. Role of the meridional pattern of SST bias

A linear mixed layer model (see section 2c) is used to
investigate the causes of SC bias over the tropical
Pacific. Figure 5 shows the SC estimated from the mixed
layer model (SC_mlm) and compares it with the SC
directly calculated from the surface wind in the ob-
servation and CMIP5 historical simulations. The dis-
crepancies between the direct SC and the estimated SC
from the mixed layer model indicate that the mixed
layer model underestimates SC, especially in the ob-
servation (Figs. 5e,f). Nonetheless, the SC bias from the
mixed layer model (Fig. 6b) closely resembles the bias
of the direct SC over the excessive ITCZ region
(Fig. 6a). Despite the apparent limitations of the mixed
layer model over the eastern Pacific, the SC bias from
the mixed layer model still provides valuable infor-
mation. Moreover, the SC biases in both the direct
calculation and the mixed layer model estimation are
similar to the SC component of the rainfall bias over
the excessive ITCZ region (Fig. 4f). Thus, the mixed
layer model is a reliable tool for investigating the for-
mation of the rainfall and SC bias and their relationship
with the SST pattern bias in CMIP5 simulations.

According to Egs. (1)-(3), the SC estimated by the
mixed layer model is determined by the Laplacian of
SST (9°SST/ox* + 8°SST/9y?), and then the SC bias by
the Laplacian of the SST bias (Duffy et al. 2020; Lindzen
and Nigam 1987). Since the meridional gradient of the
SST bias is much more apparent than the zonal gradient
(Fig. 1b), the first term in the Laplacian of the SST bias is
much smaller than the second term a°SST/dy>. The bias
of 9°SST/ay* (Fig. 6¢) shows a similar pattern to the SC
bias in the direct calculation and the mixed layer model
estimation (Figs. 6a,b), suggesting the dominant role of
the meridional pattern of the SST bias in the SC bias and
in the associated rainfall bias. In the overall negative
SST bias simulated by CMIP5 models (Fig. 1b), there
are three meridional peaks, at the equator, around 20°S,
and 20°N, respectively, and two meridional troughs, at
around 10°S and 10°N, respectively. The two meridional
troughs of the negative SST bias form two convergence
centers in SC (negative SCin Figs. 6a and 6b), favoring a
positive rainfall bias, in spite of the negative local SST
bias. Incidentally, the SST pattern-induced SC bias
also plays an important role in the negative rainfall bias
at the equator, because of the meridional peak of
negative SST bias at the equator. This result suggests
that the SC process could be more important for the
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FIG. 4. The (a),(b) heating (Ppear) and (d),(e) SC (Psc) components of rainfall decomposed by the two-mode model
in (a),(d) observations and (b),(e) the CMIP5 models, along with (c),(f) their biases.

excessive cold-tongue bias forming the equatorial
deficit of rainfall than direct heating. The same ana-
lyses in CMIP6 show that the excessive ITCZ bias is
still dominated by the SC bias (Figs. 6d,e), which is
then contributed by the meridional pattern of the SST
bias (Fig. 6f).

The relationships between the SST bias and the biases
of rainfall components over the excessive ITCZ regions
based on the two-mode model and the mixed layer
model in the individual CMIP5 models are shown in the
scatterplots presented in Fig. 7. In most CMIP5 models,
the reconstructed Pty (black circles in Fig. 7a) show
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FIG. 5. The SC directly calculated from the (a) observed and (b) modeled surface winds, along with that estimated
from the mixed layer model based on the (c) observed and (d) modeled SSTs. The residual of the estimated SC from
the mixed layer model relative to the direct calculation in the (e) observations and (f) models.
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FIG. 6. The SC bias in (a) the direct calculation and (b) the mixed layer model estimation. (c) The meridional term
of the Laplacian of the SST bias. (d)—(f) As in (a)—(c), respectively, but for the CMIP6 models.

positive values, similar to the positive bias of the
original rainfall in Fig. 1c, corresponding to the nega-
tive SST bias. The Pyeq (blue squares in Fig. 7a) is
much smaller than the corresponding Pgsc (red trian-
gles in Fig. 7a) in most models and shows an inappar-
ent relationship with the SST bias. The relationship
between the biases of Psc and SST is similar with
the original rainfall-SST bias relationship in Fig. 1lc.
However, when the abscissa is changed to the opposite
meridional term of the Laplacian of the SST bias, in
almost all of the CMIP5 models the excessive ITCZ
bias and Pgc are linked to a negative meridional term
of the Laplacian of the SST bias (Fig. 7b), consistent
with the MME results in Figs. 3 and 6. Also, the same
relationships exist in all 23 of the CMIP6 models
(Figs. 7c,d). In conclusion, the SC bias driven by the
meridional gradient of the SST bias plays a key role in
the formation of excessive ITCZ bias over the negative
SST biases.

4. Conclusions and discussion

In this study, we investigated the formation of the
excessive ITCZ bias over the negative SST bias in the
tropical Pacific simulated by 25 state-of-the-art CMIP5
models and 23 of the latest-released CMIP6 models. The
results suggest that the excessive ITCZ bias is a common
bias in CMIP5 and CMIP6, as a larger system bias

containing the previously well-known double-ITCZ bias
in the southeastern Pacific.

A two-mode model (Back and Bretherton 2009b;
Duffy et al. 2020) was used to decompose the tropical
rainfall bias into two parts—the surface convergence
(SC) component related to SC, and the heating compo-
nent related to average heating and relative SST—and
the excessive ITCZ bias was found to be dominated by
the SC component. The SC-component-associated SC
bias shows an apparent convergence bias in the excessive
ITCZ region. Furthermore, a mixed layer model (Back
and Bretherton 2009a; Stevens et al. 2002) was used to
investigate the formation of the SC bias and the role of
the SST pattern. The results showed that the meridional
pattern of the SST bias is the dominant factor of the SC
bias. In the overall negative SST bias in CMIP5 and
CMIPG6, there are two apparent meridional troughs at
around 10°S and 10°N, respectively. The two meridional
troughs in the SST bias form two convergence centers in
SC favoring the excessive ITCZ, even though the local
SST bias is negative. The role of the meridional pattern
of the SST bias in forming the excessive ITCZ revealed
here is consistent with the conclusion in a recent study
(Woelfle et al. 2019) emphasizing the meridional pat-
tern of southeastern Pacific SST bias in the double-
ITCZ problem. The latest release of the CMIP6 models
offers little improvement with respect to the excessive
ITCZ bias and its relationship with the SST pattern
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FIG. 7. (a) Relationship between the biases of SST and the reconstructed rainfall in the two-mode model (Prym,
Psc, Preay) over the excessive ITCZ region in the 25 CMIP5 models. (b) Relationship between the meridional term
of the Laplacian of the SST bias and the original rainfall bias and Pgsc bias. (¢),(d) Asin (a) and (b), respectively, but

or the CMIP6 models.

bias. This result implies that the meridional structure of
tropical Pacific SST is another important factor to sim-
ulate realistic tropical Pacific rainfall in climate models.

Although the present study has demonstrated the
pronounced role played by the SST pattern bias in the
excessive ITCZ bias, the formation of SST pattern bias
and how the excessive ITCZ bias could then feed back to
the SST pattern bias was not investigated. The sharp
meridional SST gradients could be caused by equatorial
upwelling. In the tropics, excessive rainfall will decrease
the shortwave radiation, thus favoring a negative SST
bias. Moreover, the strength of the radiation feedback of
rainfall to SST also depends on the climatological con-
vective activity, which further forms a nonuniform SST

bias. This rainfall-SST coupled bias and its upper origin
are worthy of further study in the future.

Due to the limitation of the two-mode model and the
mixed layer model used in the present study, the results
on the role of the SST pattern bias can only explain the
main part of the excessive ITCZ bias. For example, the
two-mode model decomposition for the rainfall bias
cannot describe well the positive rainfall bias in the
northwestern and southwestern Pacific at around 20°S
and 20°N (Fig. 3c), and the mixed layer model cannot
describe well the structure of the SC bias in the north-
eastern Pacific (Figs. 6a,b). Therefore, more research
effort is needed to improve our understanding of the
multifaceted processes of the excessive ITCZ bias
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related to deep convection and tropical rainfall from
shallow clouds.
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APPENDIX

Two-Mode Model

We apply a simple two-mode model that depicts the
climatological rainfall from SST and SC in our study
(Dufty et al. 2020). The two-mode model is based on the
dry static energy (DSE) budget, relating rainfall to ra-
diative cooling, mean temperature (affecting the DSE
stratification), column moist stability, and SC driven by
SST gradients. Because our study focuses on tropical
rainfall over the Pacific, the eddy DSE fluxes and surface
sensible heat fluxes are negligible as in Duffy et al.
(2020), the time-mean column-integrated DSE budget is
expressed as

LP = lrvwﬁdp ~R,
8Jp, 9

1

(A1)

where P israinfall, L is the latent heat of condensation, g
is the gravitational acceleration, p; is the surface pres-
sure, p, is the tropopause pressure (100hPa in this
study), w is the vertical pressure velocity, s is the DSE,
and R is the radiative flux convergence between the
surface and 100 hPa. The DSE is defined as s = ¢, T + gz,
where ¢, is the specific heat capacity of air at constant
pressure, T is absolute temperature, and z is height. The
radiative flux convergence R is defined as the net
shortwave and longwave fluxes at the surface minus the
top of atmosphere. Upward radiative fluxes are defined
as positive. Although this study focuses on the annual-
mean result, all data are monthly and first averaged over
years to give climatologically monthly value.
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We apply an EOF analysis to the climatological
monthly o with the seasonal cycle over the tropical
oceans (20°S-20°N) and get an approximation of w es-
timated by the two leading EOFs, which are further used
to define the shallow and deep modes. The shallow and
deep modes are linear combinations of the two leading
EOFs. The deep mode is required to have zero SC so
that we assume that w are equal in the two lowest
pressure levels. The shallow mode is defined to be or-
thogonal to the deep mode. Then we can get (); and (),
which are the structures of deep mode and shallow
mode, respectively. We can project w onto (), and €} to
get a two-mode approximation:

0(x.3,1.p) ~ 0, (p)o,(x.y.1) + Q,(P)o,(x.y.1). (A2)
where o, and o, are the amplitudes of shallow and deep
modes, respectively.

Multiple linear regression analysis is performed on the
radiative flux convergence R and the mode amplitudes:

R(x,y,t) = R +r.o(x,y,t) +r,0,(x,y,1), (A3)
where R, is corresponding to spatially average radiative
heating and 7, and r; are corresponding to spatially varying
interaction between radiation and clouds. We define the
effective stabilities as M = (l/g)jﬁ ' Q) 3s/op dp — r, and
Mgy = (1/g)fZ "0 ds/dp dp — r4 so that we can combine
the Eq. (A1) with Eqgs. (A2) and (A3):

LP(x,y,t) = Mo (x,y,t) + M_,0,(x,y,t) — R,.
(A4)

Next, we relate the o, to SC and o, to SC and relative
SST (SST,.1), which is calculated as the difference be-
tween the SST and its average over the tropical oceans.
By using the continuity equation at the surface, the
shallow-mode amplitude oy is related to SC:

dQ
sceon=(52)  =(T) ot a9)
surface surface

p dp
0,(x,y,1) = aSC(x, y,1), (A6)
where the aj is given by a, = (0Q,/9p) .ccr the evalua-

tion of which is based on the two lowest pressure levels.
To relate the deep-mode amplitude o, to SC and SST,j,
the multiple linear regression analysis is performed:

0,(x,y,t) = b SST (x,y,t) + by SC(x,y,t) + b,,.
(A7)

Finally, we combine Eq. (A4) with Egs. (A6) and (A7)
to get a final model for tropical rainfall over oceans:
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LPryy = HOO)x,

x(x,y,t)y=M__a SC(x,y,t) + Msed[b SSTrel(x,y, t)

ses s SST

+ bSCSC(x,y, 1)+ bo] -R,, (A8)

where H(y) is the Heaviside function to avoid negative
rainfall given by the model. The parameters M, as,
Mieq, bssT, bsc, bo, and R are constants. In this study, we
recombine the two-mode model rainfall Pryp into two
components: the terms related to SC are grouped to-
gether and named the SC component Pyc and other
terms are grouped together and named heating com-
ponent Pyea:

LPSC =(M_.a, + Msedbsc)sc(xa)’»t),

ses s

(A9)

LP,, =M, by SST. (x,y,1)+ M

Heat sed” SST sedb() - R (AlO)

0
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