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Abstract

This study investigates the role of perturbation potential energy (PPE) in energetic connection between the South China Sea
summer monsoon (SCSSM) and Indian Ocean dipole (IOD). When the SCSSM is strong during boreal summer, the higher
and lower PPE anomalies controlled primarily by the diabatic heating correspond to negative and positive energy conversion,
favoring the ascending and descending motions over western North Pacific (WNP) and southern Maritime Continent (SMC),
respectively. This implies the existence of the regional Hadley circulation. This regional Hadley circulation-induced lower
southeasterly wind anomalies reduce the local sea surface temperature (SST) anomalies over the tropical southeastern Indian
Ocean via the wind—evaporation—SST and wind—thermocline-SST feedbacks, increasing the zonal SST gradient over the
tropical Indian Ocean. Thus, a positive IOD event develops in boreal summer, and verse vice. Although the SCSSM decays
during boreal autumn, the increased gradient of the PPE anomalies intensifies the anomalous Walker circulation over the
tropical Indian Ocean, providing positive feedback that allows the IOD to mature. Consequently, the PPE dipole over WNP
and SMC serves as an energetic bridge between the SCSSM and 10D.
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1 Introduction

The Indian Ocean dipole (IOD) is one of the most significant
interannual variabilities over the tropical Indian Ocean and
is characterized by the opposite variations in the sea surface
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temperature (SST) anomalies (Saji et al. 1999; Webster et al.
1999). The 10D has significant global climatic impacts (e.g.,
affecting East Africa, Maritime Continent, East Asia, South
America, and Antarctica) that lead to the severe socioeco-
nomic repercussions (Ashok et al. 2003; Guan and Yamagata
2003; Saji and Yamagata 2003; Cai et al. 2009; Ding et al.
2010; Nuncio and Yuan 2015; Chen et al. 2020; Zhou et al.
2021; Sena and Magnusdottir 2021). Therefore, improving
our understanding of these impacts and the underlying phys-
ical processes associated with the IOD has important impli-
cations for the prevention and mitigation of these potential
socioeconomic losses.

Previous studies have reported that the El Nifio—South-
ern Oscillation (ENSO) is the dominant control on the IOD
(Xie et al. 2002; Behera et al. 2006; Huang and Shukla
2007a; Schott et al. 2009; Yang et al. 2015; Zhang et al.
2015; Stuecker et al. 2017). However, some 1IOD events
have also been observed in the absence of ENSO (Yamagata
et al. 2003; Behera et al. 2006; Huang and Shukla 2007b;
Yang et al. 2015; Zhang et al. 2018, 2019b). Using long-
term simulations that excluded ENSO forcing, Huang and
Shukla (2007b) indicated that these independent IOD events
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are closely associated with fluctuations in the northwestern
Pacific monsoon. Zhang et al. (2018, 2021) used observa-
tions and the Coupled Model Intercomparison Project Phase
5 (CMIP5) models to demonstrate that the South China Sea
summer monsoon (SCSSM) can significantly affect IOD
growth via the regional Hadley circulation over the west-
ern North Pacific (WNP) and southern Maritime Continent
(SMC) during the boreal summer (June—July—August, JJA).

The formation and maintenance of the atmospheric
general circulation is essentially controlled by the kinetic
energy of the climate system (Lorenz 1955); however, the
diabatic heating cannot be converted directly into kinetic
energy except through potential energy. Lorenz (1955)
thus established the atmospheric available potential energy
(APE) theory and indicated that the APE can act as a bridge
between the diabatic heating and kinetic energy, although
this is not appropriate at the regional scale because APE is
calculated using the global mean. Based on this APE theory,
Li and Gao (2006) proposed the concept of atmospheric per-
turbation potential energy (PPE), reflecting the maximum
amount of total potential energy that can be converted into
kinetic energy at the regional scale. The atmospheric PPE
theory has been successfully applied to atmospheric ener-
getics research into regional climate variability, such as the
East Asia summer monsoon, SCSSM, 10D, and ENSO (Li
et al. 2016; Dong et al. 2017; Huyan et al. 2017; Wang et al.
2019; Zhang et al. 2019a).

Zhang et al. (2018, 2019b, 2021) examined the dynamic
connection between the SCSSM and IOD via the regional
Hadley circulation using observations and CMIP5 models.
Furthermore, Wang et al. (2019) and Zhang et al. (2019a)
separately investigated atmospheric energetics processes and
their relationship to circulation variations during IOD and
SCSSM events using the PPE theory; however, the energetic
connection between the SCSSM and IOD remains unclear.
Consequently, this study focuses mainly on the atmospheric
energetic connection between the SCSSM and 10D from the
viewpoint of the PPE and provides a new prospective from
which we might improve our understanding of the relation-
ship between the SCSSM and 10D.

2 Theory and datasets
2.1 Atmospheric PPE theory

Margules (1910) first investigated the atmospheric energy
availability in storms; subsequently, the modern framework
for atmospheric energetics was established by Lorenz (1955),
who proposed the APE theory. The APE theory promoted the
development of the global atmospheric energy budget (Oort
1964, 1971; Peix6to and Oort 1974; Oort et al. 1989; Li et al.
2007, 2011; Kim and Kim 2013; Roullet et al. 2014; Pan et al.

@ Springer

2017; Kanno and Iwasaki 2022), but it was not a powerful tool
for diagnosing regional energetics because it was calculated
using the global average. Although several studies have tried to
extend Lorenz’s APE theory to the local scale by incorporating
the boundary energy fluxes of the study region (Smith 1969;
Johnson 1970; Smith et al. 1977; Edmon 1978), the original
APE formulation was used in these studies. Moreover, the
minimum total potential energy in the APE theory is defined
as the atmospheric reference state of the APE under the condi-
tions of horizontal and statically stable stratification (Lorenz
1955); however, this ideal reference condition is physically
unrealistic because the atmospheric adiabatic redistribution is
insufficiently physically constrained (Gao et al. 2006). There-
fore, Gao et al. (2006) defined the conditional minimum ref-
erence state. On this basis, Li and Gao (2006) proposed the
atmospheric PPE, which is defined as the difference between
the total potential energy and the conditional minimum refer-
ence state via any adiabatic redistribution. The PPE equation
can be expressed as follows, using isobaric coordinates (com-
plete derivations can be found in Li and Gao 2006):
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where i is the order of the moment term of PPE; p, p,, and
p, are the pressure, reference pressure (generally 1000 hPa),
and surface pressure, respectively; R(287 J kg=! K™!) is the
gas constant of dry air; ¢, (1004 J kg™! K71) is the specific
heat at a constant pressure; Kk = R/ Vg = g/ ¢, is the dry
adiabatic lapse rate, where g (9.80665 m s™2) is the accel-
eration due to gravity; 6 (K) is the potential temperature
at the reference state; and 7’ (K) is the departure of the air
temperature. Thus, the mathematical expressions of the first
and second moment terms of PPE can be written as follows:
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where PPE; and PPE, denote the first and second moment
terms of PPE, respectively. In contrast to the higher-moment
terms of PPE, PPE, and PPE, are the dominant terms at the
local scale (Li and Gao 2006). Thus, in this study, atmos-
pheric PPE is defined as the sum of PPE, and PPE,.

2.2 Datasets and indices
The monthly mean atmospheric circulation variables used

were as follows: air temperature, zonal wind, meridional
wind, vertical velocity through the whole troposphere
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(1000-300 hPa), sea level pressure, precipitation rate, pre-
cipitable water content, and surface heat fluxes (i.e., sen-
sible heat, latent heat, shortwave radiation, and longwave
radiation fluxes). These variables, with a horizontal gridded
resolution of 2.5°x2.5°, were obtained from the National
Centers for Environmental Prediction—National Center for
Atmospheric Research (NCEP/NCAR) reanalysis dataset for
the period 1948-2020 (Kalnay et al. 1996). The improved
Extended Reconstructed SST version 5 (ERSST v5) data-
set on a 2°Xx2° grid and covering the same period is used
(Huang et al. 2017). We used sea surface height (SSH) as a
proxy for thermocline variability during between 1948-2010
(Yu 2003), which is obtained from the Simple Ocean Data
Assimilation (SODA, version 2.2.4) reanalysis dataset on a
0.5°%0.5°grid (Carton and Giese 2008). The linear trend
and the long-term (1948-2010) mean climatology were
removed from each dataset prior to analysis.

The dynamical normalized seasonality monsoon index
defined by Li and Zeng (2002, 2003) captures well the sea-
sonal cycle and interannual variability of the seasonal wind
field in global monsoon regions (Li et al. 2010; Huyan et al.
2017; Liu et al. 2018; Zhang et al. 2018, 2019b, 2021). This
index is defined as follows:

where II*|l denote a norm on the monsoon domain of integra-
tion. Vl and V are the climatological mean wind vectors in
January and the mean of the January and July climatological
wind vectors, respectively. V,, , denotes the monthly wind
vectors in the mth month of the nth year. The SCSSM index
(SCSSMI) is calculated as the area-average over the South
China Sea monsoon domain (100°-125 °E, 0°-25 °N) at
925 hPa wind field during JJA using the dynamical normal-
ized seasonality (available at http://lijianping.cn/dct/page/
65578). In addition, the IOD mode index (DMI) is defined as
the difference in SST anomalies between the tropical west-
ern (50°-70°E, 10°S—10°N) and southeastern (90°-110 °E,
10° S—0°) Indian Ocean. We used the Nifio 3.4 area-averaged
SST anomalies over the equatorial central Pacific Ocean
(120° W-170° W, 5° S-5° N) to monitor ENSO.

2.3 Methods

The correlation and regression analyses were used to evalu-
ate the PPE variations in processes of the SCSSM affecting
the IOD. We used partial correlation analysis to examine
the potential influence of ENSO. The significance of cor-
relations between our chosen pair of indices, X and Y, can
be tested using a two-tailed Student’s ¢ test, in which the
effective number of degrees of freedom (Ngﬁ) is calculated

using the following approximation (e.g., Bretherton et al.
1999; Li et al. 2013):

1 1 2
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where N is the total sample size, and pyy (i) and pyy (i) are
the autocorrelations of the time series X and Y, respectively,
at time lag i.

3 Energeticrelationship between the SCSSM
and IOD

The correlation between the SCSSM and JJA IOD is signifi-
cant and has a value of 0.5, and this correlation increases to
0.62 during the boreal autumn (September—October—Novem-
ber [SON]; Fig. 1a). Compared with the western pole of the
10D, the SCSSM has a significant correlation coefficient
(—0.5) with the eastern pole of JJA IOD (Fig. 1a). This situ-
ation intensifies during SON (—0.58), although the correla-
tion between the SCSSM and the western pole of the IOD
during SON also becomes significant (0.42; Fig. 1a). These
results imply that there is an intimate relationship between
the SCSSM and the 10D, especially for the eastern pole of
the IOD. The significant positive precipitation anomalies
associated with the SCSSM are clearly observed over the
WNP, together with the negative precipitation anomalies
over the SMC, forming a remarkable precipitation dipole
pattern (Fig. 1b). This precipitation dipole corresponds the
regional Hadley circulation over the WNP and SMC, which
acts as an atmospheric bridge between the SCSSM and the
10D (Zhang et al. 2018, 2019b, 2021), whereas the circula-
tion is essentially controlled by energy variation.

To further explore the energetic connection between the
SCSSM and IOD, Fig. 1c shows the regression of the PPE
anomalies onto the SCSSMI during JJA. A remarkable PPE
dipole (PPED) pattern associated with the SCSSM is clearly
observed over the WNP and SMC. We further defined the
PPED index as the difference in PPE anomalies between the
WNP and SMC. The high correlation coefficients indicate
the close connections between the PPED and SCSSM (0.71)
and also between the PPED and 10D (0.45). These prelimi-
nary results suggest that the PPED may act as the energy
bridge that links the SCSSM and 10D.

We also used partial correlation analysis to validate the
above results. After removal of the PPED signals, the corre-
lation between the SCSSM and IOD became 0.29 (Table 1).
Although this is still significant, the explained variance was
reduced by ~ 17%, illustrating the key role of the PPED as a
bridge between the SCSSM and IOD.
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Fig.1 a Correlations of the SCSSM with the IOD (R-IOD, orange
bars), western pole of the IOD (R-IODW, green bars), and eastern
pole of the IOD (R-IODE, blue bars) during JJA and SON. b Regres-
sions of the precipitation (mm day‘l) and 850 hPa wind (m s7})
anomalies onto the SCSSMI during JJA. ¢ as b, but for the PPE
(10° T m™2) anomalies. Black stipples in (b—c) indicate significance at
the 90% level. Blue and red rectangles in ¢ denote the western North

Table 1 The partial correlation coefficients between the SCSSM and
10D during JJA (SON) for period of 1948-2020

Correlations Partial correlations

Rm-PPED Rm-lower- Rm-upper-
level level
PPED PPED
(SCSSMIL JJA 0.5%* 0.29* 0.29* 0.46%**
DMI)
(SCSSMI, SON  0.62%%* 0.54%* 0.56%* 0.58%**
DMI)

Rm-PPED (lower-level PPED and upper-level PPED) indicates the
removal of the JJA (SON) PPE dipole (lower-level PPED and upper-
level PPED) signals. The one and two asterisks indicate 95% and 99%
confidence level, respectively

4 Energy conversion and relevant
atmospheric circulation variations

The energetic conversion between the atmospheric PPE
and perturbation kinetic energy (PKE) is controlled by the
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Pacific (WNP, 120°-170° E, 15°-25° N) and the southern Maritime
Continent (SMC, 100°-150° E, 15°-5° S) regions, respectively. d
Standardized time series of the SCSSMI (blue line), DMI (red line),
and PPEDI (black line) during JJA; R indicates that the correlation
coefficient between the two series exceeds the 99% confidence level.
Here, the PPE dipole index (PPEDI) is defined as the difference in
atmospheric PPE anomalies between the WNP and SMC

following governing equations:

P
1 S OPPE
E/O T p = Ck+G+HBFPPE’ (4)
1 ["s OPKE
E /o 5 dp = —C; + D + HBFy, (®)]
L[
C, = § / wadp, 6)
0

where C, is the energy conversion term and depends on the
vertical velocity (w) and air density («). The capital letters
G, D, and HBF denote the diabatic heating, viscous dissipa-
tion, and horizontal boundary fluxes, respectively. It is evi-
dent that the C; is the only energy conversion term between
the PPE and PKE. The negative (positive) C, indicates that
the PPE (PKE) is transformed into PKE (PPE).

The positive (negative) atmospheric PPE anomalies cor-
respond to the negative (positive) C, anomalies over the
WNP (SMC) during the strong SCSSM years (Fig. 2), which
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suggests that the PPE (PKE) anomalies can be converted
into PKE (PPE) anomalies over the WNP (SMC). In Eq. (6),
the C, is directly associated with the atmospheric circula-
tion changes. As cold air descends or warm air ascends,
C, is negative and energy is converted from PPE to PKE.
Conversely, as cold air ascends or warm air descends, C, is
positive and energy is converted from PKE to PPE.

The vertical-meridional distribution of the C, and circu-
lation related to the SCSSM averaged between 100°E and
170°E is shown in Fig. 3a and further supports the above
results. Significant negative C, anomalies are located at
roughly 15°N (Fig. 3a), implying the existence of an anom-
alous upward branch of the regional Hadley circulation
(Fig. 3b). Strong positive C, anomalies are centered at 10° S,
accompanied by an anomalous downward motion between
30°S and 0° (Fig. 3a, b). This suggests the existence of an
anomalous regional Hadley circulation over the WNP and
SMC (Fig. 3b), which agrees with the results of Zhang et al.
(2018, 2019b, 2021).

As the PPE transformation occurs at different atmos-
pheric levels (Wang et al. 2012), Fig. 3¢ shows the regres-
sions of the vertical-meridional PPE anomalies averaged
between 100° E and 170° E on the SCSSMI during JJA. The
positive PPE anomalies related to the SCSSM over WNP are
significant through the whole troposphere (1000-300 hPa),
but especially at upper levels (600-300 hPa; Fig. 3c). In
contrast, the significant negative PPE anomalies are clearly
observed in the lower troposphere (1000-700 hPa) over
SMC, together with the weakly positive PPE anomalies in
the upper troposphere (600-300 hPa; Fig. 3c).

A similar pattern can also be seen in the spatial distribu-
tion of the PPE anomalies in the lower and upper tropo-
sphere during JJA. The prominent PPED is clearly evident
over the WNP and SMC through the whole troposphere
(1000-300 hPa; Fig. 4a); meanwhile, there is an obvious PPE
dipole pattern over the tropical Indian Ocean, albeit with

(a) SCSSM & C,
// B

30°N

20°N

10°N | .

0°

10°S

2068 P
90°E 105°E 120°E 135°E 150°E 165°E 180°

Fig.2 a Regressions of atmospheric energy coversion term (C,
10> W m~2) anomalies onto the SCSSMI during JJA. Blue and red
rectangles denote the WNP and SMC regions as in Fig. 1b, respec-
tively. b The area-averaged regression coefficients of the PPE (red

a weaker intensity over the tropical western Indian Ocean
(Figs. 3d, 4a). In fact, the significant PPE anomalies over the
WNP occur mainly in the upper troposphere (600-300 hPa),
whereas the lower troposphere (1000-700 hPa) PPE anoma-
lies are significant over SMC and the tropical western Indian
Ocean (Figs. 3d, 4b—c). Thereby, the anomalous PPE dipole
pattern over the tropical Indian Ocean is significant only in
the lower troposphere (1000-700 hPa).

The PPE variations associated with the SCSSM occur
mainly over SMC during JJA, leading to the weak zonal gra-
dient of the PPE anomalies over the tropical Indian Ocean
(Fig. 3d). The positive C;, anomalies are thus observed over
SMC only during JJA (Fig. 3e), and this corresponds to the
prominent downward motion over SMC at that time (Fig. 3f),
reinforcing the local surface southeasterly wind anomalies
(Fig. 1b). On the one hand, this enhanced surface southeast-
erly wind anomalies shift to be the southwesterly wind after
crossing the equator, further promoting the development of
SCSSM when superimposed on the JJA-mean southwesterly
wind. This implies that the SCSSM can maintain self-devel-
opment through the positive convection—-PPE—circulation
feedback. On the other hand, the enhanced surface south-
easterly wind anomalies favor an increase in the local SST
via the wind—evaporation—-SST (WES) and wind-thermo-
cline-SST (Bjerknes) feedbacks (Figs. 1b and Sa—c; Zhang
etal. 2018, 2019b, 2021). With the increase in the zonal gra-
dient of the SST anomalies over the tropical Indian Ocean,
the positive IOD events begin to grow during JJA (Fig. 5c).
Although the cloud-radiation—SST feedback plays a damp-
ing role in the IOD growth, the resultant contributions are
much weaker than that associated with the Bjerknes and
WES feedbacks. This further demonstrates that the processes
of the SCSSM affecting the IOD are primarily controlled by
the positive Bjerknes and WES feedbacks.

As the SCSSM decays during SON, the positive PPE
anomalies over the WNP become negative anomalies

(b) SCSSM & PPE & C,

106
06 0.4 1 =i
0 02

O 4
02
06 0.4 1
-1 -06 1

0.8 . :
WNP SMC

bars, 10°J m™2) and C, (green bars, 10> W m™2) on the SCSSMI over
the WMP and SMC in a. Black stipples in a indicate that the values
are significant at the 90% confidence level
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Fig.3 Regressions of the meridional-vertical a C, (W m2), b m~2), and f circulation (vectors, m s™') and vertical pressure veloc-
circulation (vectors, m s~') and vertical pressure velocity (shad- ity anomalies (shading, — 1072 Pa s™') averaged between 0° and 10°S
ing, — 1072 Pa s’l), and ¢ PPE anomalies (106 J m’z) onto the during JJA. Black stipples in a, ¢, d, e and shading and vectors in b, f
SCSSMI during JJA averaged between 100° E and 170° E. d—f as indicate the 90% confidence level

a—c, but for zonal-vertical (d) PPE anomalies (10° J] m™2), e C, (W
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Fig.4 Regressions of the PPE (10° J m~2) anomalies in the a whole d-f as a—c, but for SON. Black stipples in a—f indicate that the values
troposphere (1000-300 hPa), b lower troposphere (1000-700 hPa), are significant at the 90% confidence level
and ¢ upper troposphere (600-300 hPa) onto the SCSSMI during JJA.
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Fig.5 Regressions of a the surface latent heat (W m~2), b sea surface height (SSH, 102 m), and ¢ SST (°C) anomalies onto the SCSSMI during
JJA. d—f) as a—c, but for SON. Black stipples in a—f indicate that the values are significant at the 90% confidence level

through the whole troposphere (1000-300 hPa), while
the PPE dipole over the tropical Indian Ocean further
intensifies (Figs. 4d, 6a). This marked PPE dipole over
the tropical Indian Ocean is more significant in the lower
troposphere (1000-700 hPa), whereas the upper tropo-
sphere (600-300 hPa) PPE anomalies are uniformly weak
(Figs. 4e—f, 6a). These results are consistent with Wang et al.
(2019), who found that the lower-level (1000-850 hPa) PPE
anomalies are the dominant layer of the PPE through the
whole troposphere during the IOD events. The gradient
of the PPE anomalies increases markedly over the tropi-
cal Indian Ocean (Fig. 6a). Significant negative C, anom-
alies occur over the tropical southeastern Indian Ocean,
together with the tropical western Indian Ocean, suggesting
intensification of the Walker circulation (Figs. 6b—c). This

enhanced Walker circulation provides a positive wind—ther-
mocline-SST (Bjerknes) feedback that assists the maturation
of the IOD events during SON (Figs. 5d—f). These results
indicate that the lower troposphere (1000-700 hPa) PPE
anomalies over the tropical Indian Ocean may play a major
role in the development of the IOD events.

Therefore, we further defined the lower (1000-700 hPa)
and upper (600-300 hPa) tropospheric PPED. After remov-
ing the lower-troposphere PPED signals, the correlation
between the SCSSM and the JJA IOD decreased from 0.5 to
0.29 (Table 1), and although it remained significant at the
95% confidence level, the explained variance was reduced
by ~17%. This correlation was also slightly weakened, to a
value of 0.46, after removal of the upper tropospheric PPED
signals (Table 1). The PPED disappears with the decay of

(a) SCSSM & PPE (¢) SCSSM & circulation
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Fig.6 Regressions of the zonal-vertical a PPE anomalies (10°J m™2),
bC, (W m™2), and ¢ circulation (vector, m s!) and vertical pressure
velocity anomalies (shading, — 1072 Pa s™!) averaged between 0° and

10° S onto the SCSSMI during SON. Black stipples in a, b and shad-
ing and vectors in ¢ indicate the 90% confidence level

@ Springer



2464

Y. Zhang et al.

the SCSSM in SON; thus, the correlations between the
SCSSM and SON IOD change barely after excluding the
PPED signals in SON (Table 1). These relationships further
highlight the close link between the SCSSM and upper-trop-
ospheric PPE anomalies over WNP and between the IOD
and lower-tropospheric PPE anomalies over SMC in JJA.
Overall, the PPE dipole over WNP and SMC serves as the
key bridge that links the SCSSM to IOD in JJA.

In addition, both the SCSSM and IOD are closely asso-
ciated with the ENSO (Wang et al. 2009; Zhang et al.
2019b). It is necessary to examine the possible influence
of the ENSO. The aforementioned results indicate that the
SCSSM can affect the IOD in JJA through the PPED over
the WNP and SMC. Excluding the ENSO signals from the
boreal preceding winter (Pre-DJF) to simultaneous JJA, the
correlations between the SCSSM and PPED still exceed
0.7, which is significant at 99% confidence level (Table 2).
Similar results can be found in the relationship between the
SCSSM and IOD during JJA and SON (Table 2). These
results demonstrate that the ENSO has little influence on
the relationship or energy processes between the SCSSM
and IOD.

5 Diabatic heating to atmospheric PPE

Atmospheric diabatic heating cannot lead directly to changes
in PKE that drive the atmospheric general circulation (Lor-
enz 1955), but must first change PPE according to the gov-
erning Egs. (4) and (5). This suggests that the atmospheric
PPE acts as a link between diabatic heating and atmospheric
circulation. Thus, it is necessary to diagnose the terms that
contribute to the variations in PPE. On the basis of Eq. (4),
the variations in PPE are determined mainly by the diabatic
heating (G), C,, and the horizontal boundary flux (HBF).
Compared with the C; and horizontal boundary flux (HBF),
the diabatic heating (G) that links to the external forcing
is the major contributor to the PPE variations (Dong et al.
2017; Huyan et al. 2017; Zhang et al. 2019a). Therefore,
we examine the effects of diabatic heating (G) on PPE
variations.

The diabatic heating (G) generally comprises the fluxes
in surface sensible heat, latent heat, shortwave radiation,

and longwave radiation. Similar but opposite dipole pat-
terns in the surface latent heat, sensible heat, and long-
wave radiation fluxes related to the SCSSM occur over
the WNP and the SMC (Figs. S7a—c), implying that these
three surface heat fluxes are not conducive to the increase
(decrease) in PPE anomalies over WNP (SMC). Although
the shortwave radiation flux anomalies favor the PPE vari-
ations over WNP and SMC (Fig. 7d), the combined effects
of all surface heat fluxes make little contribution to PPE
over the WNP and even inhibit PPE over SMC (Fig. 7e—f).
Overall, the surface heat fluxes may not be the major con-
tributor to the PPE anomalies over WNP and SMC.

In addition to the surface heat fluxes, the latent heat-
ing released by condensation is also an important compo-
nent of the diabatic heating (G), which can be generally
measured using the precipitable water content (Huyan
et al. 2017). Both the spatial location and pattern of the
precipitable water content agree well with the PPE anoma-
lies over WNP and SMC (Fig. 8a), which indicates the
important role of latent heat release in generating the PPE
variations. Furthermore, the change of the PPE lags the
precipitation variation induced by SCSSM over the WNP
by about 2 weeks, implying the influence of the precipita-
tion on the PPE over the WNP (Zhang et al. 2019a). To
further quantify the contribution of the latent heat release
to the PPE, we also calculated the apparent heat source
(Q,) and apparent moisture sink (Q,) using the equations
developed in previous studies (Yanai and Tomita 1998;
Hsu and Li 2011; Zhang et al. 2019a):

(0,) = cp%—cp(a)a—V VT, 7
9 9
(Q2)=—L<0—Ct] +V-Vq+w£), ®)

where o = (RT/c,p) — (0T /dp) is the static stability, V is the
horizontal velocity, V is the isobaric gradient operator, L is
the latent heat of condensation, and ¢ is the specific humid-
ity. (Q, ) denotes the integration from 300 hPa to the surface
and is expressed as follows:

Table 2 The partial correlation

. - Correlations Partial correlations
coefficients of the SCSSM with
JJA IOD, SON IOD and JJA Rm-ENSO Rm-ENSO MAM Rm-ENSO JJA
PPED after removing ENSO Pre-DJF
signals (Rm-ENSO) from the
boreal preceding winter (Pre- (SCSSMLI, JJA PPEDI) 0.71%%* 0.7%* 0.71%%* 0.7**
DJF), spring (Pre-MAM) and (SCSSML, JJA DMI) 0.5%%* 0.5%%* 0.51%* 0.48%*
simultaneous JJA (SCSSMI, SON DMI) 0.62%* 0.627* 0.64%* 0.6

The one and two asterisks indicate 95% and 99% confidence level, respectively
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Fig.7 Regressions of a the sensible heat (W m~2), b latent heat
(W m™), ¢ longwave radiation (W m~2), d shortwave radiation
(W m™2), and e total fluxes (W m~2) anomalies onto the SCSSMI
during JJA. f The area-averaged regression coefficients of the surface

(a) SCSSM & precipitable water content 30N

heat flux anomalies on the SCSSMI over the WNP and SMC regions
in a—e. Black stipples in a—e indicate that the values are significant at
the 90% confidence level
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Fig.8 Regressions of a the precipitable water content (kg m~2), b Q,
(W m™2), and ¢ Q, (W m~2) anomalies onto the SCSSMI during JJA.
d The area-averaged regression coefficients of the PPE (10° J m™2),
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Q, (10 W m~2), and Q, (10 W m~2) anomalies on the SCSSMI over
the WNP and SMC regions. Black stipples in a—c indicate that the
values are significant at the 90% confidence level

Resembling the PPE and precipitable water content
anomalies (Figs. 1b, 8a), both the Q,; and Q, anomalies
exhibit a prominent dipole pattern over the WNP and SMC
(Fig. 8b and c), which assists the enhancement of the local
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PPE anomalies. The similar magnitude of Q, and Q, over
the WNP and SMC indicate that the latent heat released by
condensation is the major contributor to the PPE anomalies
(Fig. 8d).

The distinctly different vertical PPE variations over WNP
and SMC are closely associated with the vertical distribution
of diabatic heating. The magnitude of the Q, anomalies is
much larger in the upper troposphere (600-300 hPa) than in
the lower troposphere (1000-700 hPa) over WNP and SMC
(Fig. 9a). Compared with Q,, the extremum centers of the
Q, anomalies associated with the SCSSM control the lower
troposphere over both the WNP and SMC (Fig. 9b). These
results imply that Q, and Q, make different contributions
to the PPE anomalies at different levels in the troposphere.
Our quantitative results are shown in Figs. 9c—d. In the lower
troposphere (1000-700 hPa), both the Q; and Q, anomalies
are larger over the WNP than that over the SMC, leading to
the locally stronger (weaker) PPE anomalies over the WNP
(SMC; Fig. 9c). Moreover, the Q, anomalies are more than
2 x greater than the Q, anomalies over both the WNP and
SMC (Fig. 9c), which suggests that Q, is the major cause of
the PPE variations in the lower troposphere (1000-700 hPa).

In contrast, the Q; anomalies in the upper troposphere
(600-300 hPa) are much stronger than the Q, anomalies
over WNP and are accompanied by larger PPE anomalies

Fig. 9 Meridional-vertical a Q,

(a) SCSSM & Q,

(Fig. 9d). Although the Q, and Q, anomalies both favor the
enhancement of the PPE anomalies over SMC, only weakly
positive PPE anomalies are evident there (Fig. 9d). These
weakly positive PPE anomalies in the upper troposphere
(600-300 hPa) over SMC may be caused by the oppos-
ing effects of the latent heat release and the surface heat
fluxes (Fig. 7f). Overall, the Q,; anomalies are the major
contributor to the PPE anomalies in the upper troposphere
(600-300 hPa) over WNP, and the Q, anomalies play
the dominant role in controlling the lower troposphere
(1000-700 hPa) PPE anomalies over SMC.

Equation (7) demonstrates that both the apparent heat
source Q, and apparent moisture sink Q, can be divided into
three terms: local changes (c,0T' /dp and —Ldg/ dt), horizon-
tal advections (ch - VT and —LV - Vp), and vertical trans-
portations (—c,wo and —Lwdq/ dp). As with Q, and Q,, the
vertical transportations (—c,wo and —Lwagq/ dp) through the
whole troposphere (1000-300 hPa) are still the major con-
tributors to the PPE anomalies over the WNP and SMC when
compared with the local changes (c,0T/dp and —Ldq/dp)
and horizontal advection (c,V - VT and =LV - Vg; Fig. 10a
and b). A similar situation can also be seen in the lower and
upper troposphere (Fig. 10c and f). Compared with the lower
troposphere (Fig. 10c), the vertical temperature transporta-
tion (—c,wo) anomalies in Q; are much larger (Fig. 10e). In

(b) SCSSM & Q,
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contrast, the vertical moisture transportation (—Lwdq/ dp)
anomalies in Q, are much stronger in the lower troposphere
than in the upper troposphere (Figs. S10d—f). These results
further demonstrate the important contributions of Q, (Q,)
to the PPE variations in the upper (lower) troposphere over
the WNP and SMC.

6 Summary and discussion

Previous studies have investigated the dynamic processes
associated with the SCSSM and their impact on IOD devel-
opment using observational data and the CMIPS models
(Zhang et al. 2018, 2019b, 2021). Such circulation changes
are essentially variations in energy; however, less atten-
tion has been paid to the energetic connection between the
SCSSM and IOD. Therefore, this study investigated the
energetic connection between the SCSSM and IOD based
on the regional PPE theory on the interannual variability.
When the SCSSM is strong during JJA, the enhanced
latent heating released by condensation related to precipita-
tion increases the upper tropospheric PPE anomalies over

2.0

1.0

0.0

-1.0 |

3.0

2.0

1.0

0.0

-1.0

the WNP, which corresponds to the negative C;, anomalies.
This increased PPE is converted to PKE, and the anoma-
lous ascending motion strengthens over the WNP. Corre-
spondingly, the anomalous descending motion develops
over the SMC through the regional Hadley circulation. This
anomalous descending motion assists the decrease in the
lower tropospheric PPE anomalies by reducing the specific
humidity over the SMC, which corresponds to the positive
C, anomalies. The conversion of the PKE to PPE over the
SMC further intensifies the local anomalous descending
motion. The anomalous low-level southerly wind induced
by the Coriolis force turns into the anomalous southeast-
erly wind off Sumatra and Java, further cooling the local
SST anomalies through the WES and Bjerknes feedbacks
(Zhang et al. 2018, 2021). With the increase in the zonal
gradient of the SST anomalies over the tropical Indian
Ocean, a positive IOD event intensifies during JJA, and vice
versa. The increased zonal gradient of the PPE anomalies
favors the Walker circulation over the tropical Indian Ocean
during SON, further contributing to the maturation of the
IOD. Therefore, the PPED over the WNP and SMC acts
as a bridge that links the SCSSM to IOD, and a schematic
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Fig. 10 The area-averaged regression coefficients of the local tem-
perature change (c,0T/dp, W m~2, light green bars), the horizontal
temperature advection (cI,V VT, W m~2, green bars), and the ver-
tical temperature transportation (—c,wo, X107 W m™2, deep green

3

bars) related to Q; on the SCSSMI in the a whole troposphere
(1000-300 hPa), b lower troposphere (1000-700 hPa), and (c¢) upper

troposphere (600-300 hPa) during JJA. d—f, as a—c, but for the local
moisture change (—Ldgq/dp, W m~2, light blue bars), the horizontal
moisture advection (-LV - Vg, W m2, green bars), and the vertical
moisture transportation (—Lwdg/ dp, x10™" W m~2, deep green bars)
in Q,
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Fig. 11 Schematic representation of the energetic connection between
the SCSSM and I0D. The + (—) symbols with the red (blue) shad-
ings and solid (dashed) ellipse groups indicate the significant posi-
tive (negative) PPE and C, anomalies for the strong SCSSM years.
The blue and yellow colors denote the boreal JJA and SON, respec-
tively. The gradients from blue to yellow present the PPE persisting
from JJA to SON. Thick and thin vectors represent the mean climatol-
ogy and anomalous wind. Dashed thick lines with vectors denote the
regional Hadley (Walker) circulation over the WNP and SMC (tropi-
cal Indian Ocean)

representation of the associated mechanisms is shown in
Fig. 11.

This study provides a new perspective to view the influ-
ence of the SCSSM on the IOD, deepening the under-
standing of the dynamic processes. Moreover, Zhang et al.
(2019b) highlights the synergistic effects of the SCSSM and
ENSO on the development of the IOD through the regional
Hadley and Walker circulations, while the relevant energetic
processes require deep investigation in the future. In addi-
tion, recent studies (Li et al. 2019; Yu et al. 2017, 2019)
reported that the Asian summer monsoon experiences a
prominent inter-decadal change, whether the inter-decadal
change of the Asian summer monsoon can be well-captured
in the atmospheric PPE variations is another interesting
topic, which needs further detailed analyses.
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