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ABSTRACT

Regional ocean—atmospheric interactions in the summer tropical Indo-northwest Pacific region are
investigated using a tropical Pacific Ocean—-global atmosphere pacemaker experiment with a coupled ocean—
atmospheric model (cPOGA) and a parallel atmosphere model simulation (aPOGA) forced with sea surface
temperature (SST) variations from cPOGA. Whereas the ensemble mean features pronounced influences of
El Nifio—Southern Oscillation (ENSO), the ensemble spread represents internal variability unrelated to
ENSO. By comparing the aPOGA and cPOGA, this study examines the effect of the ocean-atmosphere
coupling on the ENSO-unrelated variability. In boreal summer, ocean-atmosphere coupling induces local
positive feedback to enhance the variance and persistence of the sea level pressure and rainfall variability over
the northwest Pacific and likewise induces local negative feedback to suppress the variance and persistence of
the sea level pressure and rainfall variability over the north Indian Ocean. Anomalous surface heat fluxes
induced by internal atmosphere variability cause SST to change, and SST anomalies feed back onto the
atmosphere through atmospheric convection. The local feedback is sensitive to the background winds: pos-
itive under the mean easterlies and negative under the mean westerlies. In addition, north Indian Ocean SST
anomalies reinforce the low-level anomalous circulation over the northwest Pacific through atmospheric
Kelvin waves. This interbasin interaction, along with the local feedback, strengthens both the variance and
persistence of atmospheric variability over the northwest Pacific. The response of the regional Indo-
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northwest Pacific mode to ENSO and influences on the Asian summer monsoon are discussed.

1. Introduction

In summer, interannual variability in the Indo-
northwestern Pacific (Indo-NWP) region features a
recurrent pattern with a low-level anomalous anticyclone
(AAC). The AAC is closely related to El Nifo-Southern
Oscillation (ENSO) (e.g., Wang et al. 2000, 2003; Lu 2001).
ENSO typically begins to develop in summer [June-
August (JJA)], peaks in winter (December—February),
and decays rapidly in the following spring (March-May).
Seasons in this paper refer to those in the Northern
Hemisphere. The AAC often emerges in the El Nifio
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winter and persists through the following summer (Zhang
et al. 1996; Wang et al. 2000).

While recent studies show that the abrupt onset of the
AAC is possibly tied to nonlinear interactions between
the annual cycle and ENSO (Stuecker et al. 2013, 2015;
Xie and Zhou 2017), ocean—atmosphere coupling plays
key roles in helping the AAC persist into the following
summer (e.g., Wang et al. 2000; Wu and Yeh 2008, 2010;
Kosaka et al. 2013; Xie et al. 2016). Wang et al. (2000)
suggest that wind-evaporation-SST (WES) feedback
over the NWP is important for the formation and per-
sistence of the AAC in winter and spring. The anomalous
northeasterlies on the southeast flank of the AAC in-
crease the northeast background trades and cool the
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ocean with increased evaporation while the cold SST
anomalies in turn suppress local convection and support
the AAC via an atmospheric Rossby wave response
(Wang et al. 2000). This WES feedback requires easterly
background winds, which retreat and weaken over the
NWP in summer. The SST anomalies over the tropical
Indian Ocean (10) also contribute to the development of
the summer AAC (Ohba and Ueda 2006; Xie et al. 2009;
Wu and Yeh 2010; Hu et al. 2019). Anomalously warm
SSTs in the tropical 1O excite a Matsuno-Gill pattern
(Matsuno 1966; Gill 1980) with an eastward-propagating
Kelvin wave. The Kelvin wave supports the AAC by in-
ducing low-level Ekman divergence due to the friction
(Terao and Kubota 2005; Xie et al. 2009). Recent studies
show that the AAC can feed back to north 10 (NIO)
SST through the anomalous easterlies by weakening
the background southwest monsoon and suppressing
local evaporation (Kosaka et al. 2013; Xie et al. 2016).
Therefore, the AAC and warm NIO form an interba-
sin positive feedback (Kosaka et al. 2013). The Indo-
western Pacific Ocean capacitor (IPOC) mode refers to
the above coherent coupled anomalies over the tropical
10 and NWP in the post-El Nifio summer (Fig. 1; Xie
et al. 2016, Xie and Zhou 2017).

Whereas the IPOC is closely tied to ENSO in obser-
vations, recent model studies show that regional positive
feedbacks can sustain the IPOC without ENSO forcing
(e.g., Kosaka et al. 2013; Wang et al. 2018). Indeed, by
linearly removing ENSO in observations (Wang et al.
2018), or in partially coupled models without ENSO
forcing (Kosaka et al. 2013), an ENSO-unrelated
IPOC mode emerges, resembling the original [POC
and supported by regional coupling processes. Such
ENSO-unrelated, internal variability makes up a large
portion of the interannual variability (Wang et al.
2018) and can causes uncertainties in Indo-NWP cli-
mate prediction (Ma et al. 2017). The complex nature
of Indo-NWP summer climate variability and its po-
tential social impact call for a better understanding of
the internal variabilities, specifically, what roles does
the ocean—atmosphere coupling play in supporting the
ENSO-unrelated IPOC and how it is different from the
ENSO-forced IPOC? Since the Indo-NWP region is
strongly influenced by monsoons, the regional ocean—
atmosphere interactions may show strong seasonality.

This study examines regional ocean—atmospheric cou-
pled processes in the Indo-N'WP region by comparing a pair
of atmosphere-only and coupled Pacific Ocean—global at-
mosphere (POGA) ensembles, each with nine members.
The POGA experiment is a useful tool to study global and
regional climate variability (e.g., Kosaka et al. 2013;
Kosaka and Xie 2013, 2016; Yang et al. 2015; Zhang
et al. 2018). In the coupled POGA (cPOGA), SST
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FIG. 1. IPOC mode as represented by observed (1948-2016) JTA
anomalies of (a) SST (shading), SLP (contours, every 0.1 hPa with
the zero contour omitted), and 850-hPa winds (arrows; only >95%
confidence level are shown) (b) precipitation (shading) and nor-
malized tropospheric temperature averaged between 850 and
300 hPa (contours; every 0.1 with the zero contour omitted) asso-
ciated with the principal component of the leading empirical or-
thogonal function mode (explaining 40% of the total variance) of
the NWP SLP [Red box in (a): 10°-50°N, 100°E-180°]. SST and
precipitation anomalies at >95% confidence level are stippled,
based on the ¢ test. SST and atmosphere variables are from
Extended Reconstructed Sea Surface Temperature v4 (ERSST v4,
Huang et al. 2015) and National Centers for Environmental
Prediction—National Center for Atmospheric Research reanalysis
(Kalnay et al. 1996), respectively.

anomalies in the tropical eastern Pacific are restored
toward monthly observations. The ensemble mean
SST from cPOGA is used to force the atmosphere-only
POGA (aPOGA). The ensemble spread represents the
ENSO-unrelated coupled internal variability in the
cPOGA and the ENSO-unrelated atmospheric internal
variability in the aPOGA. We start by analyzing the
persistence and interannual variance of the summer
atmospheric variabilities in the Indo-NWP region. The
sea level pressure (SLP) and precipitation anomalies
over the NWP show enhanced interannual variance and
are more persistent in the cPOGA than in the aPOGA.
The AAC cools the NWP under the northeasterly
background winds and the local SST effect in turn en-
hances the AAC. Conversely, SLP and precipitation
anomalies over the NIO show suppressed interannual
variance and are less persistent in the cPOGA than in
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the aPOGA. The AAC warms the NIO under the
southwesterly background winds and the local SST ef-
fect in turn suppresses the AAC. The warm IO also in-
duces an interbasin positive feedback in support of the
AAC.The seasonal evolution of Indo-NWP climate
variability indicates that the local feedback is tied to the
background winds, positive under the mean easterlies
and negative under the westerlies. This study shows that
ocean—atmosphere coupling plays key roles in modu-
lating the interannual variability of the atmospheric
anomalies, and it can potentially enhance the predict-
ability of the summer Indo-western Pacific climate
variability.

The rest of the paper is organized as follows. Section 2
describes the data and methods. Section 3 examines the
variance and persistence of summer Indo-NWP climate
variability. Section 4 investigates dominant ocean—
atmosphere feedbacks and the favorable conditions in
the Indo-NWP region in summer. Section 5 discusses
the seasonal evolution of the ocean—-atmosphere cou-
pled processes. Section 6 is a summary.

2. Data and methods

We analyze the output of the POGA experiments [see
Kosaka et al. (2013) for a detailed description of the
experiment]. The coupled version (cPOGA) is based on
the Geophysical Fluid Dynamics Laboratory coupled
model, version 2.1 (CM2.1, Delworth et al. 2006), con-
sisting of nine members. Each member starts with dif-
ferent initial conditions but shares the same radiative
forcing. Over the eastern tropical Pacific (15°S-15°N,
with a 5° buffer zone, from the date line to the American
coast), SST anomalies are restored to follow the ob-
served evolution derived from Hadley Centre Sea Ice
and SST, version 1.1 (Rayner et al. 2003), while the
ocean and atmosphere are fully coupled elsewhere.
The ensemble mean of the monthly cPOGA SST is
used globally to force the atmospheric model to form a
parallel nine-member aPOGA ensemble. Both exper-
iments have been performed from 1950 to 2010.

We examine the ENSO-unrelated and atmospheric
internal variability estimated as the ensemble spread by
subtracting the ensemble mean from the raw output.
The ensemble spread of the cPOGA represents the
ENSO-unrelated coupled variability, as each member is
forced by the same external forcing and tropical Pacific
SST. The ensemble spread of the aPOGA captures
the atmospheric internal variability, equivalent to an
AGCM forced by the repeating climatological SST, as
every member is forced by the same radiative forcing
and global SST. The comparison of the aPOGA
and cPOGA allows us to study how the ocean and
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atmosphere interact in the Indo-NWP region without
ENSO forcing.

All variables used in this study are interpolated
onto a common 1° X 1° grid. As the ENSO-unrelated
IPOC shows strong interannual variability with peak
frequencies smaller than 9 years (not shown), we apply
an 11-point Lanczos high-pass filter with half-power at
11 years for all the variables at each grid point to remove
the decadal variability and long-term trends in both the
model and observations. Although Sullivan et al. (2016)
show that the central Pacific SST features a spectral
peak at 10-11 yr, which may affect the NWP AAC (Fan
et al. 2013), our comparison between 9- and 11-yr high-
pass filters yields similar results. The first 10 years are
discarded as the spinup. To get better statistical results,
the same variables among the nine-member intermember
spread are concatenated temporally to form a composed
variable of 459-yr-long time series in both aPOGA and
cPOGA. All analyses in this study, unless otherwise
specified, are done with the concatenated series.

3. Summer SLP and precipitation variability

We start by comparing the interannual variance of the
JJA SLP and precipitation between the aPOGA and
cPOGA (Fig. 2). The SLP variance increases with lat-
itude with zonal maxima over the NIO and NWP along
20°N. Despite the broad resemblance between the
aPOGA and cPOGA, the two experiments show dis-
crepancies in the spatial distribution of the SLP vari-
ance, especially over the NIO, NWP, and southern
tropical 10 (Figs. 2¢,d). Because the ENSO variability
is suppressed in the ensemble spread, the difference
between cPOGA and aPOGA is likely due to regional
ocean—atmosphere coupling. The cPOGA shows the
increased variance over the equatorial Indian Ocean
and NWP and the decreased variance over the NIO
relative to the aPOGA, suggesting different types of
coupling processes among those regions. The increased
or decreased variance in cPOGA may suggest a local
positive or negative ocean—atmosphere feedback, re-
spectively. The enhanced variance over the equatorial
10 is likely due to the Indian Ocean dipole mode, as has
been documented in previous studies (e.g., Yang et al.
2015). In this study, we only focus on the NIO and NWP
regions.

The summer precipitation shows high interannual
variance over the intertropical convergence zone, South
Pacific convergence zone, and the warm pool region in
both aPOGA and cPOGA (Figs. 2a,b), similar to the
climatological rainfall distribution (not shown). Over
the NIO, precipitation variance is suppressed in the
cPOGA compared to the aPOGA, consistent with the
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with the zero contour omitted. Contours in (a) and (b) start with 1
(mm day 1)

SLP pattern. Similar rainfall variance differences in
the NIO are documented by Zhou et al. (2018), who
compare the variance between a CGCM simulation and
an Atmospheric Model Intercomparison Project (AMIP)-
like simulation forced by CGCM SST variability. They
argue that the overestimated precipitation variability in
the AMIP-like simulation is due to the lack of local
negative ocean feedbacks despite identical monthly SST
forcing in two experiments. Climatological precipitation
is slightly stronger (5%-10%; figures not shown) in the
cPOGA than the aPOGA over the NWP and South
China Sea (SCS). The difference in the precipitation
climatology is much smaller than the difference in the
interannual variance (typically >50%; Fig. 2d), sug-
gesting the importance of ocean—atmosphere coupling
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for interannual variability. Monthly averaged SLP and
precipitation variance distributions are qualitatively
consistent with the seasonal mean but with larger
amplitudes.

Ocean—-atmosphere coupling alters not only SLP and
precipitation variance but also their temporal persis-
tence. Figure 3 shows local pointwise lag correlations
with July SLP and precipitation in the cPOGA. SLP
shows significant lagged correlations over the NWP and
equatorial IO, even at 2-month lead/lag. Over the NIO,
the SLP and precipitation anomalies show weak and
even negative lag correlations, suggesting weak persis-
tence and negative local feedback. The autocorrelation
pattern broadly agrees with the variance difference
discussed above, with high and low correlations collo-
cated with enhanced and suppressed variability, re-
spectively, over the NWP and equatorial IO in the
coupled model. The same analysis in the aPOGA shows
insignificantly small correlations over the entire Indo—
northwest Pacific region even at 1-month lead/lag, be-
cause of the transient nature of atmospheric internal
variability (not shown). The contrast in persistence and
variance between the NIO and NWP suggests different
types of ocean—atmosphere coupling in those regions.
We will discuss the possible ocean—-atmosphere pro-
cesses in the following sections.

4. Coupling effect in summer

Wang et al. (2018) uses an area-averaged SLP index to
trace the ENSO-unrelated IPOC variability in obser-
vations and the coupled POGA experiment. In this
study, we employ the same method, but further extend to
both aPOGA and cPOGA to explore the roles of coupled
dynamics in the ENSO-unrelated IPOC. We first define
an NWP SLP index as the area average of SLP anomalies
over the tropical NWP region (10°-30°N, 120°E-180°).
With the ENSO-forced variability removed in both
aPOGA and cPOGA (section 2), the SLP index repre-
sents the non-ENSO variability. The SLP index can
reasonably capture the dominant mode of the 850-hPa
relative vorticity over the northwestern Pacific (0°-60°N,
100°-160°E), especially in the tropical to subtropical
regions (not shown). The SLP index and leading prin-
cipal component of the relative vorticity correlate at
0.52 and 0.62 for aPOGA and cPOGA, respectively. We
choose to study the monthly mean because the internal
atmospheric anomalies in the aPOGA usually do not
last more than one month. Analysis based on seasonal
mean yields qualitatively similar results but with much
reduced amplitude in the aPOGA.

The SLP index in the coupled model has slightly
stronger interannual standard deviation (by ~24%) as
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FIG. 3. Pointwise correlation coefficient of (a) May, (b) June, (c) August, and (d) September SLP with July SLP in cPOGA. Correlation
coefficients at >95% confidence level are stippled, based on the ¢ test.

discussed above, likely due to ocean—atmosphere cou-
pling. To capture the variance difference induced by the
coupling processes, we compute the regression coeffi-
cients of the SLP, 850-hPa winds, precipitation, nor-
malized troposphere temperature, and SST (only in the
coupled model) against the NWP SLP index (Fig. 4).
The ENSO-unrelated IPOC mode shows a strong re-
semblance to the observed counterpart except for the
SST anomalies over the tropical southwestern 10
(Figs. 1, 4), consistent with previous findings (Kosaka
et al. 2013; Wang et al. 2018). Both aPOGA and
cPOGA show positive SLP anomalies over the NWP,
accompanied with an AAC and suppressed precipita-
tion. One major difference between the aPOGA and
cPOGA is the westward extension of the SLP and
circulation patterns. Positive SLP anomalies extend
farther westward over the Arabian Sea in the aPOGA,
while in the cPOGA, the SLP anomalies diminish
quickly over the Bay of Bengal (BOB) and to the west.
Similar patterns can also be found in the precipitation
anomalies (Figs. 4b,d). Significant negative precipita-
tion anomalies reside in the SCS and BOB in the
aPOGA but are weak in the coupled model. The weak
SLP and precipitation anomalies over the NIO in the

cPOGA suggests that the local ocean—atmosphere
coupling induces negative feedback. In the BOB and
SCS, positive SST anomalies, opposing the AAC effect,
reduce local precipitation anomalies below 95% signifi-
cance level. On the other hand, the positive SST anomalies
in the 10 excite a Matsuno-Gill pattern (Fig. 4b) over the
tropical IO and “Maritime Continent™ that reinforces the
AAC over the NWP via the Kelvin wave-induced diver-
gence mechanism (Xie et al. 2009). The anomalous east-
erlies on the south flank of the AAC in turn warm the NIO
SST by reducing the background westerly monsoon wind.
The response in tropospheric temperature is insignificant
in the aPOGA because of the lack of SST forcing (Fig. 4d).
Precipitation anomalies associated with the AAC over the
NWP are mostly over the ocean but are notably large over
the Maritime Continent, India, and eastern China. The
ENSO-unrelated IPOC mode can potentially contribute to
the summer rainfall variability over these regions.

To understand the atmospheric impact on the ocean,
we compare the SST tendency and anomalous heat
fluxes in July in the cPOGA (Fig. 5). A strong positive
SST tendency is found in the SCS and western Pacific
while moderate warming exists in the BOB and Arabian
Sea. Largely contributed by anomalous shortwave and
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because SST anomalies in aPOGA are always zero by design (section 2).

latent heat fluxes, net surface heat flux anomalies show
good correspondence to the SST tendency, except over
the SCS and part of the Arabian Sea where ocean dy-
namics seems also important (Wang et al. 2002; Xie et al.
2003; Izumo et al. 2008). In the tropical NWP, sup-
pressed convection increases the downward shortwave
radiation while the latent heat flux resembles the spa-
tial distribution of the anomalous easterlies (Fig. 4a).
The SST tendency and net surface heat flux shows
positive anomalies in the BOB but with smaller mag-
nitude than in the NWP. In fact, the SST shows a strong
positive tendency in June due to the anomalous east-
erlies in the NIO and SCS region (not shown).

We further decompose the latent heat fluxes into the
flux induced by anomalous atmospheric forcing (AtF;
Fig. 5f) and a Newtonian cooling effect related to SST-
induced evaporation (not shown) following Du et al.
(2009). The warm SST in the NIO (Fig. 4a) induces
a strong Newtonian cooling, which is compensated
by the warming effect due to the wind speed reduction
by anomalous easterlies. The net effect of these two
processes helps the positive SST anomalies to persist.
Over the NWP sector, the latent heat flux is mainly
contributed by the AtF term, suggesting the key role of
atmospheric variability (e.g., wind).

We then estimate the SST effect on the atmosphere.
SLP variability over the subtropical NWP increases
due to ocean—atmosphere coupling (Fig. 2). Ocean—
atmospheric variability in the coupled model com-
prises atmospheric internal variability and the coupled
feedback (cFB):

R,0(SLP) = R (SLP') + cFB,

where R is the regression coefficient against the NWP

SLP index, o(SLP’) denotes the standard deviation of

the SLP index, and subscripts a and ¢ denote the results

from coupled and atmospheric models, respectively.
Figure 6 shows the coupled feedback:

¢cFB =R o(SLP)) — R o(SLP)).

Shading in Fig. 6a shows the SST anomalies associated
with NWP SLP variability in the cPOGA. Anomalous
high pressure deviations are accompanied by AAC
over the NWP and anomalous cool SST on the southeast
flank, and anomalous low pressure deviations are
accompanied by an anomalous cyclone over the SCS
and BOB and anomalous warm SST on the southeast
flank, all of which suggest a Rossby wave response to
convective heating. Positive precipitation deviations
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FIG. 5. July anomalies of (a) SST tendency, (b) total surface heat flux, (c) shortwave radiation, (d) longwave radiation, (e) total latent
heat flux, and (f) latent heat flux induced by anomalous atmospheric forcings, regressed against the July NWP SLP index in the cPOGA.
Regression coefficients at >95% confidence level are stippled, based on the ¢ test.

over the BOB and SCS and negative deviations over
the tropical NWP (Fig. 6b) are consistent with the
SST anomaly distribution. This suggests that the at-
mospheric variability differences between cPOGA
and aPOGA can be attributed to the local SST forc-
ing. The precipitation deviations induced by anoma-
lous SST are of opposite signs to the atmospheric
internal variability over the BOB and SCS (Fig. 6b vs
Fig. 4d), while reinforcing that over the NWP. This
suggests that when coupled, SST-induced local at-
mosphere response enhances atmosphere variability
over the NWP but suppresses the atmospheric internal
variability over the NIO. In the Indo-NWP region, the
sign of the local WES feedback is determined by the
background wind, positive under the mean easterlies
while negative under the mean westerlies. Apart from
the local feedbacks, positive SST anomalies over BOB
and SCS drive a prominent Matsuno-Gill pattern in

tropospheric temperature and an interbasin feedback on
the NWP AAC (Fig. 6b) as discussed above. The spatial
distribution, persistence and variance of the coupled
ocean—atmospheric variability in the Indo-NWP region
are modulated coordinately by both local and interbasin
feedback processes.

To examine the evolution of the ENSO-unrelated
IPOC, we compute the lag correlations of SSTs in dif-
ferent basins with the NWP SLP index (Fig. 7a). As
discussed above, the NWP SLP shows persistence only
in the cPOGA. The SSTs in the NWP are negatively
correlated with July NWP SLP in spring and early sum-
mer, reaching maximum in July, decreasing afterward, and
becoming insignificant in September. The SST correlation
in the NIO and SCS, on the other hand, is weak before July
but stays positive in July and August. Over the NWP, SST
leads SLP, suggesting that the ocean has a strong impact
on the atmosphere. Likewise, the lagged cross correlations
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a) C-A July SLP, Winds; CGCM July SST
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FIG. 6. Coupled feedbacks (cFB) of July (a) SLP (contours, every
1hPa with zero line omitted) and 850-hPa winds (arrows) and
(b) normalized tropospheric temperature averaged between
850 and 300 hPa (contours, every 0.1 with zero line omitted)
and precipitation (shading; mm day ') based on normalized
July NWP SLP index. The shading in (a) shows the SST re-
gression anomalies (K) against normalized July NWP SLP in-
dex in cPOGA.

indicate that the NIO SST is influenced by the atmosphere
(Frankignoul and Hasselmann 1977). The POGA may
overestimate the correlations between NWP SST and
NWP SLP in July due to the overestimated mean

a) NWP SLP [10°-30°N, 120°E-180°]
| | |
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easterlies compared to observations, but similar evolution
is found in preceding months (May and June; not shown).

We have done a parallel analysis on the July SLP
variability over the BOB and SCS (Fig. 7b). There, the
autocorrelation coefficient in the cPOGA is slightly
smaller at 1-month lag than in the aPOGA, in sharp
contrast to the persistent SLP anomalies over the NWP
(Fig. 7a). The SLP correlation between the NWP and
BOB-SCS is significant both concurrently and when
NWP lags BOB-SCS for 1 month. Furthermore, NIO
SST correlations are high with SLP when SST lags SLP
by one month. These correlations suggest an interba-
sin positive feedback between the NIO and NWP. As
discussed earlier, increased solar radiation and sup-
pressed evaporation accompanied with the AAC in-
duces surface warming in the NIO, and increased SST
excites the Matsuno—Gill pattern and helps in sus-
taining the NWP AAC.

5. Seasonal evolution of the Indo-NWP
atmosphere anomalies

As discussed above, the positive and negative feedbacks
in the summer Indo-NWP region are determined by the
climatological winds of prominent seasonality. In spring, the
northeasterlies prevail over the NIO, favorable for the
positive WES feedbacks. After the summer monsoon onset,
climatological southwesterlies suppress local WES feedback
but are essential for the interbasin positive feedback.

In this section, we examine the seasonal evolution of
the IPOC mode. Figure 8 shows the lag correlations of
the monthly mean Indo-western Pacific SLP, low-level
circulation, precipitation, and SST averaged in 5°-25°N

b) BOB+SCS SLP [5°-25°N, 80°120°E]
| | |

1 ————— NWP SLP AGCM [10°-30°N, 120°E-180°]
J EESETTEEEREEE BOB+SCS SLP [5°-25°N, 80°-120°E]

BOB+SCS SLP AGCM [5°-25°N, 80°-120°E]
NWP SLP [10°-30°N, 120°E-180°] |
BOB+SCS SST [5°-25°N, 80°-120°E] -

-0.8 4 BOB+SCS SST [5°25°N, 80°-120°E] L 0.8 -
: NWP SST [5°-25°N, 140°E-180°] NWP SST [5°-25°N, 140°E-180°]
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FIG. 7. Cross correlations of SLP and SST in different basins with (a) NWP SLP and (b) BOB and SCS SLP in July.
The long dashed curve is based on aPOGA, and the rest are based on cPOGA. Dashed horizontal lines denote =0.2.
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FIG. 8. Seasonal evolution of the ENSO-unrelated IPOC mode represented by the correlations of (a),(c) SLP (shading), 850-hPa winds
(arrows), and SST (contours, every 0.1 with zero line omitted) and (b),(d) precipitation (shading) and SST (contours, every 0.1 with zero
line omitted) averaged over 5°-25°N with the July NWP SLP index in (top) aPOGA and (bottom) cPOGA. Red or blue contours indicate
positive or negative SST anomalies, respectively. Red or blue arrows indicate wind anomalies that strengthen or weaken climatological
winds, respectively. Stippling and thick arrows indicate the >95% confidence level for SLP anomalies, and 850-hPa winds, respectively,

based on the ¢ test.

with the NWP SLP index. An analysis with seasonal
means shows qualitatively similar results. In the aPOGA,
the SLP, wind, and precipitation anomalies show signifi-
cant correlations only concurrently because of lack of
memory beyond a month. In the coupled model, on
the other hand, the NWP SLP shows high correlations
throughout the summer with suppressed precipitation and
anomalous easterlies over the NWP sector. Negative SST
anomalies precede the positive SLP anomalies in the
NWP in spring and early summer and retreat eastward
after June. Positive SST correlations with the NWP SLP
index develop in the NIO and SCS concurrently and expand
eastward to the NWP in the late summer and early fall. The
evolution of the SST correlations closely follows the
retreat of the northeast trades, consistent with previ-
ous studies (Xie et al. 2016). The lag correlations of
SLP in the mean westerly regime tend to be weak,

pointing to a negative local feedback under the back-
ground westerlies.

Next, we examine the seasonal evolution of the SLP
persistence in the cPOGA ensemble spread. Figure 9a
shows the lagged autocorrelation of SLP anomalies over
the BOB and SCS with different reference months. The
SLP in this region shows weak persistence in summer
due to local negative feedback while the SLP persistence
is strong in spring when the mean easterlies prevail. The
evolution of the SLP persistence is consistent with
that of the climatological winds. Figure 10a shows the
variance difference between the cPOGA and aPOGA
averaged over 5°-25°N in the Indo-NWP region. Similar
to the persistence, SLP variance in the cPOGA de-
creases relative to the aPOGA over the BOB-SCS re-
gion during summer when the climatological zonal
wind switches from easterly to westerly.
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FIG. 9. Autocorrelation of SLP in (a) the BOB and SCS (5°-25°N, 80°~120°E) and (b) the NWP (10°-25°N, 120°-
180°E) in cPOGA. Positive and negative numerals on the Y axis denote the lag in months after and before the
reference month, respectively. Correlations above the 95% confidence levels, based on the ¢ test, are stippled.

Autocorrelations with zero lags are omitted.

Over the NWP, SLP shows strong persistence in
summer (Fig. 9b). NWP SLP anomalies in May can
persist through early summer but are not strongly cor-
related with preceding months. The NWP SLP in June
and July shows high persistence and the autocorrelation
is almost symmetrical between preceding and subse-
quent months. After August, the SLP correlation with
subsequent months weakens but remains significant with
preceding months. The evolution of the persistence
pattern may be affected by both background SST and
winds. During spring, the background SST is relatively
cool over the tropical NWP north of 10°N (Fig. 10b),
inhibiting the development of deep convection with a
weaker local WES feedback than in other seasons. In the
late summer and early fall, the easterly trades retreat
eastward to 150°E (Fig. 10a). Local negative feedback
prevents SLP anomalies from persisting in the mean
westerly regime.

We have also examined the seasonal evolution of
the coupling effect with two other metrics: the vari-
ance difference between the coupled and atmospheric
POGA, and the pointwise correlation between local
SST and precipitation in cPOGA (Fig. 10). As discussed
above, the variance difference increases with positive
ocean—atmosphere feedback. Local SST—precipitation
correlation is commonly used to measure the ocean ef-
fect on the atmosphere (e.g., Trenberth and Shea 2005).
Positive SST-precipitation correlation indicates the

ocean as a driver for atmospheric variability, while weak
or negative correlation may suggest that the ocean is
passively influenced by and has weak feedback to the
atmosphere (Wang et al. 2005; Wu and Kirtman 2007).
Over the BOB and SCS, local SST—precipitation corre-
lation is weak because of the cancellation between large-
scale atmospheric variability (AAC) and the local SST
effect on deep convection (Fig. 4d vs Fig. 6b). Over the
NWP, the air-sea coupling intensifies the interannual
variance of the SLP and precipitation but the SST-
precipitation correlation is weak because of the nonlocal
feedbacks from the NIO SST onto the AAC (see also
Zhou et al. 2018).

6. Summary and discussion

We have studied the ENSO-free IPOC mode of regional
Indo-NWP climate variability in ENSO-free models. By
comparing a pair of atmospheric and coupled POGA ex-
periments, we show that ocean—atmospheric interactions
play an important role and this role varies with regions
in summer. In the NWP, SLP shows large variance and
enhanced persistence in the cPOGA as compared with
aPOGA, but in the NIO the variance and persistence are
reduced. The change in variance and persistence results
from different types of ocean—atmosphere feedbacks.

We further examine the feedback processes by esti-
mating the oceanic and atmospheric effects separately.
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FIG. 10. (a) Fractional difference in interannual variance of monthly SLP between cPOGA and aPOGA
[shading; (cPOGA — aPOGA)/cPOGA] and zonal background winds (contours every 2ms” !, with zero line
thickened) averaged between 5° and 25°N in cPOGA. (b) Pointwise SST and precipitation correlation (shading with
correlations >95% confidence level stippled, based on the ¢ test) and climatological SST (contours, every 1 K; red
contours denote SST = 28°C) averaged between 5° and 25°N in cPOGA.

The SLP shows high interannual variability over the
Indo-NWP region in summer. Anomalous high SLP
over the NWP and NIO is accompanied with an AAC
and suppressed precipitation. The atmospheric vari-
ability affects the ocean by inducing anomalous surface
heat fluxes and ocean dynamical adjustments. Over the
NWP where the northeasterly trades prevail, anomalous
easterlies induced by local negative SST anomalies fur-
ther cool the ocean by increasing evaporation, forming a
positive feedback loop. Over the NIO, the anomalous
easterlies of the AAC slow the background southwest
monsoon wind, resulting in positive SST anomalies. The
positive SST anomalies weakens the precipitation and
SLP anomalies accompanied by the AAC as a negative
feedback. Apart from the local feedback, the positive
SST anomalies in the NIO help reinforce the NWP AAC
via the Kelvin wave-induced divergence mechanism.
This interbasin positive feedback, along with the posi-
tive WES feedback, explains why both the variance and
persistence of SLP strengthen over the NWP in the
coupled model compared to the atmospheric simulation.

Previous observational studies have shown that the
NWP AAC affects the East Asia summer monsoon
(Huang and Wu 1989; Chang et al. 2000) and the Indian
summer monsoon (Chowdary et al. 2013, 2019; Zhou
et al. 2019). Anomalous westerlies on the northwestern
flank of the AAC can induce positive rainfall anomalies
in the central China as a result of excessive moisture

transport from the tropical oceans and orographic lift
(Hu et al. 2017). A similar mechanism may also be ap-
plied to the ENSO-unrelated IPOC mode. Indeed,
strong rainfall anomalies are found over East China
and South Asia accompanied with the AAC without
ENSO forcing (Figs. 4b,d). We suggest that the ocean—
atmosphere coupling may enhance the predictability
of Asian summer climate based on the enhanced
persistence in the cPOGA. The NWP SST may serve
as a potential predictor due to its lead correlation
with the NWP AAC (Fig. 8c).

The summer NWP AAC may arise from the internal
atmospheric variability without remote or local SST
forcing (Zhou et al. 2018). Wang et al. (2020) very re-
cently showed that the summer intraseasonal oscillation
contributes importantly to month-to-month variability
of the AAC as observed in the post-El Nifio summer of
2016. Our study further shows that the coupled dy-
namics, largely determined by the background winds,
can alter the spatial distribution and lifespan of the
ENSO-unrelated TPOC mode. By definition, our focus
on POGA ensemble spread excludes the ENSO influ-
ence but in reality, Indo-western Pacific variability is
highly correlated with ENSO. In particular, the ob-
served anomalies in post-ENSO summer closely re-
semble the free IPOC mode described in this study,
including the interbasin coupling between NIO SST and
the AAC over the NWP (e.g., Xie et al. 2009) as well as
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FIG. 11. Interannual variance of JJA (a) SLP (hPa?) and (b) SST (K?) in 7-NoENSO (shading) and cPOGA ensemble spread (contours).
Also shown are pointwise correlations of (c) June and (d) August SLP with July SLP in 7-NoENSO (shading) and cPOGA ensemble
spread (contours). Contour intervals are the same as the corresponding shading levels, with zero lines omitted.

the evolution from the preceding seasons (Wang et al.
2003). Due to the modulation by the seasonally varying
background, El Nifio induces a weak AAC over the NWP
during the local cold seasons (Stuecker et al. 2015; Xie
and Zhou 2017), triggering the IPOC mode that evolves
through summer. As an additional trigger of IPOC, the El
Nifio forces the downwelling ocean Rossby waves and the
resultant southwest IO warming that causes the south-
westerly winds to weaken over the NIO (Du et al. 2009).
Thus, the resemblance between the ENSO-unrelated
IPOC and observed post-ENSO anomalies is not sur-
prising. In fact, it is the positive coupled feedback that
selects the IPOC mode as the most persistent and co-
herent pattern observed in post-ENSO summers.

In the cPOGA experiment, SST over the tropical
eastern Pacific is restored to observations. This strong
damping on ENSO-free, internal SST variability might
propagate to the tropical IO through the weak tem-
perature gradient approximation of the tropical tro-
posphere. We have conducted a partial coupling

experiment (7-NoENSO) by overriding wind stress
with the model climatology over the tropical Pacific
(15°S-15°N, with a 5° buffer on the poleward bound-
aries). Like the cPOGA ensemble spread, there is no
ENSO because of the lack of dynamical air-sea cou-
pling in the tropical Pacific, but, unlike cPOGA, SSTs
are allowed to evolve freely everywhere, including
the tropical Pacific. Surface variability (including
SST) over the Indo-western Pacific proves similar
variance and persistence (Fig. 11) to that in the
cPOGA ensemble spread. This suggests that atmo-
spheric adjustments discussed here—specifically in wind
and cloud—are more important than the weak temper-
ature effect (Chiang and Sobel 2002) in propagating
equatorial Pacific SST variability to the Indo—western
Pacific warm pool.
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