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ABSTRACT: El Nifio-Southern Oscillation (ENSO) is an important but not the only source of interannual variability
over the Indo-western Pacific. Non-ENSO forced variability in the region has received recent attention because of the
implications for rainy-season prediction. Using a 35-member CESM1 Large Ensemble (CESM-LE) and 30 CMIP6 models,
this study shows that the ensemble means project intensified interannual variability for precipitation, low-level winds, and
sea level pressure under global warming, associated with the enhanced large-scale anomalous anticyclone (AAC) over the
tropical northwestern (NW) Pacific after the ENSO signal is removed. A decomposition based on the column water vapor
budget reveals that enhanced precipitation variability is due to the increased background specific humidity. The resultant
anomalous diabatic heating intensifies the AAC, which further strengthens the precipitation anomalies. Over the tropical
NW Pacific, the wind-induced evaporative cooling on the southeastern flank of the AAC is countered by the increased
shortwave radiation due to the strengthened precipitation reduction. Tropospheric temperature anomalies in the ensemble
means show no significant change, suggesting no apparent change of the interbasin positive feedback between the AAC
and northern Indian Ocean SST. Intermodel analysis based on CMIP6 reveals that models with a larger increase in ENSO-
unrelated precipitation variability over the NW Pacific are associated with stronger background warming in the eastern
equatorial Pacific, due to the modulated Walker and Hadley circulations.
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1. Introduction AAC during the El Nifio mature winter and helps it persist
into the following summer (Wang et al. 2000). The anomalous
easterlies associated with the AAC strengthen the back-
ground trades over the tropical NW Pacific, increasing evapo-
ration and cooling the ocean. The negative SST anomalies

Summer is the major rainy season in South and East Asia,
home to some 3 billion people. Often excited by El Nifio, a
low-level anomalous anticyclone (AAC) forms in the boreal
winter and persists into the following summer (e.g., Zhang
et al. 1996; Wang et al. 2003; Xie et al. 2009), accompanied by
anomalous sea surface temperature (SST) in the tropical Indian
Ocean (I0) and northwestern (NW) Pacific. The AAC has a
great impact on the interannual variability of the Indo-western
Pacific summer climate by modulating atmospheric circulation
and moisture transport (e.g., Du et al. 2011; Xie et al. 2016; Hu
et al. 2017).

The relationship between El Nifio-Southern Oscillation
(ENSO) and the AAC has been extensively studied. It is com-
monly agreed that the AAC is excited by ENSO and main-
tained by ocean-atmosphere interactions. Early studies
suggest that wind-evaporation—SST (WES) feedback over the
tropical NW Pacific is important for the formation of the

then suppress local convection and enhance the AAC via
atmospheric Rossby wave response. An alternative theory
emphasizes the role of the IO SST anomalies in the summer,
called the IO capacitor effect (Yang et al. 2007). El Nifio first
warms the IO via a series of teleconnection processes (Klein
et al. 1999; Alexander et al. 2002; Xie et al. 2002; Wu et al.
2008; Du et al. 2009) and the warm SST forces an eastward
propagating Kelvin wave (Matsuno 1966; Gill 1980), suppress-
ing convection and strengthening the AAC over the tropical
NW Pacific by inducing Ekman divergence in the lower tropo-
sphere (Xie et al. 2009). Further studies show that the low-
level easterly anomalies extend over the north Indian Ocean,
weakening the background southwesterly monsoon, and warm-
ing the upper ocean (Du et al. 2009). The warm SST in the tropi-
cal IO and the AAC then form an interbasin positive feedback
(Kosaka et al. 2013; Wang et al. 2013). The coherent spatial pat-
tern of oceanic and atmospheric anomalies in the ENSO decay
summer has thus been named the Indo-western Pacific Ocean
Capacitor (IPOC; Xie et al. 2016).
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excite stronger anomalies of SST, precipitation, and circula-
tion over the Indo-western Pacific region. The change in the
IPOC-ENSO relationship, on the other hand, is more compli-
cated and hence becomes the focus of many recent studies.
Some argue that the El Nifo-induced tropical IO warming is
enhanced under global warming, which leads to an enhanced
IO capacitor effect and strengthened AAC (Zheng et al.
2011; Hu et al. 2014). Other studies suggest that the summer
AAC is likely to weaken under anthropogenic forcing due to
the decreased SST gradient between the NW Pacific and trop-
ical IO (Jiang et al. 2018) or to the increased atmospheric
boundary layer static stability over the tropical IO (He et al.
2019). The change of the summer AAC can be further compli-
cated by the decay rate of the projected ENSOs (Jiang et al.
2019; Wu et al. 2020, 2021). A fast decaying El Nifio event is
often followed by negative SST anomalies in the tropical cen-
tral Pacific in summer, reinforcing the AAC via Rossby wave
response (Fan et al. 2013; Chen et al. 2016). Those changes in
the IPOC-ENSO relationship are often associated with
changes in ENSO properties, such as the magnitude, fre-
quency, spatial distribution, and seasonality, all have been
shown to have large uncertainties in future projections (e.g.,
Yeh et al. 2009; Collins et al. 2010; Kim and Jin 2011; Kim
et al. 2014; Zheng et al. 2018; Ying et al. 2019; Cai et al. 2021).

Recent studies reveal that the ocean—atmosphere interac-
tions that sustain the IPOC can operate without direct ENSO
forcing (Kosaka et al. 2013; Xie et al. 2016; Wang et al. 2020).
In fact, the recurrent oceanic and atmospheric anomalies as-
sociated with the ENSO-unrelated IPOC have a large impact
on the Indo—western Pacific climate on multiple time scales
(Wang et al. 2018, 2021). In the summer of 2020, an IPOC
event without El Nino forcing led to historic mei-yu-baiu
rainfall and Yangtze flooding (Zhou et al. 2021; Lu and
Takaya 2021). It is unclear if this kind of internal (ENSO-
unrelated) IPOC will increase in the future, as its change
under global warming remains largely unexplored.

This study aims to investigate the change in the ENSO-
unrelated Indo-western Pacific summer variability, specifically
the IPOC mode, under global warming. Using state-of-the-art
coupled general circulation models (CGCMs), we focus on key
oceanic and atmospheric processes that are important for the
warming-induced change in IPOC variability. We show that in
a warmer climate, the ENSO-unrelated summer AAC intensi-
fies despite little change in the SST anomalies. The increased
background water vapor intensifies the positive feedback be-
tween the AAC and precipitation anomalies.

The rest of the paper is organized as follows. Section 2 de-
scribes the data and methods used in this study. Section 3 shows
how the ENSO-unrelated summer interannual variability over
the Indo—western Pacific region changes under global warming,
with a focus on the ENSO-unrelated IPOC. Section 4 investi-
gates the change of the specific oceanic and atmospheric pro-
cesses associated with the change of the ENSO-unrelated IPOC
in the ensemble mean of a set of large ensemble simulations.
Section 5 explores the intermodel variability of the internal
IPOC and the associated SST warming pattern. Section 6 dis-
cusses the potential climate impact of the ENSO-unrelated
IPOC under global warming. Section 7 is the summary.
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2. Data and methods
a. Datasets

We analyze the outputs of the Community Earth System
Model Large Ensemble (CESM-LE; Kay et al. 2015) and
30 phase 6 of the Coupled Model Intercomparison Project
(CMIP6; Eyring et al. 2016) models. In CESM-LE, the first
35 members are used while one realization (usually rlilp1fl) of
each CMIP6 model is used to compose an ensemble of 30 mem-
bers (models used are shown in Table 1). Historical simulations
for 1950-99 are adopted as the baseline for current climate, and
the 50-yr period of 2045-94 from the Representative Concentra-
tion Pathway 8.5 (RCP85) simulations for the CESM-LE and
Shared Socioeconomic Pathway 5 (SSP5-85) simulations for the
CMIP6 models are used as the projected future scenarios. All
datasets are first interpolated onto a common 2.5° X 2.5° grid for
intermodel comparison. A nine-point Lanczos high-pass filter
with half-power at 9 years is applied onto all variables at each
grid point to remove decadal variability and long-term trends
during both historical and future simulations. The appendix
briefly discusses the model performance in simulating the
ENSO-forced and ENSO-unrelated IPOC.

b. Extraction of the ENSO-unrelated variability

This study focuses on the seasonally averaged interannual
variability of Indo—western Pacific climate in boreal summer
[June-August (JJA)]. We employ a multilinear regression
method to remove the ENSO signal from the CESM-LE and
CMIP6 simulations. The anomaly y satisfies y(f) = aPpyr(f) +
bPysa(t) + c(t), where Ppjr and Py denote the Nifio-3.4 in-
dex for the preceding winter [December—February (DJF)]
and concurrent summer (JJA), respectively, with @ and b be-
ing their respective regression coefficients. The first two terms
on the right-hand side represent the ENSO-forced variability
and the third term c(f) denotes the ENSO-unrelated variabil-
ity. The relationship between the winter Nifio-3.4 and the
Indo-western Pacific anomalies in the following summer has
been well established (Xie et al. 2016; Zheng 2019), and we
further include the concurrent summer Nifo-3.4 index to ac-
count for the potential enhancement of the AAC associated
with the fast-decaying ENSO events (Jiang et al. 2019; Wu
et al. 2020; He et al. 2022). Both the ENSO-forced and ENSO-
unrelated variability feature the anomalous anticyclone associ-
ated with suppressed precipitation over the NW Pacific (see
appendix). A similar regression method has been used in our
previous studies, showing that c(f) can well capture the
ENSO-unrelated interannual variability over the NW Pacific
region (Wang et al. 2018). We refer to the ENSO-unrelated
component ¢(¢) of the TPOC as the “internal [IPOC” as it is
mainly maintained by ocean—atmosphere interactions internal
to the Indo-western Pacific region (Kosaka et al. 2013;
Xie et al. 2016; Wang et al. 2020).

3. Increased interannual variability in the
Indo-western Pacific

We first investigate the ENSO-unrelated component of the
summer (JJA) interannual variability in the Indo-western
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TABLE 1. CMIP6 models used in this study.

No. Name Institution

No. Name Institution

Commonwealth Scientific and
Industrial Research
Organisation

1 ACCESS-CM2

Commonwealth Scientific and
Industrial Research
Organisation and Australian
Research Council Centre of
Excellence for Climate System
Science

Beijing Climate Center

Chinese Academy of
Meteorological Sciences

Canadian Centre for Climate
Modelling and Analysis

National Center for Atmospheric
Research

2 ACCESS-ESM1-5

3 BCC-CSM2-MR
4 CAMS-CSM1-0

5 CanESM5-CanOE

6 CESM2

7 CESM2-WACCM

8 CNRM-CM6-1 Centre National de Recherches
Meteorologiques and Centre
Europeen de Recherche et de
Formation Avancee en Calcul

Scientifique

9 CNRM-CM6-1-HR
10 CNRM-ESM2-1
11 EC-Earth3 EC-Earth-Consortium
12 EC-Earth3-Veg

13 FGOALS-f3-L
14 FGOALS-g3
15 GFDL-CM4

Chinese Academy of Sciences

National Oceanic and
Atmospheric Administration,
Geophysical Fluid Dynamics
Laboratory

16 GFDL-ESM4 National Oceanic and
Atmospheric Administration,
Geophysical Fluid Dynamics
Laboratory

Goddard Institute for Space

Studies

17 GISS-E2-1-G

18 INM-CM4-8
19 INM-CM5-0

Institute for Numerical
Mathematics, Russian
Academy of Science

20 IPSL-CM6A-LR Institut Pierre Simon Laplace

21 KACE-1-0-G National Institute of
Meteorological Sciences/Korea
Meteorological Administration,
Climate Research Division

Japan Agency for Marine-Earth
Science and Technology,
Atmosphere and Ocean
Research Institute, The
University of Tokyo, National
Institute for Environmental
Studies and RIKEN Center for
Computational Science

Max Planck Institute for

22 MIROC6
23 MIROC-ES2L

24 MPI-ESM1-2-HR

25 MPI-ESM1-2-LR Meteorology
26 MRI-ESM2-0 Meteorological Research
Institute

27 NESM3 Nanjing University of

Information and Technology
28 NorESM2-LM Norwegian Climate Centre
29 NorESM2-MM

30 UKESM1-0-LL Met Office Hadley Centre

Pacific region under global warming. Precipitation, sea level
pressure (SLP), and 850-hPa zonal winds all show strong in-
terannual variability over the tropical-to-subtropical Indo-
western Pacific, in both historical (contours in Fig. 1) and fu-
ture simulations (not shown). Specifically, all the variables
show regional maxima over the subtropical NW Pacific,
highlighting the role of the internal IPOC in modulating the
summer climate variability in this region (Wang et al. 2018).
The change in the ENSO-unrelated interannual variability
is also shown in Fig. 1, represented by the difference in the in-
terannual standard deviation of the future relative to the his-
torical simulations. In CESM-LE, the internal variability of
the precipitation, SLP, and 850-hPa zonal winds all increase
in the NW Pacific region under global warming. Specifically,
the maximum change in SLP is centered over the subtropical
NW Pacific, with increased zonal wind variability on both the
poleward and equatorward flanks. This suggests that the inter-
nal IPOC may become more active and responsible for the

increased interannual variability in the future. The change in
precipitation interannual variability is collocated with the cen-
ter of the circulation change over the NW Pacific, further
indicating a strengthened internal [IPOC mode. The SST vari-
ability, on the other hand, shows very small change in the NW
Pacific (Figs. 1g,h). The mismatched changes in atmospheric
and oceanic variability may suggest altered ocean—atmosphere
interactions in a warmer climate as discussed in the next
section.

Over the tropical 10, interannual variability of SLP shows
no significant change while precipitation increases over the
northern IO and South and Southeast Asia. The zonal winds,
on the other hand, show weakened interannual variability
over the Arabian Sea. Interestingly, the SST variability in-
creases dramatically in the eastern equatorial 10, while the
zonal wind variability decreases along the equator. This is
possibly related to the change of the Indian Ocean Dipole
mode, due to shallowed background thermocline and
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FIG. 1. Changes in ENSO-unrelated interannual standard deviation (color shading) in future projection (2046-95)

relative to historical simulations (1950-99) in (a),(b) SLP (unit: hPa), (c),(d) precipitation (unit: mm day '),
(e),(f) 850-hPa zonal winds (unit: m s 1), and (g),(h) SST (unit: K) in (left) CESM-LE and (right) CMIP6 in JJA.
Black contours show the standard deviation in the historical simulations, with the contour levels labeled at the top
right of each panel. Boldface text corresponds to the thickened contours. Stippling indicates 70% of the members in

each ensemble agree on the signs of the changes.

intensified atmospheric static stability (e.g., Zheng et al. 2010,
2021). The change simulated by CMIP6 broadly agrees with
CESM-LE in the Indo—western Pacific region but with smaller
magnitude.

SLP, precipitation, and wind variability all increase under
global warming, but with different magnitudes relative to
their respective historical levels. We have computed the re-
gionally averaged SLP (10°-35°N, 120°-160°E), precipitation
(10°-25°N, 140°-170°E), and relative vorticity (10°-35°N,
120°-160°E) indices over the NW Pacific region. The

interannual standard deviation increases by 18% (10%), 11%
(12%), and 39% (21%) for NW Pacific SLP, relative vortic-
ity, and precipitation, respectively, in CESM-LE (CMIP6).
The change in precipitation variability is much larger than
those in SLP and relative vorticity (Fig. 2). By contrast, the
SST in both the northern 10 and NW Pacific shows no appar-
ent change.

The CMIP6 ensemble mean agrees with the results of the
CESM-LE but with a smaller magnitude. It is also worth
mentioning that the intermember spread (measured by
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FIG. 2. Regionally averaged ENSO-unrelated interannual vari-
ability of NW Pacific relative vorticity (¢; averaged over 10°-35°N,
120°-160°E), SLP (averaged over 10°-35°N, 120°~160°E), precipita-
tion (averaged over 10°-25°N, 140°-170°E), tropical northern 10
SST (averaged over 5°-20°N, 50°~120°E), and tropical NW Pacific
SST (averaged over 5°-20°N, 140°-170°E) for both historical and
future experiments. All indices are first normalized by their respec-
tive ensemble-mean value of the historical simulations, and the er-
ror bars indicates the intermember standard deviation.

intermember standard deviation; Fig. 2) of the CMIP6 ensem-
ble is much larger than that of the CESM-LE, implying that
the intermodel uncertainty has large contribution to the uncer-
tainty in the future projection of the ENSO-unrelated variabil-
ity. The intermodel uncertainty may be associated with the
uncertainty of the changes in the climatological SST, winds, pre-
cipitation, and water vapor, etc., under global warming across
the CMIP6 ensemble. In the next two sections, we will focus on
the ensemble-mean results projected by the CESM-LE and the
intermodel spread of the CMIP6.

4. Change of the internal IPOC in CESM-LE

a. Strengthened anomalies associated with the
internal IPOC

To illustrate the change of the internal IPOC and the
ocean-atmosphere interactions involved, we compute the re-
gression coefficients of the SST, winds, precipitation, and SLP
anomalies against the normalized NW Pacific SLP index over
the Indo-western Pacific region (Wang et al. 2018, 2020). The
SLP index tracks the AAC, which is an intrinsic atmospheric
mode that grows on the confluence of the monsoon westerly
and easterly trade winds (Hu et al. 2019; Wang et al. 2021; Xie
2023). Here we use a normalized SLP index so both the
change in magnitude and spatial distribution of the anomalies
can be captured by the regression coefficients, as the interan-
nual variability of the NW Pacific SLP increases in the
CESM-LE future projections (Figs. 1 and 2). In CESM-LE,
the ensemble means in historical and future experiments
show clear TPOC-like distributions (Fig. 3). The anomalous
anticyclone accompanied by suppressed convection is located
in the NW Pacific, with positive (negative) SST anomalies in
the northern IO (NW Pacific), consistent with previous stud-
ies (Kosaka et al. 2013; Xie et al. 2016).

To demonstrate the change of the internal IPOC variability
in a warmer climate, we subtract the regression coefficients of
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the historical simulations from the future projections
(Figs. 3e.f). The SLP anomalies over the NW Pacific increase
in a warmer climate as suggested by the increased interannual
variability (Figs. 1 and 2). The accompanied easterly anoma-
lies strengthen on the southern flank of the AAC while
weaken over the Arabian Sea (Fig. 3e), also consistent with
the change of the zonal wind variabilities (Fig. 1e). The negative
precipitation anomalies over the NW Pacific strengthen in the
future projections (Fig. 3f), suggesting enhanced precipitation
variability over this region. Overall, the spatial distribution of
the internal-IPOC-induced changes in SLP, low-level winds
and precipitation largely resemble the corresponding changes
in their interannual variability, highlighting the importance of
the internal IPOC in the Indo-western Pacific summer climate
variability.

The SST anomalies associated with the internal IPOC, on
the other hand, increase in the Bay of Bengal and South
China Sea, but weaken east of the Philippine and in the
Kuroshio Extension region (Fig. 3e). The strengthened SST
anomalies in the tropical northern IO are associated with en-
hanced easterlies (Fig. 4) induced by the strengthened
internal IPOC, as the anomalous easterlies weaken the back-
ground monsoonal southwesterlies (Kosaka et al. 2013; Wang
et al. 2020). An intermember (intermodel) analysis indeed
finds that the changes in northern IO SST are highly corre-
lated with the changes in the anomalous easterlies (Fig. S1 in
the online supplemental material). Interestingly, over the
tropical NW Pacific, the weakened negative SST anomalies
are accompanied by enhanced negative precipitation and east-
erly wind anomalies. Such changes in winds and precipitation
against the SST contradict the WES feedback, seemingly indi-
cating a weakened ocean—atmosphere coupling, as will be dis-
cussed in section 4c.

The regionally averaged regression coefficients are shown
in Fig. 4. As discussed above, the regression coefficients of
NW Pacific zonal winds and precipitation both increase in the
future experiments, but with different magnitudes. The anom-
alous 850-hPa zonal winds over the NW Pacific associated
with the internal IPOC increase by ~21% while the precipita-
tion anomalies over the NW Pacific increase by ~52% in the
ensemble mean of the CESM-LE. The regression coefficient
of the NW Pacific SST, on the other hand, decreases by ~6%.
The tropospheric temperature (TT) anomalies over the tropi-
cal IO are small in both historical and future experiments and
show no significant change. While Wang et al. (2018) reported
that the TT anomalies associated with the internal IPOC are
weaker than the ENSO-forced one in observations, the dimin-
ishingly small regression coefficients of TT in CESM-LE are
probably due to model bias (see appendix).

The comparison between the change in the NW Pacific
SST, precipitation, wind anomalies, and the change in the
tropical IO TT anomalies suggests that the intensified AAC
over the NW Pacific is mainly contributed by local feedbacks.
Namely, the enhanced precipitation deficit intensifies the dia-
batic cooling effect on the atmosphere, strengthening the
AAC. On the other hand, increased static stability in a
warmer climate (Knutson and Manabe 1995; Held and Soden
2006; Ma et al. 2012; P. Huang et al. 2017) weakens the
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FIG. 3. CESM-LE ensemble mean of the JJA anomalies of (a),(c) SST (color shading; K), SLP (black contours;

every 0.1 hPa, with zero line omitted), 850-hPa wind velocity (arrows), and (b),(d) precipitation (unit: mm day )
associated with internal IPOC, represented by the regression coefficients against normalized NW Pacific SLP index
(averaged over 10°-35°N, 120°~160°E) in (a),(b) historical and (c),(d) future experiments. (e),(f) The changes in the
anomalies superimposed on SST and precipitation of the historical simulations (blue contours, at 0.06, £0.12, ... K
for SST and +0.3, =0.6, ... mm day ' for precipitation). Green and brown arrows indicate increased and reduced
zonal wind anomalies in the future projections, respectively, and stippling indicates 70% of the members agree on the

sign of the shaded anomalies.

circulation response to the anomalous heating, causing
disproportionate changes in the precipitation and circulation
anomalies.

b. Diagnostics of the changes in precipitation variability

To examine the changes in precipitation anomalies associ-
ated with internal IPOC, we adopt the methods of Huang and
Xie (2015) to decompose the change in precipitation anoma-
lies (AP’) as

AP ~—(Aq o + g A0’ + Awq’ + wAq’), @
where ¢, w, and A denote specific humidity at 925 hPa, vertical
pressure velocity at 500 hPa (downward motion being posi-
tive), and the change from historical to the future, respec-
tively. Variables with and without the prime symbol (*)
denote the anomalies associated with NW Pacific SLP (repre-
sented by regression coefficients against the normalized NW
Pacific SLP index) and the climatology in the JJA season, re-
spectively. As the third and fourth terms on the right-hand

side of Eq. (1) are much smaller than the first two (Fig. S2),
the equation can be further simplified as

AP ~—(Aq o + q Aw'). 2)

Figures 5a and 5b show the change in precipitation anoma-
lies and the estimation from Eq. (2) for the ensemble mean of
the CESM-LE. The estimation can very well capture the spa-
tial distribution of the change in precipitation anomalies asso-
ciated with internal IPOC. A further examination of the two
right-hand-side terms of Eq. (2) suggests that the change in
precipitation is contributed by both the increased background
moisture in the lower atmosphere —Ag o’ and changes in the
anomalous circulation associated with the internal TPOC
—gAw’. The two parts are roughly comparable in magnitude
over the NW Pacific region, but as the background low-level
specific humidity (¢) and its change under global warming
(Ag) are spatially homogenous (Fig. 5¢) in the Indo-western
Pacific, the spatial distributions of the two terms are broadly
determined by the internal-IPOC-induced anomalous circula-
tion (w’) and its change (Aw’) under global warming (Fig. 5f),
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FIG. 4. Anomalies associated with the internal IPOC repre-
sented by the regression coefficients of regionally averaged indices
of NW Pacific precipitation (averaged over 10°-25°N, 140°~170°E;
unit: mm day '), SST (averaged over 5°-20°N, 140°~170°E; unit:
K, scaled by a factor of 2), 850-hPa zonal winds (averaged over
5°-20°N, 140°~170°E; unit: m s~ ', scaled by a factor of 0.5), tropical
northern IO SST (averaged over 5°-20°N, 50°-120°E; unit: K,
scaled by a factor of 2), 850-hPa zonal winds (averaged over
5°-20°N, 50°~120°E; unit: m s~ !, scaled by a factor of 0.5), and nor-
malized vertically averaged tropospheric temperature over the
tropical 10 (15°S-15°N, 60°-110°E; unit: 1) against normalized
NW Pacific SLP index (averaged over 10°-35°N, 120°-160°E) in
CESM-LE. Error bars indicate intermember standard deviation.

respectively. Specifically, the —Aqg o’ shows negative change
centered around 20°N in the NW Pacific and positive
change over the equatorial IO to the Maritime Continent
(Fig. 5¢) under global warming, corresponding to the de-
scending motion and ascending motion associated with the
internal TPOC in the historical simulation (’; contours in
Fig. 5f), respectively. The distribution of the dynamical
component —q Aw’ is determined by the change of the ver-
tical motions (Aw’; shading in Fig. 5f), which also features
negative changes in the precipitation anomalies over the
NW Pacific.

The decomposition explains why the precipitation anomalies
associated with the internal IPOC increase while the SST anom-
alies weaken. The term Aq’, which is associated with the change
in SST anomalies, has a much weaker contribution to the pre-
cipitation change compared to the term —(Ag o’ + gAo’).
Under global warming, the background specific humidity in-
creases (Ag > 0), allowing the anomalous circulation associ-
ated with the internal IPOC to induce more rainfall deficit
over the tropical NW Pacific. The decreased rainfall then
strengthens the AAC with increased diabatic cooling, fur-
ther intensifying the circulation anomalies. This enhanced
circulation—convection feedback strengthens the internal IPOC
in CESM-LE, despite weakened SST anomalies over the tropi-
cal NW Pacific.
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¢. Weakened NW Pacific SST variability

We have shown, in section 4a, that the anomalous easterlies
on the southern flank of the AAC intensify over the NW Pa-
cific in the future (Fig. 4). According to the WES feedback,
the increased wind velocity would induced negative SST
anomalies due to enhanced evaporation, but the models have
projected otherwise in this region. To understand the change
of the SST anomalies, we compute the surface turbulent heat
flux anomalies associated with the internal IPOC. Figure 6
shows the change in shortwave radiation and latent heat flux
(downward positive), the two dominant terms to the SST
anomalies (Fig. S3). The latent heat flux anomalies show no
significant change in regions where the anomalous easterlies in-
tensify (Fig. 6b), possibly due to the enhanced Newtonian cool-
ing due to the increased background SST (Xie et al. 2010a;
Ying and Huang 2016). The shortwave radiation anomalies,
on the other hand, show robust increase over the center and
southern flank of the AAC, due to enhanced negative precipita-
tion anomalies (Fig. 6a). The positive shortwave radiation acts
to warm the upper ocean, weakening the local negative SST
anomalies (Fig. 3). This explains why the enhanced wind anom-
alies are accompanied by suppressed SST anomalies in the
NW Pacific in a warmer climate, indicative of weakened WES
feedback, and further shows that local circulation—convection
feedback is key to the enhancement of the internal IPOC under
global warming.

5. Change of the internal IPOC in CMIP6
a. Ensemble-mean results

We first briefly assess the change in the internal IPOC in
the CMIP6 ensemble mean. The regression coefficients
against the normalized NW Pacific SLP index show a similar
distribution to the results of the CESM-LE (Fig. 7; cf. Fig. 3):
enhanced SLP and precipitation anomalies centered over the
subtropical NW Pacific with enhanced easterlies to the south.
The change in the NW Pacific precipitation anomalies has a
larger magnitude than that of the SLP (Fig. 8) due to the en-
hanced background specific humidity according to the precipi-
tation decomposition (Fig. S4). Unlike CESM-LE, CMIP6
captures the interbasin feedback between the positive SST
anomalies in the northern I0-South China Sea region and
the AAC (Kosaka et al. 2013). This interbasin positive feed-
back, however, seems largely unchanged according to the in-
significant change in the TT anomalies (despite the enhanced
SST anomalies) over the tropical IO (Fig. 8), possibly due to
the enhanced atmospheric static stability (He et al. 2019). The
local WES feedback on the southern flank of the AAC also
weakens in the ensemble mean of CMIP6 (Fig. 7e). The
strengthened evaporative cooling in the tropical NW Pacific
due to the enhanced wind anomalies is overwhelmed by the
increased solar insolation associated with the strengthened
rainfall deficit (Fig. S5).

We have mentioned in section 3 that the intermember spread
of the change in relative vorticity, SLP, and precipitation is
much larger in CMIP6 than in CESM-LE (Fig. 2). The same is
true for the regression coefficients associated with the internal
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FIG. 5. Ensemble-mean changes in JJA (a) precipitation anomalies (mm day ') associated with the internal IPOC,

(b) estimated precipitation anomalies by Eq. (2), and the two components (c) —Aqg ' and (d) —g Aw’ in CESM-LE
(unit: 10~* Pas™'). Also shown are ensemble-mean changes of the (e) climatological 925-hPa specific humidity (color
shading; unit: g kg~!) and (f) 500-hPa vertical velocity anomalies associated with the internal IPOC (color shading;
unit: 107> Pa s™') superimposed by their historical values (contours at 6, 8, 10, ... g kg~ ' in (e) and at *+2, *4,

*6, ...

IPOC (Figs. 4 and 8). In the next subsection, we explore the
possible mechanisms behind the large intermodel spread.

b. Intermodel spread

We have shown that the changes in the internal IPOC, es-
pecially those in precipitation anomalies, are strongly tied to
the changes in background moisture. To understand the inter-
model spread in the projected internal IPOC change, we per-
form a series of intermodel regressions against the change in
the interannual variability of the NW Pacific precipitation
(APsp). For each model in the CMIP6 ensemble, the interan-
nual standard deviation of the regionally averaged NW Pacific
(10°-25°N, 120°-160°E) precipitation (with ENSO forcing re-
moved) is first calculated in both historical and future simula-
tions, and the changes in standard deviation between the two
periods are computed in each model. Finally, A Ps . is defined
as the normalized departure of the changes in each model

%1073 Pas~!in (f)]. Stippling indicates 70% of the members agree on the signs of the changes.

relative to the ensemble-mean changes (Fig. 9d). We use the
precipitation index because it has the most robust change
with the largest intermodel uncertainty among key indices of
the internal IPOC (Figs. 4 and 8).

Figure 9 shows the regression of the change in climatologi-
cal SST relative to the tropical (25°S-25°N) mean (ASST"),
specific humidity relative to the tropical mean (Aq"), precipi-
tation (AP), and 850-hPa vector winds (AVgsy) against the
normalized APs pp_index. The change in precipitation variabil-
ity is associated with the change in the background specific
humidity in the NW Pacific, consistent with our findings in
section 4. The regression coefficient of ASST", on the other
hand, is small in the NW Pacific region. Instead, it shows a
zonal dipole distribution in the equatorial Pacific, suggesting
that the El Nifno-like warming pattern may induce enhanced
summer precipitation variability over the NW Pacific via at-
mospheric teleconnections.
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FIG. 6. Ensemble-mean changes in JJA (a) shortwave radiation and (b) latent heat flux anomalies (color shading;
unit: W m~?) associated with the internal IPOC, represented by the regression coefficients against normalized NW
Pacific SLP index (averaged over 10°-35°N, 120°~160°E) in CESM-LE. Line contours denote the change in (a) precip-
itation (at 0.1, 0.2, ... mm day ') and (b) zonal wind speed anomalies (at +0.05, +0.1, ... ms~ ') associated with
the internal IPOC. Stippling indicates 70% of the members agree on the signs of the changes. The red boxes highlight
the region where the NW Pacific SST are averaged in Figs. 2 and 4.

The El Nino-like warming pattern weakens the Walker cir-
culation, inducing anomalous descending motion in the Mari-
time Continent and western equatorial Pacific, suppressing
local specific humidity and precipitation (Fig. 9). This further
drives an anomalous Hadley cell with anomalous downward
motion on the equator and upward motion in the subtropical
region of the Northern Hemisphere (Fig. 10). This anomalous
upward motion in the NW Pacific enriches the moisture in the
lower to middle troposphere and then enhances the internal

(a) Historical SST, SLP, & 850 hPa winds

IPOC by strengthening the convection—circulation feedback
as discussed in section 4.

The distribution of the regressions in Fig. 9 bears much resem-
blance to the ensemble-averaged changes of the climatological
SST, specific humidity, low-level winds, and precipitation of
both CESM-LE and CMIP6 (not shown). This suggests that
changes in the climatological background indeed contribute to
those in the ENSO-unrelated interannual variability in the
Indo-western Pacific region. Specifically, the seasonal mean

(b) Historical
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FIG. 7. As in Fig. 3, but for CMIP6 ensemble mean.
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FI1G. 8. As in Fig. 4, but for CMIP6. Error bars denote intermodel
standard deviation.

background rainfall (AP) are also shown to increase (decrease)
over the NW Pacific region and equatorial Pacific (Maritime
Continent) with respect to increased precipitation variability
(APsp). Changes in the climatological precipitations over the
NW Pacific are likely due to the combined thermodynamic and
dynamic effect as the moisture and upward vertical motion both
enhance over that region, while in the deep tropics, the distribu-
tion of the precipitation change is determined by the warmer-
get-wetter mechanism, inferred from the ASST" and AP patterns
(Xie et al. 2010a; Huang et al. 2013; Long et al. 2016; Geng et al.
2020). The intermodel spread shown in the changes of the pre-
cipitation variability may also originate from the intermodel dis-
crepancies in simulating the present-day climatology (S. Zhou
et al. 2019). In our case, however, the correlation between the
seasonal mean precipitation in the historical simulation (P) and
the APsp. index is weak over the Indo—western Pacific region
(Fig. S6), further suggesting that the change in the internal
IPOC is mainly determined by the change of the mean SST
warming pattern.

6. Discussion

This study focuses on the ENSO-unrelated interannual
variability, specifically the internal IPOC in the NW Pacific re-
gion, but we have also compared the change in ENSO-
induced interannual variability over the Indo-western Pacific
region (Fig. 11 and Fig. S7). The changes in ENSO-induced
interannual variability in rainfall, for example, are actually
larger than the ENSO-unrelated counterpart in the ensemble
means of CESM-LE and CMIP6. The intermember (or inter-
model) spreads (Figs. 11b,e) are also higher for the ENSO-
forced IPOC. Note that the mechanism for ensemble spread
differs between the CESM-LE and CMIP6. Since CESM-LE
is subject to identical radiative forcing, the spread is due to in-
ternal modulations (Zheng et al. 2018) while in CMIP6, model
physics also contributes. Changes in the ENSO-forced
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FIG. 9. Intermodel regression coefficients of (a) ASST" (shading;
unit: K) and A Vs, (arrows; unit: m s~ '; only significance level > 95%
based on the f test are shown), (b) Ag® (unit: 1073), and
(c) AP (unit: mm day™ ') against the (d) normalized A Psp, index in
CMIPé6. Stippling indicates regression coefficients > 95% significance
level based on the ¢ test.

variability are partly associated with the changes in ENSO
amplitude (Figs. 11cf), suggesting that the uncertainty in
ENSO projection contributes to the large intermodel spread of
the ENSO-forced IPOC (Wu et al. 2021). The ENSO-unrelated
component, on the other hand, is mostly determined by the ro-
bust amplification of the background moisture. Indeed, about
1/3 of the models simulate decreased interannual rainfall vari-
ability over the NW Pacific region for the ENSO-forced parts in
a warmer climate, while 26 of 30 CMIP6 models project an
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FIG. 10. Vertical cross sections of intermodel regression coeffi-
cient of zonally averaged (90°~150°E) meridional wind component
and vertical pressure velocity (arrows; only significance level > 95%
based on the ¢ test are shown) and Ag” (shading, with significance
level > 95% stippled; unit: 10~) over the western Pacific against the
normalized APs . index for CMIP6.

increase in the ENSO-unrelated rainfall interannual variability
under global warming (Fig. 11b).

Although the internal-IPOC related SST anomalies in the
NW Pacific and the subsequent interbasin AAC-IO feedback or
local WES feedback do not seem to show a robust enhancement
in a warmer climate, the precipitation and circulation anomalies
associated with the AAC nevertheless strengthen, indicating
strengthened internal IPOC activities. The internal IPOC has
large socioeconomic impacts on the populated Indo-western Pa-
cific region. The interannual precipitation variability associated
with the internal IPOC is projected to change in East Asia
(Figs. 1c and 3f) according to the ensemble mean of the CESM-
LE. The precipitation anomalies associated with the internal
IPOC show a meridional dipole with negative precipitation
anomalies over South China to the tropical NW Pacific and posi-
tive anomalies over North China, the Korean Peninsula, and
Japan in the historical simulations in CESM-LE. The negative
precipitation anomalies are projected to shift northward and in-
tensify (with the magnitude of the change comparable to the his-
torical values; Fig. S8) in a warmer climate. The positive
precipitation anomalies over northeastern China and the Korean
Peninsula are also projected to intensify. A similar poleward
shift of the mei-yu-baiu rainband induced by the internal IPOC
can also be seen in the CMIP6. Besides, CESM-LE also simu-
lates an enhanced rainfall anomalies over northern India (Fig. 3;
cf. Z.-Q. Zhou et al. 2019). Although the two ensembles disagree
somewhat on the exact distribution and intensity of the rainfall
anomalies and show some biases compared to observations (see
appendix), the enhanced AAC activities associated with the in-
ternal IPOC are robust in both ensembles. This indicates that ex-
treme events like the 2020 Yangtze River flooding may occur
more frequently with increased intensity in a warmer climate.
One may also notice that the precipitation variability induced by
the internal IPOC is projected to increase over the southeastern
tropical 10O off the coast of Sumatra and over the Maritime Con-
tinent (Fig. 7f). Such increased rainfall variability is accompanied
by decreased seasonal mean background precipitation (Fig. 9c;
Lee et al. 2021) due to attenuated Walker circulation, possibly
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indicating stronger extreme events in a warmer climate. Overall,
the intensified internal IPOC calls for more attention to non-
ENSO predictors of summer rainfall variability over the Indo—
western Pacific region (Lu and Takaya 2021).

7. Summary

Using two state-of-the-art CGCM ensembles, CESM-LE and
CMIP6, we have investigated the change in the ENSO-unrelated
summer interannual variability over the Indo-western Pacific re-
gion under global warming. The two ensemble means show
strengthened SLP, low-level circulation, and precipitation varia-
bilities while the SST variability in the NW Pacific and northern
10 does not show significant change. A closer look reveals that
the relative change in precipitation variability is larger in magni-
tude than circulation and SLP. The change in the interannual
variability is associated with the internal IPOC, characterized by
anomalous AAC over the tropical NW Pacific and SST anoma-
lies in the tropical NW Pacific and northern IO.

The AAC is projected to intensify over the NW Pacific region,
with strengthened precipitation variability, and easterly wind
anomalies on the southern flank. The increased circulation
anomalies are due to the enhanced precipitation anomalies,
which are further traced back to the increased background water
vapor due to global warming following the Clausius-Clapeyron
relationship. Enhanced negative precipitation anomalies induce
the increased diabatic cooling to intensify the AAC, which in
turn strengthens the precipitation anomalies. The relative mag-
nitude of the changes in the precipitation anomalies is larger
than the changes in circulation anomalies, likely due to the in-
creased atmospheric static stability in warmer climate.

In the northern IO, the SST anomalies associated with the in-
ternal IPOC enhances along with the strengthened easterly
anomalies induced by the enhanced AAC. CESM-LE cannot
simulate the IO capacitor effect, while in CMIP6 the ensemble
mean of the TT anomalies over the tropical IO remains largely
unchanged, suggesting a largely unchanged interbasin AAC-10
positive feedback. Over the tropical NW Pacific, the AAC-
induced easterlies increase under global warming, but the under-
lying SST anomalies weaken, suggesting a weakened local WES
feedback. The changes of the SST anomalies in the NW Pacific
are dominated by the warming effect of the increased solar radi-
ation, due to enhanced negative precipitation anomalies.

The intermodel analysis in CMIP6 suggests that the intensity
of the internal IPOC in the future is associated with the change
of the background SST, specifically, a dipole pattern in the
equatorial Pacific. An El Nifio-like warming pattern induces
anomalous ascending motion over the NW Pacific by modula-
tion of Walker and Hadley cells. The abundant water vapor in-
duced by the upward motion strengthens the convection—
circulation feedback, and hence the internal IPOC activity.
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FIG. 11. Scatter diagrams of (a),(d) ENSO-forced and ENSO-unrelated NW Pacific precipitation interannual standard deviation
(unit: mm day ") in historical and future simulations; (b),(¢) changes of the ENSO-forced and ENSO-unrelated NW Pacific precipitation
interannual standard deviation (unit: mm day~); (c),(f) changes of the ENSO-forced NW Pacific precipitation interannual standard devia-
tion (unit: mm day ') against the changes of the DJF Nifio-3.4 standard deviation (unit: K) in (top) CMIP6 and (bottom) CESM-LE.
Numbers in (a) near the blue dots denote the model numbers in Table 1. Blue and red dots connected by the arrow denote the same
model in the historical and future simulations, respectively. Large purple dots and error bars in (b) and (e) denote the ensemble-mean

changes and intermember standard deviations, respectively.
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APPENDIX

Model Evaluation for the Simulation of the
ENSO-Forced and Internal IPOC

The appendix evaluates the model’s performance in re-
producing the ENSO-forced and internal IPOC in the

CESM-LE and CMIP6 ensembles. NCEP-NCAR Reanaly-
sis (Kalnay et al. 1996) and Extended Reconstructed SST
(ERSST; B. Huang et al. 2017) version 5 covering the pe-
riod of 1950-99 are used as the reference for the observa-
tions, for atmospheric variables and SSTs, respectively.
ECMWEF Reanalysis version 5 (ERAS; Hersbach et al. 2020)
and Optimum Interpolation SST V2 (OISST; Reynolds et al.
2002) covering the period of 1982-2020 are also used for
comparison.

a. The ENSO-forced IPOC

The spatial distribution of the ENSO-forced IPOC
(Fig. Al) is obtained by the regression of the summer
(JJA) SST, SLP, 850-hPa winds, precipitation, and TT
against the Nifio-3.4 index of the antecedent winter (DJF).
From the ensemble-mean perspective, both CESM-LE and
CMIP6 can capture the structure of the ENSO-forced
IPOC. Specifically, the two ensembles can simulate the
anomalous anticyclone (AAC) with suppressed precipita-
tion located in the subtropical northwestern (NW) Pacific,
accompanied by positive SST in the tropical IO and

SIO LIBRARY 0219 SERIALS | Unauthenticated | Downloaded 06/27/23 11:07 PM UTC


https://www.cesm.ucar.edu/projects/community-projects/LENS/
https://pcmdi.llnl.gov/CMIP6/
https://psl.noaa.gov
https://psl.noaa.gov
https://cds.climate.copernicus.eu

15 MARCH 2023 WANG ET AL. 1761
(a) NCEP&ERSST 1950-1999  SST, SLP, 850 hPa winds (b) Precipitation, TT
60N ; Al 5 h 60N \ , , A
PZEREN

40°N 4
20°N +

EQ 1
20°S

40°E 80°E 120°E 160°E 160°W 120°W 40°E 80°E 120°E 160°E 160°W 120°W

80°E 120°E
(e) CESM-LE 1950-1999

160°E 160°W 120°W

60°N

40°N

20°N

EQ

20°S

120°E

160°E 160°W 120°W

60°N g Yo - 60N
40°N
20°N
EQ
20°S +
40°E 80°E 120°E 160°E 160°W 120°W 40°E 80°E 120°E 160°E 160°W 120°W
(9) CMIP6 1950-1999
L . 60°N
40°N
20°N
EQ
20°8
40°E 80°E 120°E 160°E 160°W 120°W  40°E 80°E 120°E 160°E 160°W 120°W
T T 7T 7T 7T T T, — T T T 1 T T
03 -02 01 0 01 02 03 ggm/sK) 09 -06 03 0 03 06 09

FIG. Al. Structure of the ENSO-forced IPOC in (a)—(d) observations and historical simulations for (e),(f) CESM-LE

and (g),(h) CMIP6, represented by the JJA mean regression coefficient of SST (shading in the left column;
unit: K Kil), SLP (contours in the left column at +0.1, £0.2, 0.3, ... hPa Kil), 850-hPa winds (arrows in the left
column), precipitation (shading in the right column; unit: mm day ' K™'), and normalized TT (contours in the right
column at +0.1, +0.2, 0.3, ... K1) against DJF mean Nifio 3.4 index. Stippling indicates regression coefficients above

the 95% significance level based on the ¢ test.

negative (statistically significant, albeit weak) SST on the
southeastern flank of the AAC. One major discrepancy lies
in the equatorial western to central Pacific with biased posi-
tive SST anomalies simulated by both ensemble means.
Such SST anomalies may weaken the AAC by inducing the
Matsuno-Gill response (Fan et al. 2013). Positive SST
anomalies in the tropical southeastern Indian Ocean over
the Maritime Continent are also very weak in the ensemble
mean of CMIP6 and even become negative in the CESM-
LE. Correspondingly, the models show positive (negative)
precipitation biases in the western equatorial Pacific (south-
eastern tropical 10). Specifically, positive SST bias in the
western to central equatorial 10 reduces the zonal gradient
of the TT anomalies in the deep tropics over the western

Pacific. Other biases include the northeastward extension of
the AAC in the midlatitude North Pacific and the SST
anomalies in the North Pacific. Overall, the key features of
the ENSO-forced IPOC can be reasonably reproduced by
the two ensembles.

Next, we inspect the ENSO-forced IPOC in each member
of the CESM-LE (Figs. S9 and S10) and CMIP6 ensemble
(Figs. S11 and S12). Each member in the CESM-LE ensem-
ble shows remarkable resemblance to the ensemble mean
with very small intermember spread. Most members show a
high correlation between the JJA NW Pacific SLP and DJF
Nifno-3.4 index, with only one insignificant at the 95% confi-
dence level. The CMIP6, on the other hand, shows a very
strong intermodel spread. Many models cannot even
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FIG. A2. Structure of the internal IPOC in (a)—(d) the observations and historical simulations for (e),(f) CESM-LE

and (g),(h) CMIP6, represented by the JJA mean regression coefficient of SST (shading in the left column; unit: K),
SLP (contours in the left column at 0.1, 0.2, 0.3, ... hPa), 850-hPa winds (arrows in the left column), precipita-
tion (shading in the right column; unit: mm day '), and normalized TT (contours in the right column at +0.1, =0.2,
+0.3, ...) against the normalized NW Pacific SLP index. Stippling indicates regression coefficients above the 95%

significance level based on the ¢ test.

reproduce the AAC in the ENSO decay summer, despite
that almost every model can simulate the positive SST
anomalies in the tropical Indian Ocean. The positive SST
bias in the equatorial western Pacific can be found in almost
every ensemble member in both CESM-LE and CMIP6, sug-
gesting a biased slow decay pace of the simulated ENSO
events. Note that among the two models showing negative
SST anomalies (ACCESM-CM2 and Kace-1-0-G) in the
equatorial western Pacific, the AAC also has the strongest
intensity.

b. The internal IPOC

Figure A2 shows the structure of the internal IPOC rep-
resented by the regressions against the normalized NW Pa-
cific SLP index (see section 2) where the ENSO-unrelated
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components are extracted using the regression method de-
scribed in section 2b. As reported by Wang et al. (2018),
the SST anomalies are mostly confined in the tropical NW
Pacific, South China Sea, and Bay of Bengal, compared to
the ENSO-forced IPOC in both observations and the two
ensemble means. The internal IPOC in the observations
seems to show some decadal variability as the SST and pre-
cipitation anomalies in the tropical NW Pacific and Arabian
Sea are much stronger in the period of 1982-2020 compared
to the period of 1950-99, possibly due to the shallowed
thermocline in the tropical IO (Xie et al. 2010Db).

The models are able to capture the AAC and the negative
SST anomalies in the tropical NW Pacific with decreased
precipitation, which reflect the key ocean—atmosphere inter-
actions as discussed in the main text. The most obvious
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model biases in SST anomalies are located in the midlatitude
North Pacific, where the two ensembles produce a warm
SST bias along 30°N. The models also struggle to reproduce
the precipitation anomalies over East Asia and the Indian
subcontinent.

Like the case for the ENSO-forced IPOC, the intermem-
ber spread of the internal IPOC is quite small (Figs. S13
and S14) in CESM-LE. The intermodel spread for CMIP6
in the internal IPOC, on the other hand, is significantly
smaller (Figs. S15 and S16), compared to the ENSO-forced
counterpart. Almost all models can reproduce the AAC
and the accompanied SST and precipitation anomalies over
the tropical NW Pacific. More than half of the models simu-
late the positive SST anomalies in the tropical northern IO,
especially in the South China Sea and Bay of Bengal, evi-
dence of the interbasin positive feedback.

Overall, both CESM-LE and CMIP6 show good skills in
reproducing the ENSO-forced and internal IPOC. Espe-
cially for the internal IPOC, the intermodel uncertainty in
the CMIP6 ensemble reduces dramatically compared to the
ENSO-forced counterpart, suggesting that the former is sus-
tained by regional ocean—atmospheric feedback internal to
the Indo-western Pacific region, while the latter is highly
modulated by ENSO activities. The above analysis justifies
the use of the two ensembles to study the change of the in-
ternal IPOC in a warmer climate.
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