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ABSTRACT

The Indian Ocean Basin Mode (IOBM) is a major component of interannual sea surface
temperature (SST) variability in the tropical Indian Ocean and acts as an atmospheric—oceanic
bridge extending El Nifio-Southern Oscillation (ENSO)’s climate influence into the boreal
summer of its decay phase—known as the capacitor effect. Despite advancements, state-of-
the-art climate models continue to show systematic biases in simulating the I[OBM during
ENSO decay summers. Analyzing historical simulations from 56 models in phase 5 and 6 of
the Coupled Models Intercomparison Project (CMIP5/6), this study identifies two dominant
modes of intermodel spread in [OBM simulations: an Indian Ocean Dipole (IOD)-like mode
linked to climatological easterly wind biases over the equatorial Indian Ocean, and an eastern
Indian Ocean (EIO)-centered mode associated with equatorial Pacific cold tongue biases. The
IOD-like spread pattern arises from easterly wind biases that weaken SST—-thermocline
coupling in the southwestern Indian Ocean, suppressing IOBM amplitude. The EIO-centered
pattern stems from cold tongue biases that shift ENSO anomalies westward, altering EIO SSTs
through Indo-Pacific interactions. Using statistical relationships between the spread modes and
historical mean-state biases, we refine CMIP5/6 projections of the IOBM and its capacitor
effect under warming, revealing a stronger and more consistent enhancement than previously
estimated. These findings highlight the role of background climatological wind and SST biases
in shaping model spread and underscore the importance of improving Indo-Pacific mean-state

simulations for more reliable IOBM representation and future climate projections.
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SIGNIFICANCE STATEMENT

This study investigates why climate models struggle to simulate the Indian Ocean Basin
Mode (IOBM), a key feature that helps extend El Nifio’s climate influence into the summer
following its peak. Analyzing historical simulations from 56 models in phase 5 and 6 of the
Coupled Models Intercomparison Project (CMIP5/6), we identify two main sources of model
disagreement: biases in tropical Indian Ocean winds and Pacific cold tongue sea surface
termperatures. These mean-state biases not only distort the simulated IOBM but also weaken
projections of the “capacitor effect”, in which the IOBM enables the Indian Ocean to relay El
Nifo’s influence. By correcting for these biases, we find that future IOBM responses and
associated climate impacts may be stronger than previously thought, highlighting the need to

reduce background biases in climate models.

KEYWORDS: Indian—Pacific Ocean interactions; Indian Ocean Basin Mode; Intermodel
spread; CMIP5/CMIP6; ENSO; Indian Ocean Dipole; Cold tongue bias; Capacitor effect
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1. Introduction

The Indian Ocean Basin Mode (IOBM) is a dominant mode of sea surface temperature
(SST) variability in the tropical Indian Ocean, characterized by basin-wide SST anomalies of
a single sign (Alexander et al. 2002; Klein et al. 1999; Schott et al. 2009). The IOBM is closely
linked to El Nifio—Southern Oscillation (ENSO) and typically develops during the ENSO
mature phase in winter, peaks in the following spring, and persists into the summer of the
ENSO decay phase (Alexander et al. 2002; Du et al. 2009; Lau and Nath 2003; Schott et al.
2009). By “storing” delayed oceanic and atmospheric adjustments, the IOBM extends climate
influences of ENSO even after ENSO has dissipated. This delayed impact, commonly referred
to as the Indian Ocean capacitor effect (Xie et al. 2009; Yang et al. 2007, 2010), plays a critical
crucial role in allowing ENSO events to influence the East Asian summer monsoon, the western
Pacific subtropical high, and other regional climate patterns (Huang et al. 2011; Qu and Huang
2012a,b; Hu et al. 2013; Xie et al. 2009).

Several mechanisms have been proposed to explain [OBM generation. A key driver is the
atmospheric bridge mechanism (Alexander et al. 2002; Klein et al. 1999; Lau and Nath 1996),
through which anomalous convection over the central-eastern Pacific during El Nifo alters
Walker circulation and induces descending motion and anticyclonic wind anomalies over the
tropical Indian Ocean. The wind anomalies reduce evaporative cooling and net surface latent
heat flux, leading to widespread SST warming across the basin. In addition to this remote
atmospheric forcing, oceanic processes within the Indian Ocean also play an important role in
shaping the IOBM evolution. Downwelling Rossby waves generated by anomalous easterlies
can propagate westward, deepen the thermocline, and induce warm SST anomalies in the
southwestern Indian Ocean (Masumoto and Meyers 1998; Xie et al. 2002; Chowdary and
Gnanaseelan 2007; Chakravorty et al. 2014). The resulting warm anomalies intensify local
convection during boreal spring and trigger an antisymmetric cross-equatorial wind pattern
across the equator, which weakens the southwest monsoon and reinforces warming in the
northern Indian Ocean into the El Nifio decay summers through a positive wind—evaporation—
SST (WES) feedback (Du et al. 2009; Wu et al. 2008). Moreover, the basin-wide SST warming
can further feed back to the atmosphere through a Matsuno—Gill-type response, prolonging
ENSO'’s influence into the subsequent summer and affecting the Asian monsoon system (Yang
et al. 2007, 2010; Xie et al. 2009, 2016). Collectively, these studies indicate that the IOBM
arises from the combined effects of remote ENSO forcing, local oceanic dynamics, and air—sea

coupled feedbacks within the Indian Ocean.
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Accurately simulating the Indian Ocean Basin Mode (IOBM) is essential for reliable
predictions of the Indian Ocean capacitor effect and, consequently, the summer climate over
Asia and the western Pacific. However, state-of-the-art coupled climate models still exhibit
significant biases in representing the IOBM during ENSO decay summers (Du et al. 2013; Tao
et al. 2016). Du et al. (2013) found that nearly half of the phase 5 of the Coupled Models
Intercomparison Project (CMIP5) models fail to capture the observed IOBM properties.
Previous studies have highlighted climatological easterly wind biases over the equatorial Indian
Ocean as a potential cause of model deficiencies in simulating the IOBM, as these biases can
deepen the thermocline in the southwestern Indian Ocean and diminish the thermocline—SST
coupling there, thereby reducing the IOBM amplitude (Li et al. 2015; Zheng et al. 2016). In
addition, climatological easterly wind biases can weaken the zonal thermocline gradient along
the equator, thereby enhancing the Bjerknes feedback and shifting Indian Ocean SST
variability toward a more positive [OD-like pattern (Cai et al. 2011; Cai and Cowan 2013;
Weller and Cai 2013), which can disrupt the basin-wide SST anomaly pattern characteristic of
the [OBM.

Moreover, since the IOBM is closely linked to ENSO, biases in simulated ENSO are also
likely to influence its representation. Tao et al. (2016) found that unrealistic SST anomalies in
the western Pacific associated with modeled ENSO impede the accurate simulation of both the
IOBM and its capacitor effect during ENSO-decay summers in CMIP3 and CMIP5 models.
Subsequent studies have proposed that the excessive westward extension and slower decay of
ENSO-related SST anomalies in many climate models are associated with an overly strong
climatological cold tongue bias in the equatorial Pacific (Jiang et al. 2017, 2021; Tao et al.
2018). Therefore, this Pacific SST mean-state bias may also contribute to biases in [OBM

simulations.

Although previous studies have shown that the overall performance of CMIP5 models in
simulating IOBM is better than that of CMIP3 models (Tao et al. 2016), it remains unclear
whether CMIP6 models offer further improvements over CMIP5. Moreover, the root causes of
IOBM biases—whether arising from the simulated mean state of the Indian Ocean, the Pacific
Ocean, or both—and their relative contributions remain unresolved. These questions call for a
systematic and comprehensive analysis. In this study, we conduct an intermodel empirical
orthogonal function (EOF) analysis using outputs from 27 CMIP5 models and 29 CMIP6

models to identify the sources of model biases in IOBM simulations across the two most recent
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generations of CMIP models. We also explore how these biases may influence future

projections of the Indian Ocean capacitor effect under global warming scenarios.

The rest of the paper is organized as follows. Section 2 is a brief description of the model
datasets and methods used in this study. Section 3 evaluates the IOBM simulation in CMIP5
and CMIP6 models. Section 4 investigates the leading patterns of intermodel spread in IOBM
simulation during ENSO decay summers and their origins. Section 5 examines how
observationally constrained corrections to key biases affect future projections of the Indian

Ocean capacitor effect. Section 6 presents a summary of the main findings.

2. Data and Methods

a. Observation and Model Data

We analyze monthly outputs from the historical simulations of 27 CMIP5 models (Taylor
et al. 2012) and 29 CMIP6 models (Eyring et al. 2016) over the period 1979-2005. For future
projections, we use data from the RCP8.5 experiments in CMIPS5 and the SSP5-8.5 experiments
in CMIP6 for the period 2070-2096. The list of models used in this study is provided in Table
1. The variables analyzed include monthly mean SST, oceanic potential temperature,
precipitation, latent heat flux, wind and troposphere temperature in historical simulations and
monthly mean SST, precipitation, wind and troposphere temperature in future warming

projections.

Reanalysis and observational datasets for the period 1979-2005 are used as a reference.
The data used include monthly mean SST from the Extended Reconstructed SST, version 5
(ERSST. V5) (Huang et al. 2017); ocean potential temperature data from the Simple Ocean
Data Assimilation version 2.2.4 (SODA_2.2.4) (Carton and Giese 2008); and winds from the
National Centers for Environment Prediction—National Center for Atmospheric Research
(NCEP-NCAR) reanalysis (Kalnay et al. 1996). All the model outputs and observational

datasets are interpolated onto the same 2.5°%2.5° grid before analysis.

No. CMIP5 No. CMIP6
MI ACCESSI1-0 M28 BCC-CSM2-MR
M2 ACCESSI1-3 M29 BCC-ESM1
M3 bce-csml-1-m M30 CAMS-CSM1-0
M4 bee-csml-1 M31 CanESM5
M5 BNU-ESM M32 CESM2-WACCM
M6 CanESM2 M33 CESM2

6
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M7 CCSM4 M34 CNRM-CM6-1

M8 CESM1-CAMS5 M35 CNRM-ESM2-1

M9 CMCC-CM M36 E3SM-1-0
M10 CNRM-CM5 M37 EC-Earth3-Veg
Ml11 CSIRO-Mk3-6-0 M38 EC-Earth3
M12 FGOALS-g2 M39 FGOALS-f3-L
M13 GFDL-CM3 M40 GFDL-CM4
M14 GFDL-ESM2G M41 GFDL-ESM4
M15 GFDL-ESM2M M42 GISS-E2-1-G
Ml16 GISS-E2-H M43 GISS-E2-1-H
M17 GISS-E2-R M44 HadGEM3-GC31-LL
M18 HadGEM2-ES M45 INM-CM4-8
M19 IPSL-CM5A-LR M46 INM-CMS5-0
M20 IPSL-CM5A-MR M47 IPSL-CM6A-LR
M21 MIROC-ESM M48 MIROC-ES2L
M22 MIROCS5 M49 MIROC6
M23 MPI-ESM-LR M50 MPI-ESM1-2-HR
M24 MPI-ESM-MR M51 MPI-ESM1-2-LR
M25 MRI-CGCM3 M52 MRI-ESM2-0
M26 NorESM1-M MS53 NESM3
M27 NorESM1-ME M54 NorCPM1

M55 NorESM2-LM
M56 UKESM1-0-LL

Table 1. The 27 CMIP5 and 29 CMIP6 models used in this study.

b. Methods

Interannual variability signals were extracted by removing the linear trend, the annual
cycle, and a 13-year running mean from the original datasets. The boreal winter Nifio-3.4 index
is calculated as the December—January—February (D(0)JF(1)) SST anomalies averaged over
5°S—-5°N, 120°-170°W. Here, the notation “(1)” refers to calendar months in the decaying year
of El Niflo, while “(0)” denotes the developing year.

Thermocline depth is defined as the depth of the 20°C isotherm (D20). The easterly wind
(EW) index is used to quantify the climatological zonal wind averaged over the equatorial
Indian Ocean (2°S-2°N, 70°E-90°E) during September—October—November (SON) in both
observations and CMIP5/6 model simulations, with values multiplied by —1 to reflect the
strength of easterly winds (Li et al. 2015). The cold tongue (CT) index is defined as the

observed or simulated climatological SST averaged over the cold tongue region (2°S—2°N,

7
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170°E-130°W) during DJF, minus the tropical Pacific mean SST (20°S-20°N, 0°-360°E), also
multiplied by —1 to indicate cold tongue intensity (Jiang et al. 2020). DJF is chosen as it
corresponds to the peak season of El Nifio’s influence on the Indian Ocean. The negative factor
ensures that larger values of the EW and CT indices represent stronger easterly winds in the

tropical Indian Ocean and colder SSTs in the Pacific cold tongue region, respectively.

The statistical significance of the correlation coefficients is evaluated using a two-tailed
Student’s t-test. Intermodel consensus is defined as the percentage of models that share the
same sign of change as the multi-model ensemble mean (MME). A previous study suggested
that a 68% consensus is considered statistically robust, corresponding to the 95% confidence

level under the assumption of model independence (Power et al. 2012).

3. Biases and leading modes of intermodel spread in IOBM simulations in

CMIPS and CMIP6

The observed IOBM pattern during the decaying summer of ENSO is shown in Fig. 1a,
obtained by regressing June—July—August [JJA(1)] Indian Ocean SST anomalies onto the
unstandardized preceding winter (D(0)JF(1)) Nifio-3.4 index over the period 1979-2005. The
resulting pattern features basin-wide warming across the tropical Indian Ocean. Notably,
stronger warm SST anomalies emerge in the subtropical southwestern, northwestern, and
eastern Indian Ocean (EIO), while weak cold anomalies appear in the equatorial western Indian
Ocean (WIO). However, both the CMIP5 and CMIP6 MMEs exhibit systematic biases in
reproducing the IOBM (Figs. 1b—c). Specifically, SST anomalies in the subtropical
southwestern, northwestern, and EIO are cooler than observed, whereas the WIO displays a
warm bias. These regions are also characterized by large intermodel spread, highlighting

substantial discrepancies among models (Figs. 1b—c).

To further evaluate model performance, we quantify SST anomaly biases over the WIO
(10°S—10°N, 40°—60°E) and EIO (green trapezoid in Fig. 1b) for both the CMIP5 and CMIP6
MMEs as well as for individual models (Figs. 1d—e). Although bias magnitudes vary across
models, most simulate a warm bias in the WIO and a cold bias in the EIO. Only a few models
reproduce relatively realistic SST anomalies—defined here as bias magnitudes smaller than
0.01—in these regions. For the WIO (Fig. 1d), this includes 2 CMIP5 models (ACCESS1-0,
CSIRO-Mk3-6-0) and 2 CMIP6 models (CanESM5 and CNRM-CM6-1). For the EIO (Fig.
le), only 3 CMIP6 models (EC-Earth3, FGOALS-f3-L, and MIROC-ES2L) meet this criterion.
These results indicate that simulating the EIO portion of the IOBM pattern poses a greater

8
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challenge than the WIQO, as also reflected in the larger MME biases in the EIO region in both
CMIP5 and CMIP6 (Figs. 1d—e). While CMIP6 models exhibit slightly smaller MME biases
than CMIPS models in both regions, both generations display a substantial intermodel spread.
This suggests that, despite modest improvements in ensemble mean performance, no
significant progress has been made in accurately simulating the IOBM structure during ENSO

decay summers between CMIP5 and CMIP6.
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Fig. 1. IOBM patterns during ENSO decay summers [JJA(1)] in (a) observations, and associated model
biases in (b) the CMIP5 multi-model ensemble (MME) and (c) the CMIP6 MME. Shading in panels (a)—(c)
represents SST anomalies regressed onto the D(0)JF(1) Nifio-3.4 index, and contours in (b) and (c) indicate
intermodel standard deviations. The green box and trapezoid mark the WIO and EIO regions used for area-
mean calculations, respectively. Panels (d) and (e) show the corresponding area-mean ENSO-related SST
anomaly biases in the WIO and EIO for the CMIP5 and CMIP6 MMEs, respectively, along with results from
individual models.
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To investigate the sources of model bias in simulating the [OBM in CMIP5 and CMIP6,
we first examine the leading patterns of intermodel spread in [OBM simulations by using an
intermodel EOF analysis. This approach highlights models diverge in simulating the [OBM
response to ENSO forcing and serves as an effective diagnostic to identify structural biases
commonly shared among models and to infer underlying causes of IOBM simulation biases,
which has been widely employed to extract leading patterns of model biases in CMIP models

(Zhou et al. 2020, 2019; Jiang et al. 2021, 2022; Liu et al. 2023).

We perform an intermodel EOF analysis on regression coefficient maps of JJA(1) Indian
Ocean SST anomalies onto the preceding winter (D(0)JF(1)) Nifio-3.4 index. These maps are
derived from 56 CMIP5 and CMIP6 models, as detailed in Figure 1, and cover the tropical
Indian Ocean domain (20°S—-20°N, 35°-115°E). The first EOF mode accounts for 28.28% of
the total variance in the intermodel spread and features a dipole-like pattern reminiscent of the
Indian Ocean Dipole (IOD), with negative SST anomalies centered in the WIO and positive
anomalies in the EIO (Fig. 2a). This indicates that IOD-like variability is a dominant
contributor to the intermodel spread in simulated IOBM. The second EOF mode explains
20.09% of the variance and exhibits a monopole structure, characterized by negative SST
anomalies centered in the EIO (Fig. 2b). This mode reflects an additional and independent
source of model disagreement, distinct from the IOD-like mode. The separation between these
two EOF modes was evaluated using North’s rule of thumb test (North et al., 1982), which

confirms that they are statistically well separated and may be regarded as independent modes.
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Fig. 2. (a) First and (b) second EOF modes of intermodel differences in the regression of JJA(1) Indian
Ocean SST anomalies onto the preceding winter (D(0)JF(1)) Nifio-3.4 index, based on 56 CMIP5 and CMIP6
models. The percentage values at the top-right in panels (a) and (b) indicate the fraction of total intermodel
variance explained by each mode. These two EOF modes are statistically well separated according to North’s
rule of thumb test (North et al., 1982). Panels (c) and (d) display the corresponding principal component
scores (PC1 and PC2) for each model. Red dashed lines in panels (c) and (d) indicate +0.8 standard deviations,
used as thresholds for model grouping in subsequent analyses.

4. Origins and Mechanisms of Intermodel Spread in IOBM Biases

As discussed earlier, previous studies have suggested that biases in simulating the IOBM
are influenced by how models represent the climatological easterly winds over the equatorial
Indian Ocean and the cold tongue in the equatorial Pacific (Du et al. 2013; Jiang et al. 2017,
2021; Li et al. 2015; Tao et al. 2016; Weller and Cai 2013; Zheng et al. 2016). It is plausible
that the two leading EOF modes of intermodel spread in IOBM simulations reflect the distinct
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impacts of these mean-state biases in the Indian and Pacific Oceans. To explore these potential
connections, we examine the relationships between the principal components of the first two
EOF modes (PC1 and PC2; Figs. 2c—d) and the EW and CT indices across the 56 CMIP5/6
models. PC1 exhibits a significant positive correlation with the EW index (r = 0.39, p<0.01;
Fig. 3a), but a weaker and statistically insignificant correlation with the CT index (r = 0.21, p
> 0.1; Fig. 3b). Conversely, PC2 shows a strong and significant correlation with the CT index
(r=0.56, p <0.01; Fig. 3c), while its correlation with the EW index is weak and negative (r =
—0.21, p > 0.1; Fig. 3d). These results suggest that the first EOF mode is primarily associated
with variations in the strength of climatological easterly winds over the Indian Ocean, whereas
the second EOF mode is more strongly linked to differences in the intensity of the Pacific cold
tongue. Given the potential concern that the EW and CT indices may not be fully independent,
we examined their relationship across the CMIP5/6 models. The two indices show only a weak
and statistically insignificant correlation (r = 0.22, p > 0.1; figure not shown), indicating that
they are largely independent and can be regarded as distinct sources of intermodel spread in
IOBM simulations. In addition, although the correlation between PC1 and the EW index is
moderate, it is statistically significant (p < 0.01), suggesting that zonal SST gradient biases and
associated equatorial Indian Ocean winds are a key driver of EOF1, while acknowledging that

other processes may also contribute.
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Fig. 3. Intermodel relationships between (a) PC1 and the EW index, and (b) PC1 and the CT index. Panels
(c) and (d) show intermodel correlations between PC2 and the CT index, and PC2 and the EW index,
respectively. Linear correlation coefficients are shown in the top-left corner of each panel, with solid black
lines indicating the linear regression fits. Dashed lines along the horizontal axes represent the observed
present-day values of the EW index (in panels a and d) and the CT index (in panels b and ¢), both multiplied
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by —1. (e) Intermodel regression of climatological SON 925-hPa winds and DJF thermocline depth (D20)
over the Indian Ocean onto standardized PC1 across 56 CMIP5 and CMIP6 models. (f) Intermodel regression
of DJF climatological SST over the Pacific onto standardized PC2. Stippling in panels (e) and (f), and green
wind vectors in (), indicate regions where the regression is statistically significant at the 90% confidence
level based on a Student’s t-test.

To further examine these associations and to highlight the key regions where each mode
aligns with documented mean-state biases—namely, the Indian Ocean fields for PC1 and the
Pacific fields for PC2—we regress PC1 and PC2 onto climatological SON surface winds and
DJF thermocline depth over the Indian Ocean, as well as DJF climatological SST over the
Pacific Ocean, across the 56 CMIP5/6 models. These regressions reveal the mean-state bias
patterns linked to each intermodel EOF mode. We use DJF climatology for thermocline depth
to account for the lagged oceanic adjustment to wind forcing. The first EOF mode, which
exhibits an I0D-like dipole structure, is closely linked to the strength of easterly winds over
the equatorial Indian Ocean (Fig. 3e). Models with stronger climatological easterlies during
SON tend to produce a west—east slope in the climatological thermocline during DJF, with the
thermocline (D20) shoaling toward the eastern Indian Ocean (EIO). The second EOF mode,
marked by a monopole pattern with negative SST anomalies centered over the EIQO, is strongly

associated with the cold tongue bias in the equatorial Pacific (Fig. 3f).

In addition, Figs. 3a—d show that CMIP6 models exhibit no substantial improvement over
CMIPS5 in representing either the climatological easterly winds over the equatorial Indian
Ocean or the Pacific cold tongue. The distributions of both the EW and CT indices remain
broadly similar between the two model generations, as seen in the MME values from CMIP5
and CMIP6, suggesting that these persistent mean-state biases continue to limit the accurate

simulation of the IOBM.

a. Influence of climatological equatorial easterly wind bias on IOBM simulation

To investigate how climatological easterly winds over the Indian Ocean influence the EOF1
mode of intermodel spread in [OBM simulations, we contrast two groups of CMIP5/6 models:
10 models with strongly positive PC1 values (PC1 > 0.8; Group A) and 13 models with strongly
negative PC1 values (PC1 < —0.8; Group B). These groups represent opposing phases of the
EOF1 mode, enabling a comparison of their climatological states and associated IOBM

responses.

Consistent with the regression patterns shown in Fig. 3e, both groups exhibit easterly wind

biases over the equatorial Indian Ocean during SON (Figs. 4d—¢). These enhanced easterlies
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induce a west—east tilt in the climatological thermocline during DJF, intensify upwelling in the
EIO, and drive westward advection of surface waters. This leads to a deepening of the
thermocline in the southwestern and northwestern Indian Ocean via Ekman convergence (Figs.
4d—e). Compared with observed thermocline climatology (Fig. 4c), both groups show a positive
depth bias in the WIO and a negative bias in the EIO (Figs. 4a, b, d, e). However, Group A
features a stronger easterly wind bias, resulting in a more pronounced thermocline tilt, with
depths exceeding observed values by over 20 meters (Fig. 4d). In contrast, Group B exhibits
smaller biases, generally under 10 meters, and more closely aligned with observations (Fig.
4e). The climatological differences between the two groups in wind and thermocline structure

closely resemble the PC1-regressed patterns (Figs. 4f, 3e).

a D20 in Group A b D20 in Group B c D20 in OBS

v»ﬂ

45°E  B0°E 75°E  90°E 105°E 120°E 45°E  B0°E 75°E  90°E 105°E 120°E

Fig. 4. Climatological thermocline depth in winter (DJF) (shadings, m) for (a) Group A, (b) Group B and (c)
observations, and MME biases in climatological surface wind (vectors, m s—1) in autumn (SON) and
thermocline depth in winter (DJF) for (d) Group A, (¢) Group B, and (f) the MME difference between Group
A and Group B. Stippled regions and green vectors in (a)—(b) and (d)—(e) indicate where the sign of the
MME agrees in more than 68% of models. The MME difference in (f) represents a contrast between
ensemble means rather than a statistically tested difference.

The background thermocline depth plays a critical role in modulating the strength of
thermocline—SST coupling on interannual timescales. SST anomalies are more sensitive to
vertical thermocline variations when the mean thermocline is shallower. Although thermocline
anomalies in the southwestern Indian Ocean during the El Nifio mature winter [D(0)JF(1)] are
of similar magnitude in both groups (Figs. 5a, d), the deeper background thermocline in Group
A suppresses the SST response (Fig. 5g). Consequently, SST anomalies in the southwestern

Indian Ocean remain weak into the following spring [MAM(1)], resulting in weaker cross-

equatorial antisymmetric wind anomalies (Figs. 5b, e, h) and a reduced IOBM amplitude during
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the El Niflo decay summer [JJA(1)] relative to observations (Figs. 5c, 1a). These results are

consistent with previous studies (Li et al. 2015; Zheng et al. 2016).

In contrast, Group B’s smaller thermocline depth biases in the southwestern Indian Ocean
(Figs. 4b, e) enable stronger thermocline—SST coupling, which facilitates the development of
warm SST anomalies in the WIO and associated antisymmetric wind anomalies during
MAM(1) (Fig. 5e). This, in turn, promotes a second warming in the northern Indian Ocean
during JJA(1) (Fig. 5f), consistent with the mechanism described by Du et al. (2009). However,
Group B also shows a systematic bias of strong easterlies and a shallower-than-observed
thermocline in the EIO (Fig. 4e). As a result, when easterly anomalies occur over the EIO,
enhanced upwelling of cold subsurface water cools the SST anomalies in the EIO and favors
the development of a positive IOD-like pattern (Figs. 5d—f), consistent with previous studies
(Caietal.2011; Cai and Cowan 2013; McKenna et al. 2024; Weller and Cai 2013). The pattern
of bias differences between Groups A and B closely resembles the EOF1 structure (Figs. 51,
2a).

il Group A JF{1) d GrcupB D(O)JF(1) g GroupA GroupB D(O)JF(1)

JJA(T)

s
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10°N‘ _I—-‘\\.\ m s~ K™

..-/.---.\ 1y \“‘-w""\
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Fig. 5. ENSO-related anomalies for (a—c) Group A, (d—f) Group B, and (g—i) the MME difference between
the two groups. Anomalies of SST (shading, non-dimensional), thermocline depth (contours, m K™') and
925-hPa winds (vectors, m s K™!) from D(0)JF(1) to JJA(1). Stippled regions in (a)-(f) indicate where the
sign of the MME agrees in more than 68% of models. The MME difference in (g)-(i) represents a contrast
between ensemble means rather than a statistically tested difference.
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These results highlight that the impact of climatological easterly wind bias on the simulated
IOBM depends critically on its intensity. When the easterly bias is strong and accompanied by
an excessively deep background thermocline in the southwestern Indian Ocean, the
thermocline-SST coupling is weakened, leading to a suppressed IOBM amplitude, particularly
over the southwestern and northwestern basin. By contrast, when the easterly bias is moderate,
the thermocline in the southwest remains shallow enough to sustain strong thermocline—SST
coupling, enabling the development of warm SST anomalies in the southwestern and northern
Indian Ocean. At the same time, the easterly bias shoals the background thermocline in the
eastern Indian Ocean, favoring cold SST anomalies and reinforcing a positive 10D-like
structure. Taken together, these findings clarify why EOF1, despite its zonal SST dipole
pattern, captures the intermodel spread of IOBM amplitude and provide new insight into how
mean-state easterly wind biases shape the diversity of IOBM simulations across climate

models.

b. Influence of climatological cold tongue bias on IOBM simulation

Using a similar approach, we examine the influence of biases in the Pacific cold tongue
climatology on IOBM simulations. Based on standardized PC2 values, we select ten models
with PC2 > 0.8 as Group C and twelve models with PC2 < —0.8 as Group D. Compared to
observations, both groups simulate an overly westward-extended DJF climatological cold

tongue in the equatorial Pacific (Figs. 6a—e), with the bias more pronounced in Group C (Fig.

6f).
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Fig. 6. Climatological SST (shading, °C) during winter (DJF) for (a) Group C, (b) Group D, and (c)
observations, and MME biases of climatological SST for (d) Group C, (¢) Group D, and (f) the difference
between the two groups. Stippled regions in (a)-(b) and (d)-(e) indicate where the sign of the MME agrees
in more than 68% of models. The MME difference in (f) represents a contrast between ensemble means
rather than a statistically tested difference.

Previous studies have shown that an excessively westward-extended cold tongue can lead

to simulated ENSO-related SST anomalies that also extend too far west and decay more slowly
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than observed. This is due to an overly strong zonal advection feedback, involving ENSO-
induced current anomalies and the climatological SST gradient associated with the cold tongue
(Jiang et al. 2017, 2021). Relative to observations (Figs. 7a—c), Group C simulates ENSO
events that extend approximately 20° farther west during the peak DJF season, with anomalous
warm SSTs persisting from D(0)JF(1) through JJA(1) (Figs. 7d—f). Group D also exhibits

westward extension and delayed decay, but with weaker intensity (Figs. 7g—).

As emphasized earlier, both EOF1 and EOF2 ultimately affect the IOBM through the same
physical mechanism: ENSO-induced interannual easterly anomalies over the equatorial Indian
Ocean excite downwelling Rossby waves that propagate into the southwestern Indian Ocean,
where they modulate the thermocline, trigger local SST warming, and induce antisymmetric
cross-equatorial winds that counteract the boreal summer monsoon. However, the two modes

differ in their entry points into this shared pathway.

In Group C, the lingering warm SST anomalies in the western Pacific influence IOBM
development and the simulation of the capacitor effect through two key pathways. First, the
westward-extended Pacific anomalies enhance the Walker circulation, which reduces ENSO-
induced interannual easterly anomalies over the equatorial Indian Ocean during D(0)JF(1)
(Figs. 7a, d, g, j). This weakens downwelling Rossby waves, the associated SST response in
the southwestern Indian Ocean, and subsequent antisymmetric wind anomalies during
MAM(1) (Xie et al. 2002; Masumoto and Meyers 1998) (Figs. 7b, e, h, k). Second, the
westward-shifted convection anomalies induce a Gill-type atmospheric response, generating
off-equatorial cyclonic anomalies that extend into the eastern Indian Ocean during JJA(1). The
southern cyclone strengthens local climatological winds, enhances evaporative cooling
(highlighted by magenta contours in Fig. 7f), and drives cold SST anomalies, while the northern
cyclone over the South China Sea weakens and shifts eastward the Northwest Pacific
anticyclone (Fig. 7f), disrupting Indo—western Pacific feedback and further dampening
northern Indian Ocean warming. Together, these processes weaken the IOBM and the Indian

Ocean capacitor effect (Xie et al. 2016).

In contrast, Group D—with weaker cold tongue biases and more realistic SST anomalies
in the equatorial western Pacific—better reproduces the observed IOBM evolution and
associated capacitor effect (Figs. 7i, ¢). The differences between the two groups closely

resemble the second EOF mode of intermodel spread in IOBM simulations (Figs. 71, 2b).
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Fig. 7. ENSO-related anomalies in (a—c) observations, (d—f) Group C, (g—i) Group D, and (j-1) the MME
difference between Groups C and D. Shading shows SST anomalies (°C), contours represent latent heat flux
anomalies (W m™2 K'!; positive upward, with magenta lines for +3 and green lines for —3), and vectors
indicate 925-hPa wind anomalies (m s™' K™) from D(0)JF(1) to JJA(1). Stippling marks regions where more
than 68% of models in the MME agree on the sign of the anomaly. The MME difference in (j—1) represents
a contrast between ensemble means rather than a statistically tested difference.

Overall, EOF2 primarily reflects the remote influence of the Pacific cold-tongue bias on
the ENSO-1IOBM linkage. Through its control on the Walker circulation and the westward
extent of ENSO convection, the cold tongue bias alters both the strength of ENSO-induced
interannual easterlies over the Indian Ocean and the Gill-type atmospheric response over the
EIO. The combined effects of these atmospheric pathways lead to a distinct EIO-centered SST
bias pattern captured by EOF2, in contrast to the mean-state-driven processes represented by
EOF1. While the Indonesian Throughflow may modulate Pacific-Indian Ocean exchanges, its

role is likely secondary given the coarse resolution of ITF passages in most CMIP models and

is not investigated in this study.

5. Implications for projections of the IOBM and its capacitor effect

The results above demonstrate that biases in the climatological easterly winds over the
equatorial Indian Ocean and in the climatological cold tongue in the equatorial Pacific
significantly influence the simulations of the IOBM and its capacitor effect in CMIP5 and
CMIP6 models. To further investigate how these biases may affect future projections of the

IOBM and its associated capacitor effect, we examine the relationships between model
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climatological biases in historical simulations and projected changes in IOBM-related
variables. Historical simulations cover the period 1979-2005, while future projections span
2070-2096 under the RCP8.5 (CMIP5) and SSP5-8.5 (CMIP6) scenarios. To reduce the
influence of intermodel spread in global mean warming, all projected changes are normalized

by each model’s SST increase averaged over 60°S—60°N.

To quantify the strength of the Indian Ocean capacitor effect, we follow previous studies
(Huetal.2014,2021; Tao etal. 2015; Xie et al. 2009) and use tropical tropospheric temperature
(TT) anomalies over the Indian Ocean. TT anomalies are a key component of the capacitor
effect mechanism, which enables the IOBM to sustain ENSO’s influence beyond the peak of
El Nifio. Once the IOBM is established in JJA(1), associated Indian Ocean warming can trigger
a Gill-type atmospheric response, including an eastward-propagating Kelvin wave that spreads
TT anomalies into the western Pacific. This process affects regional climate phenomena such
as the western Pacific summer high and monsoon systems (Chen et al. 2019; Xie et al. 2009;
Yang et al. 2007; Jiang et al. 2019, 2018; Huang et al. 2010). Therefore, JJA(1) TT anomalies
over the Indian Ocean provide an effective measure of the strength of the Indian Ocean

capacitor effect.

Our analysis reveals an overall negative relationship between the magnitude of model
climatological biases and El Nifio—induced TT anomalies over the Indian Ocean. Specifically,
the projected changes in JJA(1) TT anomalies under warming scenarios exhibit significant
negative regressions against the climatological biases in (i) SON easterly wind strength over
the equatorial Indian Ocean and (ii) DJF cold tongue strength in the Pacific (Figs. 8a—b). The
correlation between the SON easterly wind bias and TT changes reaches —0.36, and that
between the DJF cold tongue bias and TT change is —0.43—both significant at the 99%
confidence level (Figs. 8a—b). These results indicate that stronger climatological mean-state

biases suppress the projected enhancement of the Indian Ocean capacitor effect.
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Fig. 8. (a) Scatterplots of the SON easterly wind (EW) index versus projected changes in Nino3.4-regressed
tropospheric temperature anomalies over the south Indian Ocean during JJA(1). (b) Scatterplots of the DJF
cold tongue (CT) index versus projected changes in Nino3.4-regressed tropospheric temperature over the
northern Indian Ocean in 56 models. The intermodel correlation coefficients of the 56 models are shown in
the top-left of the panels. All correlation coefficients are significant at the 99% confidence level, based on
the Student’s t-test. () MME changes in ENSO-related tropospheric temperature (925-200hPa mean) and
200-hPa wind anomalies in the period 2070-2096 relative to those in 1979-2005. (d) Observational constraint
on changes in ENSO-related tropospheric temperature and 200-hPa wind anomalies. (¢) MME changes in
ENSO-related 500-hPa geopotential height and 850-hPa wind anomalies and (f) their observationally
constrainted counterparts.

Consistent with previous studies (Hu et al. 2014; Zheng et al. 2011), we find that the Indian
Ocean capacitor effect tends to strengthen under greenhouse warming. This is shown in Figure

8b, where the MME of CMIP5/6 models exhibits intensified El Nifio—induced TT anomalies
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over the Indian Ocean in the future climate compared to the historical period. However, this
raw projection does not account for the influence of model biases in Indo-Pacific climatology.
To refine this projection, we perform an observational constraint by the observed easterly wind
strength and cold tongue strength based on the relationships derived in Figures 8a—b, following
the approach of previous studies (Cox et al. 2013, 2018; Jiang et al. 2020; Li et al. 2017; Huang
and Ying 2015; Zhou et al. 2019).

To correct for equatorial Indian Ocean easterly wind bias, we multiply the MME EW index
bias (model-simulated minus observed) by the intermodel regression coefficient of TT change
onto the EW index, yielding a grid-level correction that is subtracted from the original TT
projection (Fig. 8c). A similar procedure is applied using the CT index to correct for Pacific
cold tongue bias. The resulting bias-corrected projection is shown in Figure 8d, which reveals
a more robust strengthening of the capacitor effect and improved intermodel consistency
relative to the uncorrected projection in Figure 8c. In addition, similar analyses reveal enhanced
500-hPa geopotential height and 850-hPa anticyclonic anomalies over the northwestern Pacific
(Figs. 8d, f), indicating a stronger northwestern Pacific anticyclone anomalies (NWPAC)

response consistent with an intensified Indian Ocean capacitor effect.

These findings suggest that both easterly wind and cold tongue biases act to suppress the
projected intensification of the Indian Ocean capacitor effect under global warming. After
accounting for model climatological biases, the refined projection indicates that the future
strengthening of the capacitor effect—and the associated NWPAC response—may be greater
than previously estimated. Analyses of medium-emission scenarios (RCP4.5 and SSP2-4.5)
similarly show a strengthened capacitor effect, with an even greater enhancement after
observational constraint (figure not shown), confirming the robustness of our conclusions.
Importantly, this pilot analysis demonstrates the value of incorporating mean-state bias
diagnostics into future projection assessments. While more comprehensive analyses are
needed, our results highlight the potential of this approach to improve the reliability of Indian

Ocean capacitor effect projections.

6. Conclusions and Discussions

This study systematically assesses the simulation of the IOBM using outputs from 56
CMIP5 and CMIP6 models. We identify two dominant modes of intermodel spread in [OBM
simulations: (1) an IOD-like mode associated with biases in the climatological easterly winds

over the equatorial Indian Ocean, and (2) an EIO-centered mode linked to biases in the
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climatological cold tongue in the equatorial Pacific. Moreover, local Indian Ocean easterly
wind biases impact [OBM simulation more than Pacific cold tongue biases. Comparing CMIP5
and CMIP6 model performance, we find no substantial improvement in [OBM simulation in

CMIP6.

Our analysis shows that models with stronger easterly wind biases tend to deepen the
thermocline in the southwestern Indian Ocean, weakening SST—-thermocline coupling and
suppressing the [OBM amplitude. In contrast, models with weaker easterly wind biases favor
stronger Bjerknes feedback, shifting the IOBM toward an IOD-like spatial pattern. Similarly,
models with stronger cold tongue biases exhibit westward-extending ENSO SST anomalies
and reduced cross-basin air-sea interactions, both of which diminish the IOBM amplitude,

especially in EIO.

Critically, these climatological biases in easterly winds and cold tongue structure also
suppress the strength and intermodel agreement of projected El Niflo—related TT anomalies
over the Indian Ocean—Xkey indicators of the Indian Ocean capacitor effect. When projections
are constrained by observed mean-state conditions, the projected TT anomalies become
stronger and more consistent across models, suggesting that current models may underestimate
the future enhancement of the Indian Ocean capacitor effect under global warming. These
results highlight the importance of mean-state biases—particularly in tropical surface winds,

SST, and thermocline depth—in shaping both historical IOBM behavior and future projections.

The origin of the Indian Ocean easterly wind bias likely involves both atmospheric and
coupled feedback processes. Long et al. (2020) demonstrated that this bias primarily arises
from two sources: (1) an overly strong South Asian summer monsoon, which advects excessive
easterly momentum toward the equator and triggers a convection—circulation feedback, and (2)
coupling-induced warm SST biases in the western Indian Ocean that amplify the easterlies
through the Bjerknes feedback. Together, these processes modify the zonal thermocline slope

and can help explain the persistent easterly wind bias identified in this study.

Future research should further investigate the physical mechanisms by which easterly wind
and cold tongue biases modulate the projections of the Indian Ocean capacitor effect, and
explore their broader implications for ENSO variability and monsoon systems in a warming
climate. Addressing these persistent model deficiencies will be critical for improving regional

climate projections and understanding Indo-Pacific climate interactions.
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