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ABSTRACT: El Niño–Southern Oscillation (ENSO) is the most influential interannual climate variability on Earth. The
tendency of the mature phase of ENSO, characterized by the strongest sea surface temperature (SST) anomalies, to appear
during the boreal winter is known as seasonal phase locking. Climate models are challenged by biases in simulating ENSO
seasonal phase locking. Here, we evaluated the ENSO phase-locking simulation performance in 50 models of phase 6 of
the Coupled Model Intercomparison Project (CMIP6) and found that the models with the intertropical convergence zone
(ITCZ) poleward bias tended to simulate more ENSO events that peaked out of the boreal winter season. The contribu-
tions of the ITCZ poleward bias to the ENSO phase-locking bias were also evaluated, yielding a correlation coefficient of
0.55, which can explain approximately 30% of the ENSO seasonal phase-locking bias. The mechanism that influences the
simulation of ENSO seasonal phase locking was also assessed. The ITCZ poleward bias induces a dry bias over the equato-
rial Pacific, especially during the boreal summer. During ENSO events, the meridional movement of the ITCZ is pre-
vented, and the equatorial precipitation and convection anomalies that respond to ENSO events are also restrained. The
restrained convection anomaly weakens the ENSO-related zonal wind anomaly, triggering a weaker eastern tropical Pacific
thermocline anomaly during the following autumn. The weakened thermocline anomaly cannot sustain further develop-
ment of ENSO-related SST anomalies. Therefore, ENSO events in models containing the ITCZ poleward bias are re-
strained during the boreal summer and autumn and, thus, tend to peak out of the winter season.

SIGNIFICANCE STATEMENT: We aimed to better understand the mechanism that induces bias when simulating
ENSO seasonal phase locking, that is, what disturbs the simulated ENSO events peaking during the boreal winter. As
previous studies have primarily focused on the South Pacific convergence zone (SPCZ) bias and other biases, this study
is the first to propose the effects of the poleward ITCZ latitude bias and clarify the corresponding mechanism. We show
that latitudinal bias can explain approximately 30% of the ENSO seasonal phase-locking bias. This is important because
the biases in simulating ENSO seasonal phase locking have long hampered the prediction of ENSO. Our study highlights
the importance of the latitude of the ITCZ and provides a basis for the future development of climate models.
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1. Introduction

Characterized by significant changes in sea temperature
and atmospheric circulation, El Niño–Southern Oscillation
(ENSO) is recognized as the most influential interannual cli-
mate variability on Earth (Philander 1983; Wang and Picaut
2004). The mature phase of ENSO, with the strongest sea
surface temperature (SST) and atmospheric circulation anomalies,

usually appears in the boreal winter (Mitchell and Wallace
1996; Neelin et al. 2000), and climatologists refer to this phe-
nomenon as seasonal phase locking. Climate models and their
ability to simulate ENSO events are important tools for study-
ing and predicting ENSO events (Fang et al. 2019; Levine and
McPhaden 2015; Zheng and Zhu 2010); however, the bias in
simulating ENSO seasonal phase locking remains a challenge
for existing climate models (Bellenger et al. 2014; Chen et al.
2019; Ham and Kug 2014b; Rashid and Hirst 2016). Phase 6 of
the Coupled Model Intercomparison Project (CMIP6) (Eyring
et al. 2016) provides an excellent opportunity to assess the
ENSO phase-locking simulation ability of state-of-the-art cli-
mate models. Recent studies suggest that, even though the
ability to simulate ENSO seasonal phase locking has improved
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slightly from CMIP5 to CMIP6, many CMIP6 models still
simulate the mature phase of ENSO as occurring outside
of the winter season (Chen and Jin 2021, 2022; Liao
et al. 2021). Therefore, a better understanding of the mech-
anisms of ENSO seasonal phase locking in climate models
is needed.

The zonal surface wind anomaly that responds to ENSO is
essential for seasonal phase locking (Abellán and McGregor
2016). During El Niño events, in response to the positive SST
anomaly, a westerly wind anomaly appears over the western
tropical Pacific. The westerly wind anomaly deepens the ther-
mocline in the eastern tropical Pacific, amplifying the SST
anomaly and maintaining the development of ENSO events
(Jin 1997a,b; Suarez and Schopf 1988). A similar process oc-
curs during the La Niña events as well. This positive feedback
is the so-called Bjerknes feedback (Bjerknes 1969). Since the
intertropical convergence zone (ITCZ) reaches its northern-
most and southernmost positions in September and March–
April (Xie and Carton 2004), respectively, the meridional dis-
placement of the climatological ITCZ leads the annual cycle
in equatorial SST in the Pacific Ocean by maintaining south-
erly cross-equatorial winds that intensify in the boreal
summer/fall and relax in the boreal spring (Li and Philander
1996; Mitchell and Wallace 1992; Xie 1994). During the boreal
summer and fall, the strong equatorial zonal SST gradient and
easterly trade wind, together with the shallower thermocline
depth in the eastern tropical Pacific, amplify the sensibility of
the SST anomaly responses to the zonal surface wind anom-
aly. However, during boreal spring, the response turns insen-
sitive due to the weakened zonal SST gradient, the relaxed
surface trade wind, and the deepened thermocline depth.
Therefore, the Bjerknes feedback is stronger during the bo-
real summer and autumn but weaker during the boreal spring
(Abellán et al. 2017). The instability of ENSO changes
synchronously with the strength of the Bjerknes feedback
(Jin et al. 2006). The ENSO SST anomaly usually develops
during the boreal summer and autumn, when the Bjerknes
feedback is strong and robust. In contrast, under the effect of
damping processes, such as the surface net heat flux (Huang
et al. 2010), it decays during the boreal spring, when the
Bjerknes feedback is weak and fragile. Thus, it favors the
winter peaking of ENSO events (Dippe et al. 2019).

In climate models, the inaccurate simulation of ENSO-related
wind anomalies is linked to the unrealistic distribution of SST.
These biases disturb the seasonal variation of ENSO instability
and lead to the inaccurate simulation of ENSO seasonal phase
locking. Previous studies have identified that the surface winds
that respond to zonal SST variability are too weak in the CMIP3
and CMIP5 models (Bellenger et al. 2014; Kim et al. 2014). Sur-
face wind bias affects the thermocline and zonal advective feed-
back over the tropical Pacific, thus modulating ENSO instability
(Kim et al. 2014). Furthermore, models with colder equatorial
SST, weaker surface wind, and convection during the boreal
summer also tend to produce summer-peaking ENSO events
(Ham and Kug 2014b; Ham et al. 2012).

In addition to SST, other components can affect ENSO-
related wind anomalies (Choi et al. 2015). For example, the pres-
sure gradient anomaly that generates surface wind anomalies

over the tropical Pacific arises from two components: the SST
gradient anomaly (Lindzen and Nigam 1987) and the deep con-
vection anomaly (Deser and Wallace 1990; Gill 1980). The for-
mer is largely related to the expansion of the Pacific cold
tongue, while the latter is usually associated with the strength
and movement of the ITCZ and South Pacific convergence zone
(SPCZ) (Adam 2018; Chiang et al. 2001; Park et al. 2021; Xie
et al. 2018). McGregor et al. (2012) pointed out that the south-
ward shift of ENSO-related zonal wind anomalies during the bo-
real winter and spring is highly associated with the SPCZ. The
southward shift of the zonal wind anomaly reduces the ENSO-
related zonal wind response over the equator and, thus, season-
ally terminates strong El Niño events during the boreal spring
(McGregor et al. 2012). Therefore, the realistic simulation of the
SPCZ and the associated convection greatly impact the synchro-
nization of simulated ENSO events with the seasonal cycle
(McGregor et al. 2013).

As the primary convection over the tropical Pacific north of
the equator, the ITCZ also plays an important role in the sim-
ulation of ENSO events. Previous studies found that climate
models with a stronger central-eastern Pacific ITCZ tend to
simulate eastward and northward expansion of ENSO-related
wind stress, thus leading to a slower ENSO phase transition
(Ham and Kug 2014a). Stronger convection, a wetter ITCZ,
and drier conditions over the Pacific cold tongue shift the
ENSO-related atmospheric responses westward, thereby
modulating the strength of the Bjerknes feedback and con-
trolling the amplitude of ENSO events (Watanabe et al.
2011). In addition, the meridional location of the ITCZ can
modulate the relationship between the North Pacific Oscilla-
tion (NPO) and ENSO (Park et al. 2021; Zheng et al. 2021).
However, whether the simulation of the ITCZ can influence
ENSO seasonal phase-locking performance (PLP) in climate
models remains undetermined.

Liao et al. (2021) proposed a new index that can evaluate
the ability of a model to simulate ENSO seasonal phase lock-
ing through the proportion of winter-peaking El Niño events
(Fig. 1a). Based on this index, we evaluated the ENSO sea-
sonal phase-locking performance of 50 CMIP6 models. We
identify significant connections with a climatological ITCZ
(Fig. 1d), with significant positive and negative correlations
south and north of the observed ITCZ locations, respectively.
This meridional dipole pattern is usually associated with the
northward bias of the mean ITCZ position (Chiang and
Vimont 2004). Therefore, it seems that the models with the
northward bias of the mean ITCZ position tend to simulate
weaker ENSO seasonal phase locking (Fig. 1b). As there are
still several systematic ITCZ errors among the CMIP6 mod-
els, the ensemble mean of precipitation extends too far north
and too wide over the northern tropical Pacific (Si et al. 2021;
Tian and Dong 2020). Thus, it is necessary to determine how
the mean ITCZ position affects the seasonal synchronization
of ENSO.

The remainder of this paper is organized as follows. A brief
description of the datasets and analysis methods is presented
in section 2. Section 3 classifies the CMIP6 models into differ-
ent ensembles based on ITCZ mean meridional location and
verifies the connection between the simulated ITCZ and

J OURNAL OF CL IMATE VOLUME 365234

Unauthenticated | Downloaded 03/10/26 03:02 AM UTC



ENSO seasonal phase locking. This section also evaluates the
contribution of the simulated ITCZ to ENSO seasonal phase-
locking biases. Section 4 analyzes the mechanism that disturbs
the simulated ENSO seasonal phase locking by comparing
the different CMIP6 ensembles proposed in section 3. In
section 5, we provide a discussion of our results and present
our conclusions.

2. Data and methodology

a. Observational and model datasets

We used the following observational datasets: SST data
from the Extended Reconstructed Sea Surface Temperature
(ERSST), version 5, available since 1854 on a 28 3 28 grid
(Huang et al. 2017); precipitation data from the Global

Precipitation Climatology Project (GPCP) monthly analysis
product, version 2.3, available since 1979 on a 18 3 18 grid
(Adler et al. 2018); and surface wind stress data, seawater
zonal velocity data, and seawater potential temperature data
from the Global Ocean Data Assimilation System (GODAS)
monthly products, available since 1980 on a 18 3 0.338 grid
(Behringer and Xue 2004). Thermocline data at 158C isother-
mal depth were also calculated based on seawater potential
temperature data. The mixed layer zonal velocity data were
calculated based on the seawater zonal velocity data, while the
mixed layer depth was defined as the depth at which the ocean
temperature deviates 0.58C from SST (Huang et al. 2010).

The simulated monthly SST, precipitation, zonal surface
wind stress, seawater zonal velocity, and seawater potential
temperature data were from the first realization of the

FIG. 1. Model performance when simulating ENSO seasonal phase locking and the connections with the tropical
background: (a) phase-locking performance (PLP) index and (b) ITCZ latitude in observations and each CMIP6
model. Models in (b) are classified as normal type (orange), medium type (light blue), or poleward (PW) type (light
green) based on the ITCZ latitude. Black dashed line in (b) indicates regression between the simulated PLP index
and ITCZ latitudes. Also shown are correlation coefficients (shading) between the PLP index and (c) SST or (d) pre-
cipitation over the tropical Pacific Ocean based on the CMIP6 model ensemble. The observed climatological SST and
precipitation are shown as contours in (c) and (d), respectively. Stippling represents the regions in which the correla-
tion is statistically significant at the 95% confidence level.
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historical simulation (r1i1p1f1) of CMIP6 climate models
(Eyring et al. 2016). The CMIP historical simulation branches
from the preindustrial control simulation spin-up experiment,
forced by observed externally imposed forcings after the in-
dustrial revolution, such as solar, volcanic, aerosol, and green-
house gas data. This was integrated from 1850 and extended
to 2014 in CMIP6. Owing to the gradually enriched observa-
tional datasets, the CMIP historical simulation provides rich
opportunities for assessing model simulation ability. Table 1
summarizes information for the 50 CMIP6 climate models
available at the time of writing. All CMIP6 data are analyzed
for 1870–2014. Note that the seawater potential temperature
data in the Korea Meteorological Administration Advanced
Community Earth System (KACE) model (KACE-1-0-G),
NorESM2-LM model, and NorESM2-MM model, and
the seawater zonal velocity data in the CAS-ESM2-0,
CMCC-CM2-HR4, KACE-1-0-G, NorESM2-MM, and GFDL-
ESM4 models, were unavailable until the investigation was
complete.

b. Methods

The Niño-3 index (SST anomaly averaged over 58S–58N,
1508–908W) was used to select ENSO events. For each Niño-3
time series in both the observations and models, the long-
term linear trend was first removed (Lindsey 2013), and then
a 3-month running average was applied as a preprocessing
step. El Niño and La Niña events were then selected as those
periods when positive and negative values of the Niño-3 index
exceeded 0.5 times the standard deviation (SD) of the time se-
ries, for a period of more than 6 months, respectively (Levine
et al. 2016). The ENSO seasonal phase-locking performance
of each model was detected as the proportion of winter-
peaking El Niño events out of all El Niño events (Guilyardi
et al. 2003; Liao et al. 2021), where winter-peaking El Niño
events are defined as those events peaking around the boreal
winter (October–February). We defined the proportion of
winter-peaking El Niño events as the PLP index (Fig. 1a). A
model with a higher PLP index indicates stronger ENSO sea-
sonal phase locking. Note that it is generally believed that
ENSO usually peaks in November–––January (Deser et al.
2010), but there is still a certain amount of ENSO event peak
in October and February. The possibility that ENSO peaks in
October and February is smaller than that for November,
December, and January but is much larger than the possibility
in other months (Chen and Jin 2021). Besides, since the simu-
lated ENSO phase-locking bias is associated with multiple
factors, the connections between the ENSO phase-locking
bias and a single factor can be disturbed or hidden by other
factors. Those disturbers can be partly excluded by properly
broadening the ENSO phase-locking time range. We further
checked the connections between the mean state components
and the PLP index, which is based on the time range from
November to January. Based on the shorter time range, there
are still obvious connections between the ITCZ and the PLP
index. We also checked the PLP index based on the Niño-3.4
index (SST anomaly averaged over 58S–58N, 1708–1208W) and
found similar but weaker connections with the simulated

ITCZ. This slight difference may be due to the better seasonal
phase-locking performance of the Niño-3.4 SST anomaly,
which is caused by the better simulation of zonal advection
feedback in that region (Chen and Jin 2022).

The meridional location and magnitude of the ITCZ were
represented by the latitude and strength of the maximum pre-
cipitation over the central Pacific (CP). The precipitation was
first zonally averaged over 1608–2408E, and then a weighting
function was performed to identify the latitude of the precipi-
tation maximum over the northern tropical Pacific (Adam
et al. 2016). The latitude of the precipitation maximum was
calculated as follows:

fITCZ 5

�f2

f1

f[cos(f)P]10 df
�f2

f1

[cos(f)P]10 df
, (1)

where P is the precipitation and f1 5 08 and f2 5 208N are
the latitude bounds for the integration. Therefore, the latitude
and magnitude of the ITCZ were represented by the latitude
and strength of the maximum precipitation over the north
central Pacific. The ITCZ latitude was then used to classify
the models into three categories. The 15 models with the
southernmost meridional location of the ITCZ (orange bars
in Fig. 1b) were classified as the normal ITCZ-type models
(“normal type”); the 15 models with the northernmost meridi-
onal location of the ITCZ (green bars in Fig. 1b) were classi-
fied as the poleward (PW) ITCZ-type models (“PW type”);
the remaining models were classified as “medium type” mod-
els (blue bars in Fig. 1b).

Note that the most obvious precipitation difference be-
tween the two model ensembles occurs during the boreal sum-
mer from June to September (JJAS; Fig. 2f). Therefore, in
this study, the boreal summer season was defaulted as the
months from June to September, unless it is particularly
annotated.

3. Features of poleward ITCZ latitude bias that relate to
ENSO phase locking

Based on the PLP index proposed by Liao et al. (2021),
ENSO seasonal phase-locking simulation performance was
evaluated for the 50 CMIP6 models (Fig. 1a). We further
checked the connections between ENSO seasonal phase lock-
ing and the mean state components over the tropical Pacific.
The correlation coefficients between the PLP index and cli-
matological SST are weak (Fig. 1c). In contrast, the correla-
tion coefficients between the PLP index and climatological
precipitation are strong and significant (Fig. 1d). Specifically,
we found significant positive and negative correlations over the
northern tropical Pacific at 38–78N and 108–148N, 1608–2408E,
respectively, which lie south and north of the observed Pacific
ITCZ, respectively. Thus, it appears that there are strong con-
nections between the simulation of the mean ITCZ position
and ENSO seasonal phase-locking performance in the CMIP6
models.
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To determine how the mean ITCZ position influences
the simulation of ENSO phase locking, we calculated the
meridional location of the ITCZ as the latitude of the
maximum precipitation over the north central Pacific

(section 2b). The models with an equatorward mean loca-
tion of the ITCZ tend to simulate a higher PLP index,
which represents stronger ENSO seasonal phase locking
(Fig. 1b).

TABLE 1. CMIP6 models used in this study and the corresponding ENSO seasonality diagnoses. The names of the models, the
associated institutions and countries, the numbers of winter-peaking and total El Niño events, the latitude of the ITCZ, and the
classifications are shown. For all models, the first ensemble member of the historical experiment (“r1i1p1f1”) was analyzed over
the period 1870–2014.

Model name Model center; country
Winter-peaking/total

El Niño events ITCZ lat Classification

ACCESS-CM2 CSIRO-BOM; Australia 34/45 6.23 Normal
ACCESS-ESM1-5 CSIRO-BOM; Australia 29/47 6.88 Normal
BCC-CSM2-MR BCC; China 21/60 7.55 Normal
CAS-ESM2-0 CAS; China 29/54 7.03 Normal
CMCC-CM2-HR4 CMCC; Italy 20/33 7.45 Normal
CMCC-CM2-SR5 CMCC; Italy 20/28 7.85 Normal
CMCC-ESM2 CMCC; Italy 21/30 7.68 Normal
FGOALS-f3-L LASG; China 26/44 6.95 Normal
FGOALS-g3 LASG; China 42/46 6.32 Normal
FIO-ESM-2-0 FIO; China 25/33 7.85 Normal
KACE-1-0-G NIMS-KMA; South Korea 30/41 6.78 Normal
KIOST-ESM KIOST; South Korea 20/46 7.68 Normal
MIROC6 CCSR; Japan 13/26 7.25 Normal
NorESM2-MM NCC; Norway 20/30 6.91 Normal
TaiESM1 AS-RCEC; China 37/40 7.38 Normal
AWI-CM-1-1-MR AWI; Germany 16/43 8.56 Medium
CESM2-WACCM NCAR; United States 28/37 8.04 Medium
CESM2 NCAR; United States 27/41 7.90 Medium
CanESM5 CCCMA; Canada 15/37 8.32 Medium
E3SM-1-0 LLNL; United States 22/34 8.28 Medium
E3SM-1-1-ECA LLNL; United States 23/44 8.43 Medium
E3SM-1-1 LLNL; United States 22/44 8.45 Medium
EC-Earth3-AerChem EC-Earth Consortium; EC 30/43 8.37 Medium
EC-Earth3-Veg-LR EC-Earth Consortium; EC 31/42 8.30 Medium
EC-Earth3-Veg EC-Earth Consortium; EC 21/35 8.28 Medium
EC-Earth3 EC-Earth Consortium; EC 25/42 8.29 Medium
GISS-E2-2-H NASA; United States 16/39 8.86 Medium
INM-CM4-8 INM; Russia 16/34 8.57 Medium
INM-CM5-0 INM; Russia 23/37 8.48 Medium
IPSL-CM6A-LR-INCA IPSL; France 19/45 8.12 Medium
IPSL-CM6A-LR IPSL; France 14/40 8.07 Medium
MRI-ESM2-0 MRI; Japan 13/36 8.72 Medium
NorCPM1 NCC; Norway 15/38 7.98 Medium
NorESM2-LM NCC; Norway 17/39 8.41 Medium
SAM0-UNICON SNU; South Korea 31/38 8.56 Medium
AWI-ESM-1-1-LR AWI; Germany 18/41 9.71 PW
BCC-ESM1 BCC; China 33/54 8.93 PW
CAM-CSM1-0 CAMS; China 20/44 9.41 PW
CESM2-FV2 NCAR; United States 27/43 8.97 PW
CESM2-WACCM-FV2 NCAR; United States 23/35 9.30 PW
GFDL-ESM4 GFDL; United States 25/41 9.00 PW
GISS-E2-1-G-CC NASA; United States 5/37 8.96 PW
GISS-E2-1-G NASA; United States 10/36 9.02 PW
GISS-E2-1-H NASA; United States 8/27 9.49 PW
ICON-ESM-LR MPI-M; Germany 10/40 9.50 PW
IPSL-CM5A2-INCA IPSL; France 8/42 9.79 PW
MPI-ESM-1-2-HAM MPI; Germany 12/32 10.27 PW
MPI-ESM1-2-HR MPI; Germany 14/36 8.91 PW
MPI-ESM1-2-LR MPI; Germany 17/35 9.20 PW
NESM3 NUIST; China 20/45 10.77 PW
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We selected 15 models with the northernmost ITCZ posi-
tion and 15 models with the southernmost ITCZ position
(see section 2b; Table 1) and compared the ensemble differ-
ences to clarify the effects of the ITCZ latitude (Fig. 2). In re-
ality, the climatological Pacific ITCZ lies at 48–88N in the north
tropical Pacific, with a slight southwest–northeastward tilt. The
maximum precipitation reaches 8 mm day21. Figure 2a shows
that the spatial pattern of the mean precipitation of the south-
ernmost ITCZ position model ensemble is much the same as in
the observations, especially in the northern tropical Pacific near
the ITCZ. The maximum precipitation of the ITCZ reaches
10 mm day21, which indicates that the southernmost ITCZ
position is associated with the observation-liked but wetter
spatial pattern of the Pacific ITCZ.

In comparison with the southernmost ITCZ position mod-
els, the models with the northernmost ITCZ position tended

to simulate a poleward Pacific ITCZ (Fig. 2b). The maximum
precipitation in the northernmost ITCZ position model en-
semble lies at 78–118N in the north tropical Pacific, approxi-
mately 38 north of the observed ITCZ. The maximum
precipitation value reached 9 mm day21, which is close to the
strength of the southernmost ITCZ position model ensemble.
Therefore, the most obvious difference between the two
model ensembles is the meridional location of the ITCZ. This
corresponds to our classification of the model ensemble with
the southernmost ITCZ positions as the “normal type” and
the northernmost ITCZ positions as the “PW type” (see
section 2b).

To further illustrate the effect of the ITCZ mean meridional
location, we used scatterplots to verify the connection between
the ITCZ latitude and other indices. Based on the CMIP6
models, the correlation coefficient between the latitude of the

FIG. 2. Climatological and seasonal cycles of precipitation (mm day21) based on observations (GPCP) and ensem-
ble means of the CMIP6 models. The ensemble mean climatological precipitation is based on (a) normal-type models,
(b) PW-type models, and (c) normal-type models minus PW-type models. (d)–(f) Seasonal cycle of precipitation
(mm day21) zonally averaged in 1608–2408E based on the same model ensembles as in (a)–(c). The observations are
shown as contours.
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ITCZ and the PLP index is20.55, which indicates that the lati-
tude of the ITCZ can explain about 30% of the ENSO sea-
sonal phase-locking biases (Fig. 3a). This shows that the
poleward ITCZ bias has significant connections with the
ENSO seasonal phase-locking bias. In comparison, the corre-
lation coefficient between the PLP index and the strength of
the ITCZ is 0.16 (Fig. 3b), while the correlation coefficient be-
tween the strength and latitude of the ITCZ is 20.33 (Fig. 3c).
These show that the ITCZ strength bias is less effective than
the ENSO seasonal phase-locking bias, even though there are
weak connections between the latitude and strength of the
ITCZ biases.

Figure 2c shows the differences between the normal- and
PW-type ITCZ models. The difference in the precipitation
pattern is similar to the correlation map shown in Fig. 1d,
with the most notable differences in the central Pacific at
1608–2408E; there are positive and negative precipitation val-
ues south and north of the observed ITCZ location, respec-
tively. The absolute values of the differences reach 5 mm
day21, which is almost half the maximum precipitation value.
Although both types of models simulate a wetter ITCZ and
stronger convection, the PW-type models simulate a stronger
dry bias over the equatorial Pacific. Importantly, previous
studies have suggested that the strength and meridional loca-
tion of the ITCZ in models can influence the simulation of
ENSO-related zonal wind responses, thereby modulating the
evolution of ENSO events (Ham and Kug 2014a; Watanabe
et al. 2011). However, it is impossible to determine how the

poleward ITCZ latitude bias affects ENSO seasonal phase
locking based solely on climatological analysis. As the phase-
locking performance of ENSO is usually associated with the
seasonal cycle (Chen and Jin 2022), further investigations of
the poleward ITCZ latitude bias and the corresponding sea-
sonal mechanisms are required.

4. Seasonality of the poleward ITCZ latitude bias and
the mechanism that influences ENSO seasonal
phase locking

a. Seasonal variation of the poleward ITCZ latitude bias

In the observations, the ITCZ showed clear seasonality, be-
ing weakest but most equatorward during the boreal spring
and strongest and most poleward during the late boreal au-
tumn (Fig. 2d). As the strength and meridional location of the
ITCZ can modulate the ENSO-related surface wind response,
they can further influence the simulation of ENSO events
(Park et al. 2021). It is essential, therefore, to identify the sea-
sonal occurrence of the most distinct ITCZ differences be-
tween the normal- and PW-type models to help determine the
mechanisms that influence the simulation of ENSO seasonal
phase locking.

Figures 2d and 2e show the ensemble means of the ITCZ
seasonal cycle over the central Pacific (zonally averaged at
1608–2408E) in the normal- and PW-type models. Both en-
sembles simulated the broad seasonality of the ITCZ well.

FIG. 3. Scatterplots of the PLP index against (a) the ITCZ latitude and (b) ITCZ strength based on observations and CMIP6 models.
(c) Scatterplot of the ITCZ latitude against ITCZ strength. Black circles represent observations, and solid lines indicate regressions based
on the simulated results. The correlation coefficients beyond 0.27 exceed the 95% confidence level.
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There is also a clear difference between the two types of mod-
els; the latitudes of the ITCZ seasonal cycle in the normal-
type models are almost the same as in the observations,
whereas in the PW-type models, they move poleward. Indeed,
in every season, the latitude of the ITCZ in the PW-type
models is 28–38 higher than that in the normal-type models.
In addition to latitude, the biases when simulating the
strength of the ITCZ also vary seasonally. Specifically, dur-
ing the boreal spring, the maximum strength of the simu-
lated precipitation is approximately 7 mm day21 in both the
normal- and PW-type models, which is close to the observa-
tions. However, during the boreal summer and autumn, this
reaches 12 mm day21, which is approximately 3 mm day21

higher than in the observations.
The most notable ITCZ differences between the normal- and

PW-type model ensembles occur during the boreal summer,
from June to September (Fig. 2f). The normal-type models
simulate more precipitation near the equator (38–78N), while
the PW-type models simulate more precipitation to the north
(108–148N). This maximum precipitation difference exceeds
5 mm day21, which is almost half of the simulated precipitation
strength in the ITCZ region. Therefore, in the PW-type models,
the strongest bias over the equatorial Pacific occurs during the
boreal summer.

This raises the question of why the ITCZ differences are
concentrated in JJAS, even when the seasonal migration of
the ITCZ in the normal- and PW-type models varies consis-
tently. This can be explained by the combination of the sea-
sonal cycle of ITCZ migration and strength. We evaluated
ITCZ migration and strength based on the latitude and
strength of the maximum precipitation over the north-central
Pacific (see section 2b). Relative to the normal-type models,
the PW-type models show a larger amplitude of ITCZ meridi-
onal migration (Fig. 4a). The maximum and minimum lati-
tudes of the normal-type models reach 9.38 and 5.38N,
respectively. However, in the PW-type models, they reach
10.88 and 6.38N, respectively. In addition, the northward
ITCZ migration in the PW-type models is faster than in the
normal-type models during the boreal spring and summer.
Thus, the latitudinal difference between the two ensembles
is larger between March and September but smaller from
October to February.

In addition to latitude, the ITCZ strength of the two model
ensembles in each season varies synchronously (Fig. 4b), with
the ITCZ strength in the normal-type models always exceed-
ing 1–2 mm day21 of that in the PW-type models. Both the
normal- and PW-type models simulated a strong positive bias
in ITCZ strength from May to December. In particular, fol-
lowing the seasonality of the ITCZ, the simulated ITCZ
strength reached a powerful level from June to December,
with precipitation exceeding 11 mm day21. The clear differ-
ence between the normal- and PW-type models requires not
only a large difference in the latitude of the ITCZ but also a
sufficiently strong ITCZ. The most obvious precipitation dif-
ference between the two model ensembles occurs during the
boreal summer, when the large ITCZ latitude difference coin-
cides with the strong ITCZ period.

b. Summer poleward ITCZ latitude bias and the
corresponding ENSO-related zonal wind response

Studies suggested that the ITCZ is important to the develop-
ment of ENSO events (Ham and Kug 2014a; Watanabe et al.
2011). During ENSO events, strong SST anomalies appear in
the central-eastern equatorial Pacific, with a symmetrical meridi-
onal distribution (Fig. 5a). Since SST anomalies redistribute SST
and a convective threshold of 27.58C over the tropical Pacific, at-
mospheric deep convection and the associated precipitation are
also shifted. Specifically, the ITCZ over the tropical Pacific
moves equatorward during El Niño events (Fig. 5d), therefore
inducing a westerly surface wind anomaly over the central-
western equatorial Pacific (Fig. 5g). However, during La Niña
events, the poleward movement of the ITCZ induces an easterly
surface wind anomaly as a consequence.

Figures 5a and 5b show the spatial pattern of the ENSO-
related summer SST anomalies in the normal- and PW-type
models based on regressing the SST anomaly during JJAS
onto the synchronous Niño-3 index. Both models show SST
anomaly patterns that are similar to the observations. As the
maximum difference reached 0.2, the differences between
the two ensembles were negligible relative to the intensity of
the ENSO events.

FIG. 4. Seasonal cycle of the (a) latitude and (b) strength of the
ITCZ zonally averaged at 1608–2408E. Thick black, red, and
blue lines represent the observations and ensemble means of the
normal- and PW-type models, respectively. Light colors represent
0.5 times the intermodel SD.
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As compared with the SST anomalies, the difference in the
modeled spatial patterns of the ENSO-related precipitation
anomalies is very clear. The spatial pattern of the ENSO-
related precipitation responses in the normal-type models is
similar to that in the observations (Fig. 5d), and the regression
map shows positive regression signals over the western equa-
torial Pacific and north of the eastern tropical Pacific. These
signals are located south of the climatological ITCZ, indicat-
ing that the Pacific ITCZ expands equatorward and shrinks
poleward in response to the positive and negative SST anoma-
lies, respectively. Therefore, more and less precipitation
occurs over the central-west equatorial Pacific during El Niño
and La Niña events, respectively, with the maximum precipi-
tation response exceeding 2 mm day21 8C21, which is identical
to the observations.

In the PW-type models, the strength of the ENSO-related
precipitation responses is similar to that in the observations
(Fig. 5e). However, relative to the normal-type models, the
ENSO-related precipitation anomaly moves north and westward.

Therefore, the ENSO-related precipitation anomaly over the
equator in the PW-type models is much weaker (Fig. 5f).
The greatest differences occur over the central equatorial
Pacific, with magnitudes exceeding 1.2 mm day21 8C21, which
is over half the strength of that in the observations and the
models.

In tropical areas, strong precipitation is typically associated
with deep atmospheric convection. During El Niño and La
Niña events, in response to the precipitation anomaly and the
associated deep convection anomaly over the equator, a west-
erly and easterly surface wind anomaly is generated over the
central-western tropical Pacific, respectively. Both the nor-
mal- and PW-type models simulate significant surface wind
stress anomalies that respond to ENSO events over the
central-western tropical Pacific (Figs. 5g,h). However, since
the ENSO-related precipitation anomaly over the equator is
much weaker in the PW-type models during the boreal sum-
mer, the ENSO-related surface zonal wind stress anomaly is
also much weaker. The most notable difference between the

FIG. 5. SST, precipitation, and zonal wind stress anomalies regressed on the Niño-3 index during the boreal summer (June–September):
ensemble means of the SST anomaly regressed on the Niño-3 index based on the (a) normal-type models, (b) PW-type models, and
(c) normal-type models minus the PW-type models. (d)–(f) and (g)–(i) As in (a)–(c), but for the precipitation (mm day21 8C21) and zonal
wind stress (1023 N m22 8C) anomalies, respectively. The observations are shown by contours. Stippling in the top and middle rows repre-
sents where the ensemble means of the models exceed the intermodel SD; stippling in the bottom row represents where the differences
between the two ensembles are statistically significant at the 95% confidence level.
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two ensembles lies in the central equatorial Pacific (58S–58N,
1608–2308E; Fig. 5i). Here, the magnitude of the difference
reaches 5 3 1023 N m22 8C, which is nearly half of the magni-
tude of the ENSO-related zonal wind stress responses in the
normal models and observations. Therefore, during the boreal
summer of El Niño and La Niña events, the PW-type models
tend to simulate weaker westerly and easterly surface wind
anomalies, respectively. The weak biases of the surface wind
anomaly weaken the strength of the Bjerknes feedback in the
boreal summer, thereby disturbing the development of ENSO
in the PW-type models.

c. Mechanism that influences the ENSO seasonal
phase locking

To shed further light on the mechanism that affects the sim-
ulation of ENSO seasonal phase locking, we checked the sea-
sonality of ENSO-related surface wind responses in both
model ensembles and observations (Fig. 6a). The ENSO-
related wind anomaly was averaged in the region 58S–58N,
1608–2308E, where the greatest difference between the two
ensembles is located. The ENSO-related surface wind re-
sponse is weakest in March and strongest in October, which
strictly follows the seasonal changing of the ITCZ (Fig. 4).
The maximum and minimum ENSO-related surface wind
stress responses exceeded 12 3 1023 N m22 8C and approxi-
mately 43 1023 N m22 8C, respectively.

The zonal wind anomaly that responds to the SST anomaly
of ENSO is an essential step in the Bjerknes feedback that
controls the development of ENSO events (Bjerknes 1969).
The positive and negative SST anomalies of El Niño and
La Niña events trigger westerly and easterly surface wind
anomalies, which lead to the deepening and shoaling of the
thermocline in the eastern tropical Pacific, respectively. This
deepening and shoaling of the thermocline amplify the local
SST anomaly, thereby supporting the continuing development
of ENSO events. Therefore, following the seasonality of the
ENSO-related surface wind stress response, the Bjerknes
feedback is stronger during the boreal summer and autumn
but weaker during the boreal spring.

During the boreal spring, the ENSO-related surface wind
responses in both of the model types are approximately the
same as in the observations (Fig. 6a). However, a large differ-
ence between the two types of models appears during the bo-
real summer. Similar to the observations, the ENSO-related
surface wind response in the normal-type models increases
rapidly. Although weaker than in the observations, the strength
of the ENSO-related surface wind response during the boreal
summer is approximately 2 times that in the boreal spring.
However, in the PW-type models, the ENSO-related surface
wind response is as weak as that in the boreal spring.

As the ENSO-related surface wind response differs signifi-
cantly between the normal- and PW-type models during the
boreal summer, the ENSO-related thermocline anomalies
also differ. By regressing the thermocline depth anomaly onto
the boreal summer Niño-3 index, we determined how the
strength of the ENSO-related surface wind response affects
the thermocline depth in each model type. Previous studies

have suggested that zonal wind anomalies over the central-
western Pacific can trigger eastward-propagating Kelvin waves
at the equator (Suarez and Schopf 1988). Notably, it takes ap-
proximately 3 months for Kelvin waves to propagate to the
eastern Pacific (EP) and change the thermocline depth locally
(Battisti 1989; Suarez and Schopf 1988). During the boreal
summer, the thermocline anomalies that respond to ENSO
events are similar in the two model ensembles (Figs. 7a–c),
which can be attributed to the similar strength of the ENSO-
related surface wind response in the preceding spring.

In the subsequent autumn, the thermocline anomalies that
respond to ENSO events are enhanced in the normal-type
models but remain largely unchanged in the PW-type models
(Figs. 7d,e). The unchanged thermocline response in the
PW-type models can be attributed to the weak ENSO-related
zonal wind response during the boreal summer. The enhanced
thermocline anomaly in the normal-type models further influ-
ences the upwelling of cold water from the deep ocean layer,

FIG. 6. ENSO-related zonal wind response and ENSO seasonal-
ity: (a) Zonal wind stress anomalies regressed onto the synchro-
nous Niño-3 index in each calendar month for observations (black)
and the ensemble means of normal- (red) and PW-type (blue)
models. The zonal wind stress anomalies are averaged in the region
58S–58N, 1608–2308E. (b) SD of the Niño-3 SST anomalies (8C) for
observations (black) and the ensemble means of normal- (red) and
PW-type (blue) models. Shaded areas represent 0.5 times the inter-
model SD.
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thus favoring the growth of the SST anomaly. In the PW-type
models, the unchanged thermocline anomaly cannot maintain
the development of SST anomalies in the eastern tropical
Pacific. Consequently, the development of ENSO events is
stranded or even retrogressed in the PW-type models. A
weaker autumn SST anomaly triggers a weaker zonal wind
anomaly. Thus, the thermocline anomaly and the correspond-
ing SST anomaly in the PW-type models during the boreal
winter are also weaker than those in the normal-type models
(Figs. 7g–i).

Jin et al. (2006) proposed the Bjerknes stability index,
which decomposed the ENSO-related process into several as-
pects. They pointed out that, in addition to the thermocline
anomaly, the zonal velocity anomaly in the mixed layer is also
important to the evolution of ENSO. As the deepened ther-
mocline cuts down the influence of the cold water from the
deep ocean layer, which is called the thermocline feedback,
the zonal current can also affect the SST through the horizon-
tal heat advection called the zonal advection feedback. The
westerly and easterly surface wind anomalies during El Niño

and La Niña events lead eastward and westward seawater cur-
rents, respectively. Since the sea surface layer temperature in
the western tropical Pacific is much higher than in the eastern
tropical Pacific, the eastward and westward tropical currents
amplify the warm and cold SST anomalies in the eastern trop-
ical Pacific, respectively, through the horizontal heat advec-
tion (An et al. 1999; Picaut et al. 1997).

Unlike the thermocline responses, the zonal current re-
sponds faster to the ENSO-related surface wind anomaly.
During the boreal summer, the strong ENSO-related surface
wind anomalies in the observation and the normal-type mod-
els induce robust zonal current anomalies in the tropical
Pacific (Fig. 8a). Therefore, they amplify the SST anomalies
in the following autumn, triggering stronger ENSO-related
surface wind anomalies and maintaining the growth of the
ENSO events (Fig. 8d). However, since the ENSO-related
surface wind anomalies in the PW-type models are relatively
weak, the ENSO-related zonal current anomalies are also
much weaker than in the normal-type models (Figs. 8a–c).
The weaker zonal current anomalies cannot maintain the

FIG. 7. Thermocline anomalies (m) during different seasons regressed onto the June–September Niño-3 index: Ensemble means of the
thermocline anomaly during the boreal summer [June–August (JJA)] regressed onto the JJAS Niño-3 index based on (a) normal-type
models, (b) PW-type models, and (c) normal-type models minus PW-type models. Year 0 indicates the same year with the JJAS Niño-3 in-
dex, and year 1 indicates the subsequent year. (d)–(f) and (g)–(i) As in (a)–(c), but for the thermocline anomaly during the boreal autumn
[September–November (SON)] and boreal winter [December–February (DJF)], respectively. The observations are shown as contours.
Stippling in the top and middle rows represents points where the ensemble means of the models exceed the intermodel SD.
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development of SST anomalies in the eastern tropical Pacific,
thereby impeding the development of ENSO events in the fol-
lowing seasons.

Therefore, in the observations and the normal-type models,
ENSO develops rapidly during the boreal summer and au-
tumn but decays during the boreal spring, when the weak
ENSO-related zonal wind response limits the Bjerknes feed-
back. Thus, winter-peaking ENSO events are favored. In the
PW-type models, with the extremely weak ENSO-related
zonal wind response during the boreal summer, ENSO events
may stop growing or even abort, thereby disturbing the simu-
lation of ENSO seasonal phase locking.

During the boreal autumn and winter, the SD of the Niño-3
index in the PW-type models is relatively low (Fig. 6b), indi-
cating that the ENSO events in these models stopped growing
and tended to peak out of the winter season. However, the
seasonal variation of the Niño-3 SD in the normal-type mod-
els is identical to that in the observations, which indicates that
a realistic simulation of ITCZ latitude is beneficial to the sim-
ulation of ENSO seasonal phase locking.

Note that in climate models, the poleward ITCZ latitude
bias can be partly attributed to the spatial pattern of the SST
bias (Zhou et al. 2020), while the tropical Pacific SST bias dur-
ing the boreal summer is also recognized as an important fac-
tor that leads to the bias of ENSO seasonal phase locking

(Ham et al. 2012; Kim et al. 2014). In addition, the bias in the
simulated ITCZ resulted from multiple aspects, such as aero-
sol, cloud microphysics, atmospheric convection and large-
scale circulation, and upper ocean temperature and circulation
(Zhang et al. 2021), which may also lead to the ENSO seasonal
phase-locking bias through certain physical processes. It is im-
portant to verify whether the poleward ITCZ latitude bias is a
direct driver of the ENSO phase-locking bias or just an inci-
dental phenomenon caused by other mechanisms. Our study
proposed that the poleward ITCZ latitude bias weakens the
ENSO-related zonal wind response during the boreal summer,
thus affecting the simulation of ENSO seasonal phase locking.
As the ENSO-related zonal wind response is recognized as
an important factor that leads to the ENSO seasonal phase
locking, it is also the key process that bonds the latitude of the
ITCZ and ENSO phase locking. Therefore, the latitude of
the ITCZ is a direct driver of the ENSO seasonal phase lock-
ing, as long as we verify that the latitude of the ITCZ can
affect the ENSO-related zonal wind response independently.

Previous studies suggested that there are two main sources
for the surface wind anomalies in the tropical Pacific: the SST
gradient anomaly (Lindzen and Nigam 1987) and the deep
convection anomaly (Gill 1980). The former is usually related
to the spatial pattern of the SST, while the latter is usually as-
sociated with the location and strength of the ITCZ. Similarly,

FIG. 8. As in Fig. 7, but for the mean seawater zonal velocity (m s21) in the mixed layer.
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the ENSO-related zonal wind response is also affected by
these two aspects. Figures 9a and 9b show that both the lati-
tude of the ITCZ and the SST in the central tropical Pacific
Ocean can affect the strength of the ENSO-related zonal
wind response during the boreal summer. However, after re-
moving the influence of the central tropical Pacific SST on
precipitation through linear regression, the connection be-
tween the latitude of the ITCZ and the ENSO-related zonal
wind response is still significant (Fig. 9c). This shows that the
ITCZ latitude bias can independently change the ENSO-
related zonal wind response during the boreal summer. There-
fore, it verifies that the poleward ITCZ latitude bias is a direct
driver that leads to the ENSO seasonal phase-locking bias.

5. Discussion and conclusions

We evaluated the ability of 50 CMIP6 models to simulate
ENSO phase locking and its connections with mean state compo-
nents over the tropical Pacific. We found that the climatological
latitude of the ITCZ can influence ENSO seasonal phase-locking
simulation performance. The models with ITCZ latitudes similar
to observations tend to simulate better ENSO seasonal phase
locking, whereas the models with a poleward ITCZ latitude bias
tend to simulate more ENSO events that peak out of the winter
season. The contributions of the poleward ITCZ latitude bias to
the ENSO phase-locking bias were also evaluated, yielding a cor-
relation coefficient of20.55, which corresponds to approximately
30% of the explained variance of the ENSO phase-locking bias.
We named the former models the “normal type” and the latter
the “PW type.” As compared with observations and normal-type
models, the PW-type models simulate a strong dry bias over the
equatorial Pacific. The latitude of the ITCZ in the PW-type mod-
els is consistently 28–38 higher than that in the normal-type
models; however, the most notable differences in precipitation
between the two model ensembles occur during the boreal sum-
mer, which is due to the combined effect of the seasonal change
in ITCZ latitude and strength.

The mechanism that influences the simulation of ENSO sea-
sonal phase locking in the CMIP6 models is summarized sche-
matically in Fig. 10. In observations and the normal-type models,
the strength of the Bjerknes feedback is stronger during the bo-
real summer and autumn but weaker during the boreal spring.
Therefore, the seasonality of the Bjerknes feedback strength fa-
vors winter-peaking ENSO events. However, in the PW-type
models, the poleward ITCZ latitude bias disturbs the seasonality
of the Bjerknes feedback. That is, during the boreal summer, the
poleward ITCZ latitude bias impedes the meridional movement
of the ENSO-related ITCZ. The precipitation and convection
anomalies that respond to ENSO events are also restrained over
the equator. Following the convection bias, the zonal wind anom-
aly that responds to ENSO events is also weaker in the PW-type
models during the boreal summer. The weaker zonal wind anom-
alies trigger weaker eastern tropical Pacific thermocline anoma-
lies and zonal current anomalies during the boreal autumn,
which is incapable of sustaining the further development of
ENSO-related SST anomalies. Therefore, the ENSO events in
PW-type models are restrained during the boreal summer and
autumn and tend to peak out of the winter season.

Note that the model MAM-UA-1-0 is removed from the
analysis. This model simulates the southernmost location of
the mean meridional ITCZ location. However, the strength of
the ITCZ is too weak to modulate the evolution of ENSO

FIG. 9. Correlation coefficients (shading) between the ENSO-
related zonal wind response and (a) precipitation and (b) SST during
the boreal summer. The ENSO-related zonal wind response is calcu-
lated by regressing the zonal wind stress anomalies (averaged in the
region 58S–58N, 1608–2308E) onto the synchronous Niño-3 index.
(c) As in (a), but the impact of the tropical SST on the precipitation
has been excluded by removing the linear regression with respect to
the SST averaged in 58S–58N, 1608–2408E (green square in Fig. 9b).
The observed climatological SST and precipitation are shown as con-
tours. Stippling represents the regions where the correlation is statisti-
cally significant at the 95% confidence level.
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events. Therefore, the ENSO seasonal phase-locking bias in
MAM-UA-1-0 is mainly affected by other background biases,
such as the zonal SST gradient bias and thermocline bias
(Ham et al. 2012; Wengel et al. 2018; Zhu et al. 2015). In fu-
ture studies, we wish to investigate the ENSO seasonal phase
locking in MCM-UA-1-0.

This study highlights the importance of the latitude of the
ITCZ and provides a basis for the future development of cli-
mate models. In this study, the ENSO seasonal phase-locking
simulation performance was evaluated by using El Niño events
based on the Niño-3 index. We also examined the connections
between the ITCZ and ENSO seasonal phase-locking perfor-
mance for El Niño events based on the Niño-3.4 index and
through La Niña events based on the Niño-3 index. We identi-
fied significant connections, with correlation coefficients reach-
ing 0.42 and 0.52, respectively. The lower correlation coefficient
based on the Niño-3.4 index may be due to the better phase-
locking performance of the Niño-3.4 SST anomaly. The SST
anomaly in the Niño-3 region usually represents EP El Niño
events, while the SST anomaly in the Niño-3.4 region usually
contains information on CP El Niño events (Ashok et al. 2007;
Kug et al. 2009). Further investigations on the possible connec-
tions between the simulated ITCZ and EP/CP El Niño events
and their associated mechanisms are still needed. Moreover,
there are uneven connections between the ITCZ and ENSO
seasonal phase-locking performance based on El Niño and La
Niña events (Choi et al. 2015) that also require further
investigation.

In addition to the poleward ITCZ latitude bias, there is also
a significant bias when simulating the SPCZ. Both types of
models simulated a strong and westerly extended SPCZ. The
SPCZ in the boreal winter and spring is crucial to ENSO
phase locking because it can induce the southward movement
of ENSO-related zonal wind anomalies and generate winter-

peaked ENSO events (McGregor et al. 2012). However, we
found no significant correlations between the PLP index and
climatological precipitation in the SPCZ region (Fig. 1d). This
may be due to the smoothed signals obtained from climato-
logical analyses. Further studies on the connections between
the SPCZ and ENSO seasonal phase locking in CMIP6
should nevertheless focus on the winter and spring seasons.

Because we mainly focused on the influence of the ITCZ
on ENSO seasonal phase locking, the connections between
the simulated poleward ITCZ latitude bias and other compo-
nent biases in the tropical Pacific require further attention, es-
pecially those connections with SST bias (Samanta et al.
2019). Indeed, the strength and location of the ITCZ are
strongly related to SST. However, in climate models, the bias
in simulating ITCZ results in a complex chain of interactions,
including aerosol, cloud microphysics, atmospheric convec-
tion and large-scale circulation, and upper ocean temperature
and circulation (Hu et al. 2022; Mamalakis et al. 2021;
Samuels et al. 2021; Zhang et al. 2021, 2007). Notably, previ-
ous studies have suggested that multiple component biases
can affect the simulation performance of ENSO phase lock-
ing, such as the excessive summer zonal SST gradient (Ham
et al. 2012), the unrealistic seasonal cycle of the zonal SST
gradient (Liao et al. 2021), the double ITCZ problem (Zheng
and Yu 2007), shortwave feedback bias (Bellenger et al.
2014), an incorrect mean current (Stein et al. 2010), and an
overly shallow thermocline depth (Wengel et al. 2018; Zhu
et al. 2015). Thus, the combined effects of these simulation
biases require further investigation in future studies.
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