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Abstract

This paper evaluates Indo-Pacific warm pool (IPWP) sea surface temperature (SST) warming biases of Coupled Model
Intercomparison Project Phase 5 (CMIP5) and CMIP6. The IPWP warming trend in the CMIP5 multi-model ensemble
(MME) is closer to observation than in CMIP6 MME, but the IPWP expanding trend is the opposite. There is no quali-
tative improvement in the simulation of IPWP warming from CMIP5 to CMIP6. In addition, four metrics were used

to investigate the performance of Indo-Pacific region warming trends in all models. CMIP6 models perform better
than CMIP5 with smaller root mean square error and bias in MME and higher skill scores in MME and top models,
which is tightly linked to their better performance in simulating associated physical processes in CMIP6 models. IPWP
warming biases are mainly attributed to the combined effects of positive atmospheric process biases and negative
ocean dynamics term biases. The positive atmospheric process biases are primarily related to the shortwave radia-
tion and latent heat flux from atmospheric forcing, the latter of which can be attributed to the biases in surface wind
fields. Compared with CMIP5 models, the IPWP warming simulated by CMIP6 models is weaker, related to the less
robust atmospheric processes and the shallower thermocline anomalies simulated by CMIP6.

Introduction

The Indo-Pacific warm pool (IPWP) is commonly defined
as the Indo-Pacific domain (30° S to 30° N and 40° E to
135° W) with sea surface temperature (SST) greater than
28 °C (Clement et al. 2005; Kim et al. 2012; Picaut et al.
1996; Wyrtki 1989). The high SST in the IPWP promotes
strong convective motions in the atmosphere, releasing
large amounts of latent heat (Spencer 1993), driving the
Hadley and Walker circulations, and affecting regional
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and global climate change through atmospheric telecon-
nections (Lindzen and Nigam 1987; Marathe et al. 2021;
Numaguti 1995; Seager and Vecchi 2010). The IPWP is
also a key pathway for the return of large global oceanic
conveyor belts from the surface to the Atlantic Ocean,
with potential impacts on the global ocean (Banks and
Bindoff 2003; Hu et al. 2015; Ma et al. 2016; Wienders
et al. 2000).

The IPWP continues to warm and expand in the con-
text of global warming (Bai et al. 2022; Cravatte et al.
2009; Rao et al. 2012; Weller et al. 2016; Williams and
Funk 2011), with a twofold expansion of the IPWP dur-
ing 1981-2018 compared to the 1900—1980 period (Roxy
et al. 2019). Climate system models are a powerful tool
for studying IPWP SST changes (Eyring et al. 2016).
However, there are some uncertainties in the IPWP SST
simulations and projections due to the tropical bias in
the models (Cai and Cowan 2013; Hayashi et al. 2021;
Jin et al. 2023; Li and Xie 2012; Si et al. 2021; Wang et al.
2021; Yao et al. 2016). For example, the Western Pacific
Warm Pool area is small and confined to the equator, and
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the Indian Ocean Warm Pool is shifted southward (Hu
et al. 2017; Park et al. 2021; Sun et al. 2013). The ocean
currents and thermal advection biases in Coupled Model
Intercomparison Project Phase 5 (CMIP5) influence the
shape of the climatological warm pool (Yang et al. 2020).
There are still large inter-model spreads in the IPWP
intensity and size during the present-day climate in
CMIP6 (Kug et al. 2023; Liu and Grise 2023). In addition,
almost all CMIP5/6 models can reproduce the IPWP
SST warming, but the models tend to underestimate the
warming trend, with better performance in reproducing
Indian Ocean SST warming trends in CMIP5 (Li and Su
2020).

The formation of SST biases involves several physi-
cal processes. The climatological SST warm bias in the
equatorial western Indian Ocean and the cold bias in the
equatorial southeastern Indian Ocean are related to the
shallow thermocline and easterly wind anomalies in the
tropical southeastern Indian Ocean, and the Bjerknes
positive feedback enhances this latitudinal SST gradi-
ent biases (Cai and Cowan 2013; McKenna et al. 2020;
Wang et al. 2017). Compared to the CMIP5 model, the
equatorial southeastern Indian Ocean thermocline simu-
lated by the CMIP6 model remains over-tilted, which can
underestimate future increases in SST variability (Wang
et al. 2021). The equatorial western Pacific Ocean warm
bias is associated with low precipitation in the Western
Pacific Warm Pool and eastward flow bias caused by the
excessive e equatorial Pacific cold tongue (Li et al. 2015,
2016). Positive cloud-radiation negative feedback bias in
the central Pacific can cause SST warm bias in the Cen-
tral and Western Pacific and SST cold bias in the Eastern
Pacific (Ying and Huang 2016).

Although CMIP6 models show better performance
than CMIP5 in reproducing globally averaged climato-
logical SST (Zhang et al. 2023a), the spatial distribution
and magnitude of regional biases in CMIP6 are similar to
those of the CMIP5 and CMIP3 models (Bock et al. 2020;
Flato et al. 2014; Randall et al. 2007). Thus, a systematic
assessment of two generations of model simulations for
IPWP SST trends modeling is essential. We first evalu-
ate the models’ ability to simulate IPWP SST warming
in CMIP6 and CMIP5, with a focus on the discussions
about whether CMIP6 models have made progress in
simulating the IPWP SST warming. We then reveal the
fundamental physical mechanisms for IPWP SST warm-
ing and investigate the causes of model biases based on
the mixed-layer heat budget.

Materials and methods

Observational and model datasets

The monthly mean SST observations used in this paper
include (1) the extended reconstructed SST (ERSST)
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version 5 (Smith et al. 2008); (2) the Hadley Centre Sea
Ice and SST (HadISST) version 1.1 (Rayner et al. 2003);
(3) the centennial in situ observation based estimates SST
(COBESST) version 2 (Hirahara et al. 2014). We use the
average of HadISST.v1.1, ERSST.v5, and COBESST2 SSTs
as the optimal observational SST estimate (referred to as
"observation”) to reduce uncertainties among different
observational datasets.

Monthly gridded radiation flux data were taken from the
ERAD5 reanalysis dataset (Hersbach et al. 2020). For radia-
tion flux, we also use JRA55 (Kobayashi et al. 2015) and
NCEP (Kalnay et al. 1996) as references. Monthly wind
data were taken from the NCEP-NCAR reanalysis dataset
(Kalnay et al. 1996). Monthly precipitation data were taken
from the JRA55 reanalysis dataset (Kobayashi et al. 2015).
We also used monthly sea surface height data compiled
with the ORAS5 dataset (Zuo et al. 2017).

We use monthly mean SST, radiation flux, wind, precipi-
tation, and sea surface height data from 40 CMIP6 mod-
els (Eyring et al. 2016) and 35 CMIP5 models (Taylor et al.
2012). The simulations from all forcing historical experi-
ments (1950—2005) were analyzed, and only the first reali-
zation for each model was used (Table 1).

The observational and models were gridded to a typical
1°x1° grids through bilinear interpolation. Since the histor-
ical simulations in CMIP5 models were limited to 2005, the
period selected in the study is 1961-2005.

Metrics for the warm pool properties

The Indo-Pacific warm pool is defined as the Indo-Pacific
domain (30° S to 30° N and 40° E to 135° W) with an SST
higher than 28 °C and divided into Indian and Pacific parts
by the 120° E meridian. The intensity and area indexes are
calculated by the averaged area-weight SST in the area
within the 28 °C isotherms and the area size enclosed by
the 28 °C isotherm, respectively. The monthly climatologi-
cal mean is removed when calculating monthly intensity
and area anomaly. Annual mean anomalies are constructed
from monthly anomalies for analysis.

We calculate the total root mean square error (RMSE),
the pattern correlation coefficients (PCC), and the biases
between observations and models to quantitatively esti-
mate the models’ ability to simulate Indo-Pacific (30°
S—30°N, 40° E-135° W) SST warming. We also calculate
the skill scores to identify models skill following Taylor
(2001) by the following formula (Hirota et al. 2011; Taylor
2001):

4 x (1+R)?
(L‘“ + U—f‘;) x (1+ Rg)2

0o 0

TS =

(1)

where R denotes the spatial correlation coefficient
between the model and the observation. Ry denotes the
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maximum value of R among the selected models. g, and
o, present the standard deviation of the observation and
the model, respectively.

Heat budget analysis
Following Xie et al. (2010), the SST tendency equation is
written as:

T’
ot

C

= Q;let +D£)’ (2)

where T’ is the SST trend from 1961 to 2005. C is the
mixed-layer heat capacity. D, is the ocean dynamics
term due to three-dimensional advection, mixing, and
even entrainment. Q| is the trend for 45 yr in the net
surface heat flux into the ocean (positive downward) and
is composed of four physical components: net shortwave
radiation Q}, net longwave radiationQ[, net sensible heat
flux Q, and net latent heat flux Q.

At the interdecadal or longer time scales, the SST
tendency term is one order smaller than the net sea
surface heat flux and ocean dynamics term (Schneider
and Fan 2012; Xie et al. 2010). Therefore, the net sur-
face heat flux balances the ocean dynamics term to the
first order:

D/O = _Q;et' (3)

Qf can be decomposed into a Newtonian cooling effect
(QS ) and atmospheric forcing (QE,).QS is written as:
9QE, .,

QE/ = 87TT =aQeT’, (4)

where o &~ 0.067 K™ is a coefficient. Qg is the climato-
logical latent heat flux.

Qg is calculated as a residual, and can be further decom-
posed into wind speed, relative humidity, and stability
effects. Likewise, the wind speed effect (Q]‘EV /) is written as:

r 0Qe Qe

W/
= Xy - XEV
Qe oW W

(5)

W is the climatological surface wind speed. W is the sur-
face wind speed trend.

In conclusion, the mixed-layer heat budget equation can
be written as:

0= (Dh+Q,) —aQeT’. ©6)

SST warming pattern formation is mainly attributable to
ocean dynamics term (D(,), atmospheric processes via radi-
ative and turbulent fluxes (Q, = Qs+ Q; — Q}; — Q%l),
and climatological latent heat flux (Q):
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Results

IPWP warming in CMIP5 and CMIP6

The observed SST shows a warming trend except for
the subtropical northeastern Pacific Ocean, with a sali-
ent warming trend in IPWP (Fig. 1la). The multi-model
ensemble (MME) can reproduce the observations with
uniform warming throughout the entire basin (Fig. 1b
and c). However, the spatial distributions of warming
trends in MMEs show apparent differences from the
observed pattern. CMIP6 and CMIP5 models share simi-
lar bias patterns with prominent cold biases over IPWP,
the southern Indian Ocean, and the tropical southeastern
Pacific Ocean, and with warm biases over the tropical
western Indian Ocean and the subtropical northeastern
Pacific Ocean. Both model generations simulate zon-
ally elongated and meridionally narrower IPWP com-
pared with the observation (Fig. 1d and e). CMIP6 MME
simulates a weaker SST warming pattern in IPWP com-
pared with CMIP5 (Fig. 1f). We calculate the time series
and the linear trends for intensity and area anomalies
to evaluate the IPWP warming and expanding biases in
CMIP6 and CMIP5 (Fig. S1, Fig. 1g and h). The IPWP
warmed and expanded steadily in both observations and
CMIP5/6 models. The IPWP warming trend in CMIP5
is 0.29 °C/45 yr, closer to observation (0.34 °C/45 yr)
than CMIP6 (0.26 °C/45 yr). The model spreads (5-95%
model interval) of CMIP5 tend to be slightly smaller than
those of CMIP6 for warm pool intensity (Fig. S1a). How-
ever, the IPWP expanding trend in CMIP6 (24.5%/45 yr)
is closer to observation (27.9%/45 yr) than in CMIP5
(35.7%/45 yr), and the model spreads of the warm pool
area in CMIP6 are smaller than those of CMIP5 (Fig.
S1b).

We evaluate how well the models can simulate the
magnitude and spatial pattern of Indo-Pacific warming
components by taking the RMSE, PCC, and mode biases
as metrics (Fig. 2a—c). The simulated IPWP SST warming
shows only slight improvement from CMIP5 to CMIP6
regarding the ensemble mean or median (smaller RMSE
and bias). The peak value of the CMIP6 is smaller than
that of the CMIP5 from the perspective of the inter-
model PDF distribution of RMSE and bias, with the
overall distribution skewed to the low-value regions. The
PCCs in CMIP5 and CMIP6 ensembles are similarly low,
indicating that the CMIP6 and CMIP5 MME and most
individual members do not well represent the IPWP
warming pattern.

We calculate Taylor skill scores (see Eq. (1)) and select
six models in CMIP5 and CMIP6 ensembles with the
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highest (lowest) skill scores as the high-skill (low-skill)
ensemble to quantify the performance of models in
reproducing IPWP warming (Fig. 2d and e). The skill
scores in the CMIP6 MME (0.39) and high-skill ensem-
ble (0.82) are significantly higher than those in CMIP5
(0.14 and 0.76), but the skill score in CMIP6 low-skill
ensemble (0.19) is lower than that in CMIP5 (0.30). This
indicates that CMIP6 MME and top models show sig-
nificant improvement in simulating IPWP warming, but
CMIP6 ensembles have larger inter-model spreads com-
pared with CMIP5, with inter-model spread 30% higher
than CMIP5. The spatial distribution of IPWP warming
in the high-skill ensemble, primarily the CMIP6 high-
skill ensemble, can characterize the warming trend in
the tropical Southern Indian Ocean well and is closer to
observations than that in the low-skill ensemble (Fig. S2).

The mixed-layer heat budget analyses

We analyze the mechanisms and the model biases
responsible for IPWP warming and quantify the relative
contributions of atmospheric and oceanic processes to
IPWP warming based on the mixed-layer heat budget
(Fig. 3 and Table 1). Atmospheric forcing in ERA5 heats
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the Northern Indian Ocean, the maritime continent
region, the tropical Southwestern and Northern Pacific.
Ocean dynamics term has a similar pattern to atmos-
pheric forcing but with an opposite sign. Atmospheric
forcing and ocean dynamics term in IPWP are compa-
rable but have a more substantial magnitude in ocean
dynamics term (Table 1). The sum of atmospheric and
oceanic processes heats almost the Indo-Pacific basin,
with two maximum centers in IPWP and the off-equa-
torial southeastern basin. The sum of atmospheric and
oceanic processes positively contributes to the SST pat-
tern, with a PCC of approximately 0.90. The distribution
of Newtonian cooling coefficients also affects the SST
warming pattern, as indicated in Eq. (7), and is generally
symmetric about the equator, with maxima located in
the off-equatorial zones of about 10°-20°S and 10°~20°N.
We compare the performance of the ERA5 dataset with
two other datasets—JRA55 (Fig. S3) and NCEP (Fig. S4).
Results showed that although atmospheric forcing (or
ocean dynamics term) exhibits spatial differences over
IPWP among different datasets, the sum of atmospheric
and oceanic processes shares a similar spatial pattern.
Notably, the heating effects of the sum of atmospheric
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Fig. 1 Spatial distributions of the linear trends of annual mean SST (unit: ‘C/45 yr) over the Indo-Pacific during 1961-2005 in the observation

(@), CMIP6 (b), and CMIP5 (c) ensemble means. d and e Biases of CMIP6 (d) and CMIP5 (e) model simulations against the observations. f The
difference between CMIP6 and CMIP5 ensemble means. Linear trends of warm pool intensity (g, unit: °C/45 yr) anomalies (relative to the 1951-2005
climatology) and percentage of the area (h, unit: %/45 yr) anomalies for observations (white), CMIP6 (red), and CMIP5 (blue) multi-model ensemble
means for Indo-Pacific (top), Indian (center), and Pacific (bottom). Black contours in a-c represent climatological 28°C isotherms. The solid green
lines represent the Indo-Pacific warm pool area (a). Dots represent the trends statistically significant at the 95% level using a student’s t-test (a—c),
and the biases are statistically significant at the 95% level (d-f). Error bars represent 5 to 95% model intervals



Bai et al. Geoscience Letters (2024) 11:31

and oceanic processes over IPWP are comparable, with
the maximum difference between ERA5 and two other
datasets less than 1 Wm™2/45yr.

Compared to reanalysis datasets, CMIP6 and CMIP5
models suffer from atmospheric and oceanic process
biases. Atmospheric forcing in models heats the entire
Indo-Pacific basin and plays a dominant role, while the
ocean dynamics term exerts a more negligible and oppo-
site effect. The sum of atmospheric and oceanic processes
presents a maximum center in the off-equatorial zones,
which is weakened due to Newtonian cooling coeffi-
cients. Therefore, the basin-wide warming is spatially
uniform in models. Besides, the heating effects of atmos-
pheric forcing and the sum of atmospheric and oceanic
processes in CMIP6 are weaker than those in CMIP5
(Fig. S5).

We also calculate four components of atmospheric
forcing: shortwave radiation, longwave radiation, sen-
sible heat flux, and latent heat flux from atmospheric
forcing. In ERA5, shortwave radiation cools most of the
basin due to intensified water vapor absorption caused
by moistening in the lower troposphere (Trenberth and
Fasullo 2009). The increase in convective clouds and pre-
cipitation owing to IPWP warming reduces shortwave
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radiation even more. Longwave radiation nearly warms
the entire basin due to increased greenhouse gas emis-
sions and water vapor feedback (Du and Xie 2008). Sen-
sible heat flux also warms the basin and exerts a more
minor effect. Latent heat flux from atmospheric forcing
presents a similar distribution to atmospheric forcing.
Among the atmospheric forcings, latent heat flux from
atmospheric forcing, longwave radiation, and sensible
heat flux are comparable in IPWP warming in ERA5
(Table 1). In CMIP5 and CMIP6 models, shortwave radi-
ation cools the Arabian Sea, Bay of Bengal, South China
Sea, and Indonesia regions; longwave radiation, sensible
heat flux, and latent heat flux from atmospheric forcing
warm the entire basin. Among the atmospheric forcings,
latent heat flux from atmospheric forcing plays a domi-
nant role in IPWP warming, followed by longwave radia-
tion, and sensible heat flux is negligible (Table 1).

For IPWP warming biases in CMIP5 and CMIP6
induced by atmospheric forcing, especially by short-
wave radiation and latent heat flux from atmospheric
forcing (Table 1). The biases of latent heat flux from
atmospheric forcing are related to the biases of the near-
surface specific humidity variations and wind speed U
variations (Zhang et al. 2018). Tropical latent heat flux
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Fig. 2 Root mean square error (a, unit: ‘C/45 yr), pattern correlation coefficient (b), and model bias (¢, unit: “C/45 yr) of SST trends during 1961—
2005 in Indo-Pacific region (30° S-30° N, 40° E-135° W) in CMIP6 (red) and CMIP5 (blue) models. Box and vertical bar edges represent 25-75%

and 5-95% in each CMIP ensemble, and black circles are the medians. Shading indicates density trace. Taylor skill scores of SST trends during 1961-
2005 in Indo-Pacific warm pool area in CMIP6 (d) and CMIP5 (e) models
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variations have been more positively connected to wind
speed U variations in recent years (Zhang et al. 2023b).
We further analyze the wind effect on latent heat flux
from atmospheric forcing, which could explain most
of the atmospheric term of latent heat flux (Fig. 4). The
wind effect on latent heat flux from atmospheric forcing
warms the Bay of Bengal, the equatorial eastern Indian
Ocean and the dateline area in ERA5, due to reduced cli-
matological wind speed and less evaporation. In addition,
the anomalous easterly winds deepen the thermocline
(positive SSH anomaly) in the equatorial eastern Indian
Ocean, which benefits to enhance thermocline feedback
to reduce upwelling and raise SST. In CMIP5 and CMIP6,
the wind effect on latent heat flux from atmospheric forc-
ing warms the entire Indian Ocean Warm Pool and north
of the equator Pacific. The SST warming signal in the
Indian Ocean Warm Pool is consistent with an abnormal
anti-symmetric wind pattern, with anomalous easterly

ERAS: Atmospheric forcing(Q,)

CMIP6: Atmospheric forcing(Q,)
ds =
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occupying most parts of the northern Indian Ocean and
northwesterly extending south of the equator, which
helps to suppress the climatological wind. The westerly
anomalies reduce the prevailing easterly over the west-
ern Pacific warm pool, which sustains the SST warming.
Such anomalous winds may be amplified by Bjerknes’
feedback (Bjerknes 1969), resulting in more precipitation
over the equatorial western Indian Ocean and the date-
line areas. The anomalous winds also deepen the thermo-
cline in the tropical western Indian Ocean, which helps
to sustain the SST warming (Schott et al. 2009; Xie et al.
2002). Compared with CMIP5, the IPWP SST warming
simulated by CMIP6 is weaker, related to the shallower
thermocline anomalies in CMIP6.

The mixed-layer heat budget in high- and low-skill models
To investigate the underlying mechanisms for IPWP
warming biases from the individual model, we have
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Fig. 3 Linear trends of (top to bottom) atmospheric processes (Qa), ocean dynamics term (D), the sum of atmospheric and oceanic processes
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Table 1 Linear trends of atmospheric processes (Qa), ocean dynamics term (Do), the sum of atmospheric and oceanic processes (Q, +
D,), the Newtonian cooling coefficient (aQk), net shortwave radiation (Qs), net longwave radiation (Q,), sensible heat flux (Qy), latent
heat flux from atmospheric forcing (Qg), and wind effect on latent heat flux from atmospheric forcing (ng) in the Indo-Pacific, Indian,

and Pacific warm pool from 1961 to 2005

ERA5 JRA55 NCEP CMIP6 CMIP5
Indo-Pacific warm pool Q, 1.73 -536 7.24 5.14 6.12
Do 3.07 11.07 —255 -07 -058
Q,+D,) 4.8 571 4.70 4.44 5.54
aQe 8.35 9.93 8.22 932 9.51
Qs -323 —758 4.73 -162 -16
Q 1.8 2.03 0.61 217 2.59
Qn 134 0.69 0.20 0.5 0.5
2 1.82 —-050 1.70 4.09 4.64
Qg\/ 046 —7.66 -3.96 0.87 1.1
Indian Ocean warm pool Q; 1.8 -8.11 -3.26 5.19 6.05
Do 35 1448 8.64 -07 - 046
Q,+D, 5.29 6.37 5.39 4.49 5.59
aQe 8.09 9.77 825 9.13 9.28
Qs -1.95 - 384 2.50 -331 - 241
Q 1.05 1.00 1.18 2.5 2.74
OH 1.35 -0.23 -0.68 0.65 0.54
O 1.35 -5.04 -6.26 535 5.18
Qg\/ —208 -18.11 - 224 2.01 2.36
Western Pacific warm pool Q; 1.7 -4.09 12.06 5.1 6.17
Do 2.88 9.51 —7.68 —0.68 -07
Q,+D, 458 541 438 44 547
aQr 847 10.00 820 9.38 9.57
Qs —3.81 -9.29 5.76 -0.88 -1.23
Q 215 250 035 203 252
OH 1.33 112 0.60 044 048
Qf 2.04 1.58 536 351 44
Qg\/ 1.63 —2.86 —-4.74 0.34 0.41

displayed SST biases due to separate processes in high-
skill and low-skill ensemble and their difference (Fig. S6
and S7). CMIP6 high-skill ensemble performs more sub-
stantial SST warming in Indian Ocean and weaker mag-
nitude in the Western Pacific Warm Pool than low-skill
ensemble (Fig. 5a). The SST trend in IPWP simulated by
CMIP5 high-skill ensemble is weaker than that of low-
skill ensemble (Fig. 5b). The difference between high- and
low-skill scores in SST warming is associated with the
difference in the sum of atmospheric and oceanic pro-
cesses (Fig. 5¢c and d).

The warmer SST change in the Indian Ocean Warm
Pool in the CMIP6 high-skill ensemble is due to the
warming effect of more robust atmospheric processes via
latent heat flux and weaker ocean dynamics term cooling
effect. The warming effect of atmospheric processes in
the Western Pacific Warm Pool in the CMIP6 high-skill
ensemble is still stronger but offset by a more substantial

cooling effect of ocean dynamics term, causing the sum
of atmospheric and oceanic processes to be closer to the
low-skill ensemble. The weaker SST change in IPWP
in the CMIP5 high-skill ensemble is due to the weaker
warming effect of atmospheric processes and the more
robust cooling effect of ocean dynamics term (Table S3).
Besides, the differences in wind anomalies between
high- and low-skill ensembles are mainly concentrated
in the equatorial eastern Indian Ocean and tropical
western Pacific in CMIP6 and only in the tropical west
Pacific in CMIP5, which are consistent with the distribu-
tion of anomalies precipitation pattern (Fig. 5e and f).
The anomalies of deepened thermocline difference are
located in the southwestern Indian Ocean in CMIP6;
the anomalies of deepened thermocline difference occu-
pied most of the Indian Ocean in CMIP5 (Fig. 5g and h).
Compared with the CMIP6 low-skill ensemble, the distri-
butions of precipitation and sea surface height anomalies
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in the CMIP6 high-skill ensemble are closer to obser-
vations, resulting in the warming trend in the tropical
Southern Indian Ocean closer to observations (Figs. S8
and S9).

Conclusions

This study evaluates the models’ ability to simulate the
IPWP warming from CMIP6 and CMIP5. The funda-
mental physical mechanisms and the causes of model
biases for IPWP warming are also discussed. The main
conclusions are as follows:

From the perspective of the ensemble mean, mod-
els can reproduce observed IPWP warming trends
but underestimate the warming magnitude, espe-
cially in CMIP6. The observed IPWP warming trend is
0.34 °C/45 yr, while the corresponding CMIP6 MME and
CMIP5 MME are 0.26 °C/45 yr and 0.29 °C/45 yr, respec-
tively. Regarding the simulation in the magnitude and
spatial pattern of Indo-Pacific warming, the skill scores
are higher in CMIP6 MME (0.39) and top models (0.82)
than those in CMIP5 (0.14 and 0.76), which is tightly
linked to their better performance in simulating associ-
ated physical processes in CMIP6.

The decomposition of SST changes shows that the
IPWP warming in observations is primarily attributed to
the combined effects of atmospheric processes and ocean
dynamics term; in contrast, the IPWP warming in mod-
els is primarily attributed to atmospheric processes. The
model biases and the inter-model differences of IPWP
warming are mainly related to the radiative flux and
latent heat flux from atmospheric forcing, which can be
attributed to the biases of wind fields. The IPWP warm-
ing in observation is related to the convergence of low-
level wind fields and deeper thermocline in the maritime
continental region. However, the climatological easterly
wind in the northern Indian Ocean is weakened, sup-
pressing surface evaporation effectively, reducing the
latent heat flux from the ocean to the atmosphere, and
helping to maintain SST warming. Besides, models tend
to simulate the spatially uniform basin-wide warming,
which causes the low PCC. This is chiefly because the
atmospheric processes and ocean dynamics term are
favorable to basin-wide warming, with maxima located
in the off-equatorial zones of about 10° S-20° S and 10°
N-20° N, which is offset due to the large climatological
latent heat flux, leading to the spatially uniform basin-
wide warming.

Compared with CMIP5 models, the Indo-Pacific warm
pool SST warming simulated by CMIP6 models is weaker,
related to the less robust atmospheric processes and the
shallower thermocline anomalies affected by CMIP6. The
warming trend in the tropical Southern Indian Ocean in
the CMIP6 high-skill ensemble is closer to observations

Page 9 of 11

due to the improvements in distributions of precipitation
and sea surface height anomalies.

Abbreviations
IPWP Indo-Pacific warm pool
SST Sea surface temperature

CMIP6 Coupled Model Intercomparison Project phase 6
CMIP5 Coupled Model Intercomparison Project phase 5
MME Multi-model ensemble
RMSE Root mean square error

PCC Pattern correlation coefficients

ERSST Extended reconstructed SST
HadISST ~ Hadley Centre Sea Ice and SST
COBESST  Centennial in situ observation based estimates SST
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