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Interannual variation in the East Asian summer monsoon-
tropical Atlantic SST relationship modulated by the

Interdecadal Pacific Oscillation
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Tropical Atlantic (TA) SST variability can impact the East Asian summer monsoon (EASM). Here, we find that the interannual
EASM-TA relationship exhibits an evident interdecadal variation modulated by the Interdecadal Pacific Oscillation (IPO). The
EASM-TA interannual relationship is strong during the positive phase of the IPO (pIPO) but weak during the negative phase of the
IPO (nIPO). The pIPO (nIPO)-related warm (cold) SST anomalies in the central tropical Pacific (CTP) intensify (weaken) the convection
over the CTP. Therefore, a Matsuno-Gill response of the TA-induced CTP SST change is strong (weak) during the pIPO (nIPO) period.
The strong Matsuno-Gill response excites an anomalous anticyclone over the western North Pacific (WNPAC), leading to a
significantly positive EASM-TA relationship. However, the WNPAC is absent in the nIPO periods due to the weak Mastono-Gill
response, suggesting an insignificant EASM-TA relationship. Understanding the IPO-modulated EASM-TA relationship helps better

forecast EASM variability.
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INTRODUCTION

The East Asian summer monsoon (EASM) is one of the most
prominent climatic features in East Asia'? transporting large
amounts of heat and vapor to this most populated region from
the tropics®. Interannual fluctuation in the EASM leads to flood or
drought, exerting tremendous socio-economic influence on the
surrounding countries*™. Previous studies have identified many
climate variabilities that can affect the EASM on interannual
timescales, such as the El Nifo-Oscillation (ENSO)'’~'", Indian
Ocean Basin Mode'?"'%, Arctic Oscillation'®, and North Atlantic
Oscillation'”™'°, Sea surface temperature (SST) variability in the
tropical Atlantic (TA)—as a recently identified factor—provides an
important insight into understanding the dynamics of the EASM
and improving its prediction?-22,

There are two dominant modes of SST variability in the TA on
interannual timescales—the Atlantic zonal mode (also referred to
as the Atlantic Nifio)>> and the Atlantic meridional mode?>24-2%,
The center of action of the Atlantic Nifio is located in the
southeastern TA, while the Atlantic meridional mode is mainly
situated in the northern TA. The two modes have different climatic
influences; that is, the Atlantic meridional mode has a more
obvious impact on low-level anomalous anticyclones over the
western North Pacific (WNPAC) and can better represent the
influences of TA on climate variability in East Asia than the Atlantic
zonal mode???728_ |t was found that the Atlantic meridional mode-
associated warm SST anomalies in the northern TA can change the
Walker circulation with descending motion over the central
tropical Pacific (CTP) and ascending motion over the TA on both
interannual and decadal timescales?®?%?°3> The anomalous
descending motion over the CTP leads to a diabatic cooling
effect over the CTP, which in turn excites the WNPAC via the
Matsuno-Gill response and thus further intensifies the strength of
the EASM'202231.36 The opposite processes operate for the cold

TA SST anomalies, which can excite low-level anomalous cyclones
over the WNPAC to weaken the strength of the EASM.

However, the relationship between the EASM and its inter-
annual influencing factor is always unstable, meaning that there
may be a dominant climate variability longer than interannual
timescales that modulate the relationship’>’%°, The Interdecadal
Pacific Oscillation (IPO) is the leading mode of SST variability in the
entire Pacific on interdecadal timescales, controlling the mean
state of the whole Pacific*'**. The IPO is considered an
interdecadal controller of the unstable EASM-ENSO relationship
through modulating the mean state in the subtropical western
Pacific®®. Specifically, during the positive phase of the IPO (pIPO),
the warm SST anomalies in the Eastern China Sea led to a
weakened subtropical high and increased precipitation over the
western North Pacific (WNP)38, The ENSO-induced atmospheric
Kelvin wave favors a stronger response over the WNP because of
the weakened subtropical high, leading to a strong EASM-ENSO
relationship®®. On the contrary, the negative phase of the IPO
(nIPO) favors a weak EASM-ENSO relationship via the opposite
processes. Since the SST in the TA is the recently identified factor
for the EASM on interannual timescales, is their relationship
unstable on interdecadal timescales? If any, the role of the low-
frequency quantity (such as the IPO and the Atlantic Multidecadal
Oscillation (AMO)#> in modulating this relationship needs to be
investigated.

RESULTS

Interdecadal variation in the EASM-TA relationship

To examine the relationship between the EASM and SST
anomalies over the TA, we calculate the correlation map between
SST anomalies and the EASM index. As shown in Fig. 1a, there is a
large area in the TA where SST is significantly correlated with the
EASM, showing a positive EASM-TA relationship. The significantly

'Physical Oceanography Laboratory/Frontiers Science Center for Deep Ocean Multispheres and Earth System/Sanya Oceanographic Institution, Ocean University of
China, Qingdao, China. Laoshan Laboratory, Qingdao, China. ®email: ziguangli@ouc.edu.cn

Published in partnership with CECCR at King Abdulaziz University

npj


http://crossmark.crossref.org/dialog/?doi=10.1038/s41612-023-00497-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41612-023-00497-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41612-023-00497-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41612-023-00497-x&domain=pdf
http://orcid.org/0000-0002-6009-0867
http://orcid.org/0000-0002-6009-0867
http://orcid.org/0000-0002-6009-0867
http://orcid.org/0000-0002-6009-0867
http://orcid.org/0000-0002-6009-0867
http://orcid.org/0000-0002-3009-0700
http://orcid.org/0000-0002-3009-0700
http://orcid.org/0000-0002-3009-0700
http://orcid.org/0000-0002-3009-0700
http://orcid.org/0000-0002-3009-0700
http://orcid.org/0000-0003-0625-1575
http://orcid.org/0000-0003-0625-1575
http://orcid.org/0000-0003-0625-1575
http://orcid.org/0000-0003-0625-1575
http://orcid.org/0000-0003-0625-1575
http://orcid.org/0000-0001-6335-1383
http://orcid.org/0000-0001-6335-1383
http://orcid.org/0000-0001-6335-1383
http://orcid.org/0000-0001-6335-1383
http://orcid.org/0000-0001-6335-1383
http://orcid.org/0000-0002-1630-387X
http://orcid.org/0000-0002-1630-387X
http://orcid.org/0000-0002-1630-387X
http://orcid.org/0000-0002-1630-387X
http://orcid.org/0000-0002-1630-387X
https://doi.org/10.1038/s41612-023-00497-x
mailto:ziguangli@ouc.edu.cn
www.nature.com/npjclimatsci

H. Wang et al.

60N( ) Corr.: SST VS. EASM
30N+
0|t
30k ©
60S
180
04 02 0 02 04
0 6 b) Sliding Corr.: EASM-TA
' -2
037 J - NJ\,\\ W B
£ ©)
0 0
8 o
-0.3- -
0.6 R(IPO)=0. 77 -2
- I I I I I
1900 1920 1940 1960 1980 2000

(c) High-Low: SST

120E 180 120W 0
06 04 -02 0 02 04 06

Fig. 1 The interdecadal variation in the EASM-TA relationship
and its linkage with the IPO. a Correlation map between JJA sea
surface temperature and the JJA EASM index. b The 21-year sliding
correlation between the EASM index and the TA sea surface
temperature index (solid magenta line), which is superimposed by
the IPO index (solid black line). ¢ Composite difference of SST
anomalies (°C) between the highly correlated and insignificantly
correlated periods of the EASM and TA SST. The yellow rectangle
box in (a) denotes the domain of TA. The dotted area in a indicates
the correlation coefficient, which is significant at the 95%
confidence level using the student’s t-test. The gray dashed line in
b indicates the running correlation coefficient, which is significant at
the 95% confidence level using Student’s t-test. The blue (red)
rectangle box presents the period of the negative (positive) phase of
the IPO from 1951 to 1971 (1978-1998). The dotted area in (c)
indicates the SST difference, which is significant at the 95%
confidence level using Student’s t-test.

correlated area is mainly located in the northern tropical Atlantic,
which resembles the Atlantic meridional mode (the correlation
coefficient between the TA and Atlantic meridional mode is 0.99).
However, the Atlantic zonal mode mainly highlights SST variability
in the southeastern tropical Atlantic??, which is insignificantly
correlated with the EASM (Fig. 1a). Therefore, we focus on the
northern TA and define TA SST index as the June-July-August (JJA)
SST anomalies averaged over 70°W-20°W, 0°-20°N (yellow box in
Fig. 1a). Then, we perform the sliding correlation analysis with a
21-year window to show the interdecadal variation in the
EASM-TA relationship (Fig. 1b, solid magenta line). The correlation
coefficients show obvious interdecadal variation, ranging from the
lowest (—0.27) to highest (0.53) value. Hence, the EASM-TA
relationship is not stationary but with substantial temporal details
compared to a single correlation coefficient derived from the
long-term perspective. We have also used another dataset to
examine if this relationship exists (Supplementary Fig. 1). It is clear
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that the results under different datasets are similar, highlighting
the reliability of the results.

What causes the interdecadal variation in the EASM-TA
relationship? The changing EASM-TA relationship must be
modulated by a certain climate variability that is longer than
interannual timescales. In order to find the interdecadal modulator
of the EASM-TA relationship, two periods are selected based on
the correlation coefficient between the EASM and TA. The period
of 1978-1998 represents the period when the EASM is highly
correlated with TA SST (the red box in Fig. 1b), while the period of
1951-1971 represents the period when the EASM is insignificantly
correlated with TA SST (the blue box in Fig. 1b). The composite
difference of SST anomalies between these two periods represents
a pattern that resembles the IPO in the Pacific (Fig. 1c). Besides,
the temporal evolution of the EASM-TA relationship is also similar
to that of the IPO (solid black line in Fig. 1b), with a correlation
coefficient of 0.79, above the 95% confidence level. However, a
large area in the northern Atlantic exhibits insignificant differences
between the two periods. Besides, the time series of the EASM-TA
relationship is insignificantly correlated with the AMO, with a
correlation coefficient of —0.04, far below the 80% confidence
level (Supplementary Fig. 2). These results indicate that the IPO is
likely to be the interdecadal modulator of the EASM-TA relation-
ship. When the EASM-TA has a significantly positive (insignif-
icantly and slightly negative) relationship, the IPO is in its positive
(negative) phase. Such covariation is not strictly consistent before
the 1920s due to the poor quality and sparsity of observations. In
this study, we assume the IPO as the potential factor that
modulates the EASM-TA relationship. As selected in Fig. 1b, the
highly correlated period of 1978-1998 corresponds to the pIPO
period, while the insignificantly correlated period of 1951-1971
corresponds to the nIPO period. We use these two periods to
investigate the physical processes of the IPO in modulating the
interdecadal variation of the EASM-TA relationship.

The interdecadal IPO modulates the interannual variation in
the EASM-TA relationship

During the two periods, the strength of interannual variability of
the EASM reacts quite differently to the TA SST. In the pIPO period,
the interannual strength of the EASM strongly responds to the
change of the TA SST (Fig. 2a). The EASM becomes stronger
(weaker) when the TA gets warmer (cooler). The two variables
exhibit a significantly positive correlation coefficient of 0.49, above
the 95% confidence level. In contrast, The EASM and TA SST show
an insignificantly negative relationship in the nIPO period, with
the correlation coefficient of —0.27 (Fig. 2b), far below the 80%
confidence level. This result implies that TA SST has little impact
on the interannual EASM during the nIPO period. Given that the
anomalous TA SST can change the Walker circulation?%223!, we
compare the interannual response of the JJA tropical Pacific SST to
the interannual TA SST variation in different IPO periods (Fig. 2c,
d). In the pIPO period, there is a significant cooling pattern in the
CTP, as pointed out in many previous papers2%223°-34 which
means that CTP SST cooling is closely related to the interannual
warming of TA SST during the pIPO period. However, an
insignificant warming pattern in the CTP appears in the nIPO
period. This indicates that interannual TA SST warming (cooling) is
unable to result in interannual CTP SST cooling (warming) during
the nIPO period. The TA SST-induced SST changes in the CTP will
subsequently change the atmospheric circulation over the
western north Pacific to influence the strength of the EASM.
Here, we show the response of atmospheric circulation over the
western north Pacific to the TA SST in different IPO periods by
regressing JJA SLP and 850-hPa wind anomalies against the JJA TA
SST index (Fig. 3). In Fig. 3a, the diabatic cooling of CTP SST
resulting from TA SST warming can excite WNPAC with a
significantly high SLP center located around 20°N in the pIPO
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Fig. 2 The contrast EASM-TA relationships and comparison of
CTP SST response to TA SST variation in different IPO periods.
a Scatterplot between the EASM and SST anomaly in the TA during
the positive phase of the IPO. b Same as (a), but during the negative
phase of the IPO. ¢ Regression map of JJA SST anomalies (°C) onto
JJATA SST index during the positive phase of the IPO. d Same as (c),
but during the negative phase of the IPO. The dotted area in
¢, d indicates that the value is significant at the 95% confidence level
using Student’s t-test.

period, accompanied by evident easterly winds extending from
the western tropical Pacific to the Bay of Bengal. The southeasterly
winds over tropical-subtropical East Asia caused by WNPAC can
enhance the EASM and transport moist air from the tropics to
eastern China. Thus, the JJA EASM and TA SST are highly
correlated during the pIPO period (Fig. 2a). However, these
atmospheric circulation changes cannot occur in the nIPO period.
Compared with the plPO period, there are only weak northeasterly
winds over eastern China, which may hinder the enhancement of
the EASM, and the significantly high SLP center of WNPAC is
absent due to the absence of TA SST-induced CTP SST cooling (Fig.
3b). Hence, the interannual EASM-TA relationship is insignificant
during the nIPO period (Fig. 2b). The different atmospheric
circulation response in the two periods leads to the changing
strength of the linkage between the EASM and TA SST. These
different responses of atmospheric circulation over the western
North Pacific to TA SST are strictly under the thermodynamic
framework of Matsuno-Gill Response*’#8, Why is the strength of
Matsuno-Gill response to the CTP SST different during different
IPO phases?

To answer this question, we plot an interdecadal IPO pattern
through the correlation map between the global SST and IPO
index (Fig. 4a). Many previous papers investigating the role of the
IPO in the EASM mainly focused on the changes in the subtropical
high associated with the IPO3®%, but paid less attention on its
tropical part. Apart from the classical horseshoe-shaped warming
(cooling) pattern in the northern hemisphere, the central to
eastern tropical Pacific also has a significant warming (cooling)

Published in partnership with CECCR at King Abdulaziz University

H. Wang et al.

npj

(a) pIPO: SLP & 850 hPa Winds

T i
90E 120E 150E 180

-300 -180 -60 60 180 300

Fig.3 The comparison of JJA atmospheric circulation response to
TA SST variation in different IPO periods. The JJA SLP (shaded,
units: Pa) and 850-hPa wind (vectors, units: ms~') regressed onto
JJA TA SST index during a the positive phase and b the negative
phase of the IPO. The dots indicate that the value is significant at the
95% confidence level using Student’s t-test. The 850-hPa wind is
shown when the meridional or zonal component is significant at the
95% confidence level using Student’s t-test.

pattern during the pIPO (nIPO) phase. In the pIPO (nIPO) period,
when the CTP is warmer (cooler), there is more (less) convective
available potential energy over the central-eastern tropical Pacific,
implying more (less) active activities of the atmosphere and
stronger (weaker) background atmospheric convection (Supple-
mentary Fig. 3). Thus, such CTP warming (cooling) will intensify
(weaken) the convection and resultant precipitation over the CTP
(Supplementary Fig. 4). These IPO-induced mean state changes
will further modulate the EASM-TA relationship. On interannual
timescales, TA SST warming (cooling) will lead to an anomalous
descending (ascending) motion over the CTP, producing a
diabatic cooling (heating) to excite the WNPAC (WNP(C)202231,
Considering the role of the IPO on interdecadal timescales, the
TA-induced descending motion from warmer TA over CTP will
produce a greater diabatic cooling due to the background
stronger convection in the plPO period®®#°. It is shown that, in
the pIPO period, when the background convection is strong, the
TA SST warming could reduce the precipitation through the
descending motion over the CTP (Supplementary Fig. 5a). The
reduced precipitation could further suppress the heat release of
the water vapor condensation. However, the TA warming could
not significantly reduce the precipitation during the nIPO period
since the background convection over the CTP is relatively weak
(Supplementary Fig. 5b). Therefore, there is greater diabatic
cooling during the pIPO period than that during the nIPO period.
Such greater diabatic cooling will excite a stronger WNPAC
through the Matsuno-Gill response to produce a stronger
influence of TA SST on the EASM through the CTP. Therefore,
there is a strong interannual linkage between the TA and EASM in
the pIPO period. As shown in Fig. 4c, in the nIPO period, there is
no significant TA-induced descending motions over the CTP since
the nlIPO-related CTP cooling background will weaken the
Matsuno-Gill response. Therefore, the interannual influence of
TA SST on the EASM is weakened, and the EASM-TA interannual
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Fig. 4 The IPO climatological mean state controls the JJA large-
scale atmospheric response to TA SST. a Correlation map between
the SST and IPO index. b The JJA velocity potential (shaded) and the
divergent wind (vectors) at 850 hPa regressed onto the JJA TA SST
index during the positive phase of the IPO. ¢ Same (b), but for the
negative phase of the IPO. The dots indicate a value that is
significant at the 95% confidence level using Student’s t-test.

relationship is insignificant in the nIPO period. These processes
can be confirmed from the regression map of 850-hPa velocity
potential and divergent wind anomalies against the TA index (Fig.
4b, c). The negative center of 850-hPa velocity potential and
accompanied divergent winds over the CTP are significantly
stronger in the pIPO period than those in the nIPO period. Besides,
the TA-induced Walker circulation is much stronger in the pIlPO
peiod than in the nIPO period (Supplementary Fig. 6). The above
analyses show that the IPO-related mean state changes in the CTP
on decadal timescales will intensify or weaken the Matsuno-Gill
response of the diabatic heating associated with the TA-induced
CTP SST change on interannual timescales to modulate the
EASM-TA relationship on interdecadal timescales and lead to the
interdecadal variation in the interannual EASM-TA relationship.

DISCUSSION

We have found that there is evident interdecadal variation in the
interannual EASM-TA relationship, and this interdecadal variation
is modulated by the IPO. The EASM-TA relationship is insignificant
and even slightly negative in the nIPO period of 1951-1971 but
turns into significantly positive in the pIPO period of 1978-1998.
The pIPO (nIPO)-related warm (cold) CTP SST can enhance
(weaken) the convection and precipitation over the CTP. The
plPO favors a stronger atmospheric response because the
background atmospheric convection is stronger over the warm
SST condition in the CTP. The atmosphere is more active under the
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stronger convection background over the CTP during the pIPO
period; thus, the TA-induced anomalous convection is much more
obvious during the pIPO period than that during the nIPO period.
Such mean state changes associated with the IPO will modulate
the EASM-TA relationship on interannual timescales. The pIPO-
related warm CTP SST can intensify the Matsuno-Gill response of
the TA-induced CTP SST cooling, as the TA-induced anomalous
descending motion over the CTP has a stronger diabatic cooling
effect. However, the nIPO-related CTP SST cooling can weaken the
Matsuno-Gill response of the TA-induced CTP SST cooling. A
stronger Matsuno-Gill response will excite the WNPAC to enhance
the EASM, demonstrating a strong EASM-TA relationship in the
pIPO period. By contrast, the TA-induced WNPAC is absent in the
nIPO period due to the weak Matsuno-Gill response, leading to a
weak response of the EASM to TA SST. Thus, as a result of the
different strengths of Matsuno-Gill response, the EASM-TA
relationship is strong during the pIPO period but weak during
the nlIPO period. In the above research, one pIPO period and one
nIPO period are used. So, we have also compared the EASM-TA
relationship in other IPO periods to see the sharp contrast of the
EASM-TA relationship (Supplementary Fig. 7). From 1902 to 1922,
when the IPO turned slightly negative, the EASM-TA relationship
is weak and insignificant. But it turned into strong and significant
during the pIPO period (1926-1946). The result highlights the
interdecadal variability in the interannual EASM-TA SST relation-
ship and the possible influence of the IPO. The modulation of TA
SST anomalies on summer climate in the western North Pacific
could also be modulated by some other climatic factors. For
example, the weakened Atlantic thermohaline circulation in the
1960s may change the mean state of the North Atlantic to
strengthen the impact of the TA SST anomalies on the western
North Pacific™®. The relative roles and contributions of these
climatic factors need further detailed research. Our results
highlight the importance of the IPO in modulating the interannual
EASM-TA relationship, and the phase of the IPO should be taken
into consideration while performing seasonal forecasts of the
EASM.

METHODS

Data

The NOAA-CIRES-DOE 20th Century Reanalysis V3 dataset
(20CRv3) is used to provide monthly atmospheric variables,
including sea level pressure (SLP), winds, and convective available
potential energy, with a horizontal resolution of 1° x 1°°7, covering
the time period of 1836/01 to 2015/12. The 20CRv3 dataset has
been widely used to investigate the general atmospheric
circulation and associated long-term changes®2~>% We also use
monthly SST from the Met Office Hadley Center (HadISST1) at a
horizontal resolution of 1°x 1°°, All variables are focused on the
period from 1900 to 2015, and the global warming signal is
removed from all variables by using linear detrending.

EASM index

The EASM index is defined as the JJA mean difference between
850-hPa zonal wind averaged over 22.5-32.5°N, 110-140°E and
5-15°N, 90-130°E35°, Here, we use the opposite sign of the EASM
index, intuitionally indicating a strong (weak) EASM year with a
positive (negative) EASM index.

ENSO index
The December-January-February (DJF) Nino-3.4 index in the
preceding year is used as the proxy of the ENSO index, which is
defined by the area-averaged SST anomaly over 5°S-5°N,
120°-170°W.
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As ENSO events have an overwhelming influence on the EASM
from its developing to decay phases'#1011151838 \va remove the
ENSO signal by using the linear regression3%>7:

y =ax+b, M

where, y represents the variable, and x is the DJF(—1) ENSO index.
In the linear regression analysis, ax represents the ENSO-related y
and b represents the part independent of the ENSO signal.

IPO index

The IPO index is defined as the leading mode extracted from the
empirical orthogonal function (EOF) analysis on the 9-year low
pass filtered JJA SST over the Pacific Ocean**>%>9,

Statistical significance test

In this study, correlation and regression are used to measure the
relationship between two variables, and the significance test is
based on the effective sample numbers Ngs by the following
formula:5°6"
11 28N

I 2N P (D)eyy (J), 2
here, N is the sample size, py, and pyy represent the autocorrela-
tions of the time series X and Y at lag j, individually.

DATA AVAILABILITY

The 20CRv3 dataset was obtained from https://psl.noaa.gov/data/gridded/
data.20thC_ReanV3.html. The HadISST1 dataset was obtained from https:/
www.metoffice.gov.uk/hadobs/hadisst/.
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