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The South Asian summer monsoon (SASM) interannual variability significantly impacts regional
climates, with its first mode featuring a lower-level anomalous anticyclone over the northern Bay of
Bengal (BOB) and the second mode displaying an anomalous anticyclone over central-northern India.
Here, we diagnose the energy budget of these two SASM modes. Barotropic energy conversion
supplies eddy kinetic energy (EKE) to the first mode from lower-level climatological confluent
westerlies downstream of the Somali Jet and over the BOB-western North Pacific. In contrast, the
second mode derives EKE from the subtropical westerly confluence induced by Tibetan Plateau
topography. Baroclinic energy conversion, extracting eddy available potential energy (EAPE) from the
mean thermal structure, sustains the second mode while dampening the first. Convective heating
generates EAPE for both modes, acting as feedback. Further analyses suggest these modes likely
stem from internal dynamics. Our findings highlight the importance of internal energetic processes in

SASM modulation.

Characterized by strong, warm and moist flow, the South Asian summer
monsoon (SASM) profoundly influences local agriculture, hydrology, and
economic development, thereby impacting billions of livelihoods'. As a
vital component of the global monsoon system, SASM can impact the
remote climate, especially over East Asia*®, through teleconnection wave
trains, triggering extreme events such as Yangtze River heatwaves’ and
northwest Pacific marine heatwaves'’. Its associated diabatic heating also
modulates Arctic Sea ice variability, highlighting its role in tropical-polar
interactions''. Moreover, SASM is critical in shaping the accuracy among
the coupled model simulations for the circumglobal teleconnection
pattern'”. Consequently, investigating the dynamic origins of SASM is
essential for regional climate prediction.

The SASM exhibits significant interannual variability, with two
dominant modes according to previous studies''’. One mode is char-
acterized by a northwest-southeast elongated tripolar rainfall pattern in
South Asia with an anomalous anticyclone over the northern Bay of Bengal
(BOB), while the other features the suppressed rainfall in India associated
with a local anticyclonic anomaly (Fig. 1). These two leading modes are
closely related to the El Nifio/Southern Oscillation (ENSO) cycle. During
the ENSO decaying phase, the westward Rossby wave generated by

suppressed convection over the western North Pacific (WNP), together with
the eastward Kelvin wave induced by warm sea surface temperature (SST)
anomalies in the tropical Indian Ocean (TIO), jointly influence the South
Asian tripolar precipitation mode'”'*. During the ENSO developing phase,
the Indian rainfall suppression mode is influenced by the westward Rossby
wave triggered by the suppressed convection over the Maritime Continent
associated with Walker circulation'*”.

Apart from the ENSO, other external atmospheric forcings also
modulate the SASM interannual variability. Regarding local SSTs, the
Indian Ocean Dipole mode can affect SASM by modulating cross-equatorial
flow’', while SST anomalies in the South Indian Ocean alter the meridional
SST gradient, thereby modulating the local Hadley circulation and further
impacting SASM***. For remote SSTs, the equatorial Atlantic SST zonal
mode” and North Atlantic SST anomalies™ can affect SASM rainfall via
Kelvin and Rossby wave responses, respectively. In addition to SST effects,
the Tibetan Plateau (TP) can modulate the SASM through thermal and
mechanical effects™. The strong surface sensible heat over the TP during
spring can regulate the establishment of the Asian summer monsoon™*,
while the TP topography is a key factor determining the SASM to extend
across the entire Indian subcontinent™*’. Moreover, positive Eurasian snow
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Fig. 1 | Circulation characteristics of the two leading modes for SASM inter-
annual variability in observations. Spatial patterns of the (a) first and (b) second
MV-EOF modes for the June-August (JJA) precipitation from the Climate Research
Unit (CRU) dataset and 850 hPa zonal wind over South Asia (10°-30°N, 65°~105°E)
during 1979-2022. To clearly show the associated physical processes, the rainfall
(shading; mm day ') from the Global Precipitation Climatology Project (GPCP)
dataset and 850 hPa horizontal winds (vectors; ms ') are regressed onto the
observed principal components (PCs_Obs), respectively. Stippling areas indicate
regression coefficients of precipitation passing the 90% confidence level. Only wind
regression coefficients exceeding the 90% confidence level are shown. The blue
letters A denote the centers of the anomalous anticyclones. The purple contour
indicates the extent of the TP, and the same applies to other figures.

cover anomalies during winter and spring tend to be followed by a decreased
SASM rainfall’~.

These atmospheric external forcings provide a physical basis for SASM
prediction™". Beyond them, SASM interannual variability could also be
modulated by the atmospheric internal dynamic processes unrelated to the
variability of SSTs and boundary conditions”. In boreal summer, the
Indo-Western Pacific is characterized by lower-level climatological con-
fluent flow between monsoon westerlies and easterly trades, accompanied
by the pronounced land-sea thermal contrast. Previous studies have shown
that local atmospheric patterns can extract eddy energy from this back-
ground state. Hu et al.”* found that the WNP anomalous anticyclone
(WNPAC), playing an important role in modulating the SASM variability'*,
can extract eddy kinetic energy (EKE) from climatological mean flow via
barotropic energy conversion, which helps anchor its location. Similarly,
Kosaka and Nakamura™ discovered that the tilted vertical structure of the
Pacific-Japan (PJ) pattern, which can influence the SASM™***, facilitates the
extraction of eddy available potential energy (EAPE) from the climatological
thermal structure by baroclinic energy conversion, sustaining the PJ pattern.
These results highlight the crucial role of eddy energy conversion from the
mean state across the Indo-Western Pacific in local atmospheric modes.
However, the contribution of such a mean state to the interannual variations
of SASM remains largely unclear.

Motivated by this conundrum, the present study aims to investigate
how the mean state influences the two dominant modes of SASM inter-
annual variability from the energetic perspective. Based on the multivariate
empirical orthogonal function analysis (MV-EOF)", the observed two
leading modes of SASM interannual variability and associated circulation
features are identified first. By doing so, the energy budget processes
between the Indo-Western Pacific background state and the two leading
SASM anomalies are further investigated through energy diagnostic equa-
tions. At last, analyses based on ENSO-independent circulations and dif-
ferent model experiments are conducted to confirm whether these leading
SASM modes originate from internal atmospheric dynamics.

Results

Leading modes of SASM interannual variability in observations
Given that precipitation and zonal wind are widely used to characterize the
Asian summer monsoon**, the two leading modes of SASM are obtained
through the MV-EOF" on the interannual component of 850 hPa zonal
wind and terrestrial precipitation over South Asia (10°-30°N, 65°~105°E)"
from 1979 to 2022 (see “Methods”). Figure 1 shows the spatial patterns for
the two dominant modes of SASM interannual variability, which explain 32
and 20% of the total variance, respectively, and are statistically independent
from other modes®.

Consistent with previous studies'®, the positive phase of the first MV-
EOF mode exhibits a nearly northwest-southeast elongated tripolar pre-
cipitation pattern. It features negative anomalies along northeastern India to
northeastern BOB, flanked by two positive centers—one in the northern
BOB and the other extending from the eastern Arabian Sea to the southern
BOB (Fig. 1a). This precipitation pattern is accompanied by significant
lower-level anomalous easterlies around 15°N spanning from the tropical
western Pacific to the Arabian Sea and an anomalous anticyclone over
northern BOB, accompanied by a significantly enhanced WNPAC (Sup-
plementary Fig. S1). These features indicate a westward extension of the
WNPAC" and a weakened Indian monsoon trough (IMT)". The positive
phase of the second MV-EOF mode is characterized by a positive pre-
cipitation center in the northern BOB and negative anomalies across the rest
of South Asia, particularly in central-northern India (Fig. 1b). It is accom-
panied by a lower-level anomalous anticyclone centered over central-
northern India, with prominent westerly anomalies to its north. The cor-
responding negative phases are depicted by circulation and precipitation
anomaly patterns similar to those discussed above, but with reversed
polarity. Therefore, for conciseness, this study focuses on the positive phases
of the two leading SASM modes.

Itis noted that both the first and second SASM modes are characterized
by zonally elongated circulation anomalies (u>>v?) at 850hPa. As
demonstrated by Simmons et al.*, such a structure of perturbations can
readily extract EKE from a background zonal confluent flow, thereby sus-
taining its development™***’. Motivated by this, we will analyze the energy
conversion processes that effectively support the first two SASM modes in
the following section to understand energy sources sustaining SASM
interannual variability.

Energy conversion between the mean field and perturbations

Based on Eq. (1), the barotropic energy conversion (CK) associated with two
leading SASM modes from the background mean flow to perturbations is
estimated (see “Methods”). During the boreal summer, South Asia is
dominated by significant climatological monsoon westerlies at lower levels.
To the west of South Asia, which lies downstream of the Somali Jet", the
climatological westerlies exhibit a confluent pattern, resulting in a pro-
nounced negative g—i. On the eastern coastline of India, monsoon westerlies
flow through the IMT, subsequently deflecting slightly northward and
interacting with the easterly trades from the central Pacific over the WNP.
This forms a broad zonal confluent zone spanning the BOB-WNP region™
and can be depicted by negative 3% at around 15°N. Additionally, when
subtropical westerlies from the Arabian Peninsula merge with the Somali Jet
and extend across South Asia®, the dynamic influence of the TP topography
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induces significant zonal wind confluence over northeastern India. These
circulation features above at 850 hPa characterize South Asia (10°-30°N,
65°-105°E) as a background zonal confluent zone. Based on Eq. (1), zonally
elongated anomalies associated with two SASM modes (1> > v/%; Fig. 1) can
readily induce positive CK in such confluent zone (§% < 0; Fig. 2)**, which
will be discussed in detail next.

Figure 3 further estimates the CK associated with the two SASM modes
superimposed on the background zonal confluent flow (see “Methods”). For
the first SASM mode, significantly positive CK lies on the background zonal
confluent zone (g—)‘z < 0; Fig. 2) downstream of the Somali Jet and over the
BOB-WNP at around 15°N (Fig. 3a). The CK,, representing energy con-
version from the background confluent flow to perturbations, plays a
dominant role in inducing lower-level CK (Fig. 3b) due to the zonally
elongated anomalous easterlies of the first SASM mode (42 > v'%; Fig. laand
Supplementary Fig. S1a)*. It can readily extract EKE through conversion
from mean kinetic energy (MKE) and sustain the first SASM mode.

The negative CK over northeastern India is induced by energy con-
version from perturbations to the mean horizontal wind shear (negative

o u.ve & auc/ax 850hPa
40°N - %>

i -

30°N = A
S I L TN

20°N (NENENEN
'0 NN N

10°N e .
P 5

0° Crm ~ ~

T T T T
110°E  130°E

)

T
90°E

) T
30°E 70°E

50°E 150°E
T T T T T T e x10s!
6 -5 -4 1 1 2 3 4 5 6

Fig. 2 | Climatological lower-level circulations across the Indo-Western Pacific in
boreal summer. JJA climatological horizontal wind (vectors; m s™') and the zonal
gradient of climatological zonal wind (shading; s') at 850 hPa from 1979 to 2022.
The pink dashed box indicates the South Asian region (10°-30°N, 65°-105°E).

CK,; Fig. 3¢), corresponding to the local negative g—? induced by the cli-
matological IMT (Fig. 2). This structure is unfavorable for anomalous
southeasterlies at 20°N (/v < 0; Fig. 1a) to extract EKE from the local mean
state, thereby damping the first mode. Nevertheless, the area-mean CK at
850 hPa over South Asia is 0.47 x 10"°m s>, suggesting that CK overall
contributes to the development of the first SASM mode.

To measure the efficiency of CK at 850 hPa in the maintenance of the
first SASM mode, we evaluate the time scale (7 ; see “Methods”) to denote
how long it takes for the local EKE to be fully replenished through CK™. For
the first SASM mode, the 7 is 6.9 days, which is close to the friction
damping time scale at lower levels™', suggesting that CK is efficient enough
to maintain the first SASM anomalies™.

For the second SASM mode, the maximum positive CK is located in
the background zonal confluent zone (3% < 0; Fig. 2) over northeastern India
(Fig. 3d), attributed to local CK, (Fig. 3e). It denotes that local zonally
elongated anomalous northwesterly of the second SASM mode (1% > v'%;
Fig. 1b) can easily gain EKE from the subtropical westerly confluence due to
the TP topography, supplying their development. In contrast, CK, is
negative in the same region (Fig. 3f), which is unfavorable for anomalous
northwesterly (1/v' < 0; Fig. 1b) to extract EKE from the background of the
negative S—g (Fig. 2). Overall, the stronger positive CK, can offset the
damping effect of CK,, generating local EKE through conversion from
MKE. The positive CK facilitates the development of anticyclonic anomalies
over central-northern India for the second SASM mode. The corresponding
area-averaged CK at 850-hPa over South Asia is 0.28 x 107° m s~ and the
Tk is 4.0 days, indicating that CK is adequate to maintain the second SASM
mode, offsetting damping processes at lower levels.

In addition to EKE, EAPE is another energy source influencing the
position and structure of key climate systems from the tropics to the
subtropics”. Based on Egq. (3), the baroclinic energy conversion (CP) from
mean available potential energy (MAPE) to EAPE is diagnosed (see
“Methods”). Figure 4 displays the vertically integrated CP from 1000 to
200 hPa associated with the two SASM modes, along with the climatological
temperature vertically averaged from 300 to 200 hPa and 850 to 700 hPa,
respectively. In summer, at upper levels, climatological temperature shows a
warm center over the western TP, with positive and negative 3= over
northwestern India and southeastern TP, respectively, and a pronounced
positive %—T across South Asia (Fig. 4a). At lower levels, the warm center is
located over the Arabian Peninsula, accompanied by a notable negative -
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Fig. 3 | Barotropic energy conversion for the two leading SASM modes super-
imposed on the mean flow. a CK, (b) CK,, and (c) CKy in Eq. (1) at 850 hPa
(shading; x 10*m?s ™), calculated from perturbations (i, v') regressed onto

PC1_Obs. d—f Are the same as (a—c), but for PC2_Obs. The pink dashed box
indicates the South Asian region (10°-30°N, 65°-105°E).
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Fig. 4 | Baroclinic energy conversion for the two leading SASM modes super-

imposed on the mean thermal structure. a Vertically integrated CP in Eq. (3) from
1000 to 200 hPa (shading; x 107> W m?), calculated from perturbations (v, v/, T")
regressed onto PC1_Obs. b Vertical profiles of CP zonally averaged over 65°~105°E
(shading; x 10"*m’s ) for PC1_Obs. c-d Are the same as (a, b). but for PC2_Obs.

Contours in (a) and (c) represent summer climatological temperature (°C) vertically
averaged from 300 to 200 hPa and 850 to 700 hPa, respectively. The pink dashed box
in (a) and (c) indicates the South Asian region (10°-30°N, 65°~105°E). The pink

dashed lines in (b) and (d) indicate the latitudinal range of South Asia (10°-30°N).
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over northwestern India (Fig. 4c). Such a mean thermal structure may
interact with the eddy heat fluxes ('T" and v'T"), leading to conversion
between MAPE and EAPE™".

For the first SASM mode, the negative CP dominates South Asia, with
centers at both lower and higher levels (Fig. 4a, b). We further decompose
CP into CP, and CP, (see “Methods” and Supplementary Figs. 52 and §3).
The pronounced negative CP, over entire South Asia at higher levels makes
the dominant contribution to the total negative CP (Supplementary Figs.

S2cand S3¢), resulting from the upper-level positive aa—; (Fig. 4a) enhanced by

the northward eddy heat flux from offshore to inland (v/ T’ > 0; Fig. 5b). The
lower-level negative CP stems from CP, (Supplementary Figs. S2b and S3b),
driven by a consistent positive ? and negative u'T" over South Asia (Fig. 5a
and Supplementary Fig. $4). Tﬁey jointly increase local MAPE while con-
suming EAPE, damping the first SASM anomalies.

In contrast to the first SASM mode, CP associated with the second
mode is significantly positive over northwestern India and southeastern TP,
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Fig. 6 | Vertical structure of the thermal and zonal
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wind anomalies for the second SASM mode. Ver-
tical profiles of anomalous temperature (shading; K)
and zonal wind (contour; ms™") regressed onto
PC2_Obs and zonally averaged over (a) 65°-85°E
and (b) 87.5°-105°E, respectively. The pink dashed
lines indicate the latitudinal range of South Asia
(10°-30°N). Stippling areas indicate regression
coefficients of temperature passing the 90% con-
fidence level. The contour interval is 0.2 m s (0,
+0.2, £0.4, £0.6).
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with centers at both lower and higher levels between 20°N and 30°N (Fig. 4c,
d). This distribution of CP is primarily attributed to the CP, (Supplementary
Figs. S2e and S3e). Given the dipole zonal temperature anomalies between
20°N and 30°N over South Asia (figure not shown), we calculate the zonal
average 1’ and T” over 65°-85°E and 87.5°~105°E, respectively (Fig. 6). Over
65°-85°E, eastward eddy heat flux (u'T" > 0; Fig 6a) at lower levels between
20°N and 30°N tends to weaken the negative 3- over northwestern India
(Fig. 4c). At higher levels, westward eddy heat flux (' T’ < 0; Fig. 6a) acts to
reduce the local positive 9L in the same region (Fig. 4a). Similarly, over
87.5°-105°E, posmve WT at higher levels around 30°N (Fig. 6b) can weaken
the negative 2L over southeastern TP (Fig. 4a). Thus, they jointly enhance
EAPE through conversion from the mean thermal structure, supplying the
second SASM anomalies. According to Lau and Lau™, the EAPE generated
by CP can further be converted to EKE, aiding the anomalous circulations
directly.

Similar to barotropic energy conversion, we estimate the time scale of
effective CP in replenishing the local EAPE associated with the first two
SASM modes (7 p; see “Methods”). Related to the first SASM mode, the 7p
is -2.4 days, while that is 2.7 days for the second mode. It means that the CP
can dampen the first SASM mode but significantly sustain the second mode.
For the second SASM mode, the positive CP over northwestern India and
southeastern TP at higher levels indicates its complexity, which may be
influenced by mid-latitude baroclinic atmospheric processes*".

Based on the analysis above, both barotropic and baroclinic energy
conversions act as potential processes for extracting eddy energy from the
climatological mean state. In addition, as the feedback to the circulations, the
energy conversion from convective latent heating also serves as a key source
of EAPE (CQ; see “Methods”), facilitating the development of atmospheric
modes™*%. According to Eq. (5), positive CQ indicates that heating
(cooling) intensifies warm (cold) anomalies, leading to the generation of
EAPE from anomalous convective heating. As demonstrated by Lau and
Lau”, the EAPE generated by CQ can be further converted into EKE
through the EAPE balance, thereby directly supporting anomalous circu-
lation. The vertically integrated CQ from 1000 to 200 hPa is shown in Fig. 7.

For the first SASM mode, CQ is pronounced positive in eastern TIO
attributed to the local diabatic heating and warm anomalies (T'Q) > 0;
Fig. 8). In South Asia, CQ exhibits prominently positive anomalies over the
eastern Arabian Sea and north of the BOB above 500 hPa, while negative
anomalies appear in the region between them below 700 hPa (Fig. 7a, b).
Accompanied by warm anomalies over South Asia (Fig. 8), diabatic heating
over the eastern Arabian Sea and north of the BOB intensifies the warm
temperature perturbations (T'Q] > 0), thereby increasing local EAPE, while
diabatic cooling in between suppresses the warm perturbations (1" Q/1 <0),
acting to reduce local EAPE. The time scale for CQ to replenish the local
EAPE is further quantified (7q; see “Methods”). Although CQ in different
regions can offset each other, the 7, across South Asia is 2.2 days for the

first SASM mode. It suggests that the anomalous convective heating can
contribute effectively to the amplification of the first SASM anomalies.

For the second SASM mode, CQ is positive over northwestern India
and north of the BOB, accompanied by a pronounced positive center near
30°N above 500 hPa. The modestly negative CQ is observed over the
northeastern India and northwestern Indo-China Peninsula below 700 hPa
(Fig. 7¢, d). The associated vertical profiles of anomalous diabatic heating
and temperature are illustrated in Fig. 9, with the same two subregions as
Fig. 6. Within 65°-85°E (87.5°~105° E), diabatic cooling (heating) amplifies
cold (warm) perturbations over northwestern India (north of the BOB) at
mid-to-upper troposphere (T'Q) > 0). These processes together generate
EAPE to supply the second SASM mode. Conversely, the diabatic cooling
over the 65°-85°E may suppress the local warm temperature perturbations
from 850 to 700 hPa, acting to dampen the second mode. The corre-
sponding 7, is 2.5 days averaged in South Asia, indicating that anomalous
convective heating has a net contribution to the maintenance of the second
SASM mode. The above diagnosis aligns with the findings of Lau and Lau™,
indicating that diabatic heating due to cumulus convection at mid-to-upper
levels serves as a key source of EAPE for Indo-Western Pacific
perturbations.

Leading modes of SASM interannual variability independent of
external forcings

Previous studies suggest that some atmospheric patterns, such as the Pacific-
North American (PNA) teleconnection, P] pattern, and WNPAC*****, may
be internal modes sustained by extracting eddy energy from the mean state,
thereby persisting even in the absence of external forcing. Based on the
energy analysis above, the mean state across South Asia contributes to the
development of two dominant SASM anomalies. Therefore, this section
investigates whether the two leading SASM modes can exist without
external forcings, namely SSTs and boundary conditions.

We first examine the SASM interannual variability independent of
ENSO, the critical external forcing. A linear regression approach is employed
to simultaneously remove the linear impact of ENSO in the preceding winter
and the concurrent summer on SASM (see “Methods”)***. The two leading
modes of SASM interannual variability without ENSO are further captured
using a similar MV-EOF analysis, passing the North’s test. The explained
variance of the first and second SASM modes decreases to 28 and 19%,
respectively. As shown in Fig. 10a, b, the key circulation characteristics for
the first two SASM modes remain remarkable after removing ENSO’s linear
effect.

For the positive phase of the first mode, the northwest-southeast
elongated tripolar precipitation pattern exhibits weakened negative
anomalies in northeastern India and reduced positive anomalies in the
northern BOB. Similarly, lower-level westerly anomalies along the north
flank of the anomalous anticyclone over northern BOB are also reduced,
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Fig. 7 | Convective heating anomalies for the two leading SASM modes.

a Vertically integrated CQ in Eq. (5) from 1000 to 200 hPa (shading; x 107> W m™?),
calculated from perturbations (¢, v/, @', T') regressed onto PC1_Obs. b Vertical
profiles of CQ zonally averaged over 65°~105°E (shading; x 10~°m’s™°) for

x10°m’s™
PC1_Obs. c-d are the same as (a, b) but for PC2_Obs. The pink dashed box in (a)

and (c) indicates the South Asian region (10°-30°N, 65°~105°E). The pink dashed
lines in (b) and (d) indicate the latitudinal range of South Asia (10°-30°N).
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Fig. 8 | Vertical structure of the thermal and diabatic heating anomalies for the
first SASM mode. Vertical profiles of anomalous temperature (shading; K) and Q,
(contour; x 107> m’s ) regressed onto PC1_Obs and zonally averaged over
65°-105°E. The pink dashed lines indicate the latitudinal range of South Asia
(10°-30°N). Stippling areas indicate regression coefficients of temperature passing
the 90% confidence level. The contour interval is 0.2 x 1072 m?*s™> (0, +0.2x 1072,
£04x107% +0.6x1072).

which can be induced by the absence of Indo-Western Pacific Ocean
Capacitor mode (IPOC) after removing the ENSO, with a weakening Kelvin
wave response’. Compared to the first mode, the spatial pattern for the
positive phase of the second SASM mode is less changed over South Asia
after removing ENSO, except for the weakening of lower-level westerlies
from the northern BOB to the Indo-China Peninsula. This change can be
attributed to the weakening of the descending branch of the anomalous
Walker circulation and the associated convection over the Maritime Con-
tinent after ENSO removal, which in turn reduces the induced Rossby wave
response over South Asia'**".

After removing ENSO, the strongest climate mode on the interannual
time scale, only the intensity of spatial patterns for the two SASM modes
changes, while their primary features remain. Particularly, both leading
SASM modes still exhibit zonally elongated circulation anomalies, which
facilitate the EKE extraction from the background zonal confluent flow
through CK. This suggests that internal atmospheric processes may play a
significant role in shaping and regulating their structures”.

To determine if the first two SASM modes are independent of external
heat source at any specific location, we performed 132 independent
experiments using the linear baroclinic model (LBM)™, each forced by
diabatic heating at different spatial locations within 55°N and 55°S based on
the observed JJA basic state (hereafter EXP_LBM; see “Methods” and
Supplementary Fig. S5)**”". The resulting 132 cases of 850 hPa zonal and
meridional wind responses are organized, according to the location of
imposed diabatic heating, into two three-dimensional fields. The two
leading modes of South Asian summer circulation are identified through
MV-EOF analysis on the above two fields in 10°-30°N, 65°-105°E,
accounting for 34 and 26% of the total variance. The spatial pattern for the
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Fig. 10 | Circulation characteristics of the two leading SASM modes independent
of external forcings. a-b are the same as Fig. 1, but for results removing the linear
impact of ENSO. Spatial patterns of the (c) first and (d) second MV-EOF modes for
the JJA 850 hPa winds among 132 diabatic forcing responses in the EXP_LBM

(vectors;m s ). e-fare the same as Fig. 1, but for results from EXP_Clim. The letters
A denote the centers of the anticyclonic anomalies. In (a-b) and (e-f), stippling areas
indicate regression coefficients of precipitation passing the 90% confidence level.
Only wind regression coefficients exceeding the 90% confidence level are shown.

positive phase of MV-EOF1 is characterized by a lower-level anomalous
anticyclone over northern BOB, while that of MV-EOF2 features an
anomalous anticyclone over central-northern India (Fig. 10c, d).

These circulation patterns from EXP_LBM are closely similar to those
of two leading modes in observations correspondingly (Fig. 1). Since the
imposed heat sources in the EXP_LBM are independent of one another, it
denotes that the two observed SASM modes may be most readily excited
regardless of any specific heat source. These findings indicate that, even
though the two leading modes of SASM interannual variability can be
regulated by external forcings, they may originate from internal atmo-
spheric dynamics, supporting the preceding energy budget results.

To further confirm whether the two leading SASM modes can exist
independently of external forcings, we perform a similar MV-EOF analysis
of JJA precipitation and 850 hPa zonal wind from an atmosphere-only
experiment (EXP_Clim) using the ECHAM version 5.4 atmospheric gen-
eral circulation model (AGCM), driven by the monthly SST and sea ice
climatology (see “Methods”). Figure 10e, f show the winds and rainfall
associated with the first two leading modes in EXP_Clim, which together
explain 57% of the total variance and pass the North’s test. The positive
phase of the first SASM mode in EXP_Clim resembles the second mode in
observations (Fig. 1b), with stronger precipitation and circulation anomalies

in South Asia. Similarly, the positive phase of the second SASM mode in
EXP_Clim corresponds to the first mode in observations (Fig. la). The
related negative precipitation anomalies over the WNP extend farther
westward into the northern BOB, weakening the tripolar precipitation
pattern. However, the associated circulation field remains highly
comparable.

It is noteworthy that the order of two SASM modes in EXP_Clim is
reversed compared to the results in observations (Figs. 1 and 10e, f). This is
because the leading SASM modes in EXP_Clim are entirely driven by
atmospheric internal processes. Despite the absence of external forcing, the
SASM still exhibits significant interannual variability, with its dominant
modes resembling those in observations. The analysis above suggests that
the two leading SASM modes are likely atmospheric internal modes”.

Discussion

This study identifies two leading modes of SASM interannual variability and
diagnoses their associated energy budget processes. The first mode is
characterized by a northwest-southeast elongated tripolar precipitation
pattern and a lower-level anomalous anticyclone over the northern BOB,
while the second mode features negative precipitation anomalies and a
lower-level anomalous anticyclone over central-northern India. The results
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Fig. 11 | Key energetic processes underlying the SASM interannual variability.

reveal that these SASM modes efficiently extract eddy energy from the mean
state for their development and may originate from internal atmospheric
dynamics.

The key energetic processes are summarized in a schematic diagram
and explained as follows (Fig. 11). The barotropic energy conversion from
the climatological zonal confluent flow to  perturbations
((VL”/Z) it g;i > 0), representing the energy transfer from MKE to EKE,

2 ox
efficiently contributes to the maintenance of both the two leading SASM

modes, characterized by zonally elongated circulation anomalies (Fig. 1). At
850 hPa, the background zonal confluent flow downstream of the Somali Jet
and over the BOB-WNP helps to amplify the anomalous easterlies at 15°N
and modulate the first SASM anomalies. Similarly, induced by the TP
topography, the significantly subtropical westerly confluence over north-
eastern India can supply the anomalous anticyclone over central-northern
India and help sustain the second SASM mode.

Different from barotropic energy conversion, baroclinic energy con-
version, extracting EAPE from the mean thermal structure, exerts a
damping effect on the first SASM mode while sustaining the second mode.
Specifically, the northward eddy heat flux from offshore to inland over
South Asia enhances the local meridional climatological temperature gra-
dient at higher levels (—%v/ T g—;‘ <0), converting EAPE into MAPE and
thereby damping the first mode. For the second mode, in contrast, the zonal
eddy heat flux over northwestern India and southeastern TP can jointly
weaken the zonal climatological temperature gradient correspondingly
(J;( u'T g—; > 0), efficiently generating EAPE through conversion from MAPE
to maintain the second SASM anomalies. As the feedback to circulations,
anomalous convective heating is also an effective source of EAPE,
strengthening the two SASM modes (T'Q] > 0). The first mode exhibits
prominently positive CQ over the eastern Arabian Sea and north of the BOB
above 500 hPa, primarily associated with diabatic heating that intensifies
warm temperature perturbations across South Asia. In contrast, the positive
CQ for the second SASM mode is located over northwestern India and north
of the BOB, due to the diabatic cooling (heating) that enhances cold (warm)
perturbations over northwestern India (north of the BOB) at mid-to-upper
levels.

The energy budget analysis highlights that the two SASM modes can
extract eddy energy from the background mean state. Therefore, we further
examine whether the two SASM modes can persist even in the absence of
external forcings, namely SSTs and boundary conditions. After linearly
removing ENSO, the critical external forcing on interannual scales, the
major features of the two leading SASM modes remain (Fig. 10a, b).

Circulation characteristics of the first two SASM modes identified in the
EXP_LBM (Fig. 10c, d), an ensemble of steady atmospheric responses to
diabatic heating at different spatial locations within 55°N and 55°S, are also
similar to those in observations. It indicates these two modes may be most
easily excited regardless of any specific heat source. Additionally, the
dominant modes captured from EXP_Clim, driven by the climatological
monthly SST and sea ice, resemble those in observations, even though the
order in EXP_Clim is reversed due to strong internal variability (Fig. 10e, f).
These results suggest that the two leading SASM modes may stem from
internal atmospheric dynamics™.

Both identified SASM modes are recurrent circulation patterns over
South Asia and are indeed linked to recent climate extremes. For instance,
circulation anomalies of the extreme rainfall event over the northeastern
Indian subcontinent during the summer of 2020, the second wettest on
record since 1901, closely resembles the positive phase of the first SASM
mode™. Similarly, the extreme precipitation in the Indian monsoon region
during the summer of 2022 is akin to the negative phase of the second SASM
mode'’. As revealed in this study, internal energetic processes contribute to
the development of these SASM modes, which may help them to persist
independently of external forcings. These findings provide new insights into
the dynamics underlying SASM interannual variations and potentially
contribute to addressing model biases in regional monsoon variability”*.
Unlike the PNA teleconnection, PJ pattern, and WNPAC™*****’, the SASM
modes exhibit more complexity. Specifically, the significant monsoon-trade
confluent center associated with the first mode is located in the WNP rather
than South Asia®®, and the second mode, besides being dominated by local
TP topography, may also be modulated by mid-to-high latitude baroclinic
processes"'“, which warrants further investigation. Moreover, whether these
energy conversion processes contribute to addressing the uncertainty of
SASM simulations in climate models also merits additional research.

Methods

Datasets used

The datasets used in this study include: (1) monthly SST with a 1.0° x 1.0°
horizontal resolution provided by the Met Office Hadley Center Sea Ice and
SST (HadISST) dataset™; (2) Monthly precipitation from the Climatic
Research Unit gridded Time Series (CRU TS version 4.07) dataset™, with a
horizontal resolution of 0.5° x 0.5% (3) Monthly global precipitation gridded
at 2.5° x 2.5° horizontal resolution from the Global Precipitation Clima-
tology Project (GPCP) dataset™; (4) Monthly atmospheric variables at
multiple levels with a horizontal resolution of 2.5° x 2.5° from the fifth-

npj Climate and Atmospheric Science| (2025)8:300


www.nature.com/npjclimatsci

https://doi.org/10.1038/s41612-025-01143-4

Article

generation ECMWF reanalysis for the global climate and weather (ERA5)®,
including horizontal and vertical winds, geopotential height, and air tem-
perature. All datasets cover the period from 1979 to 2022, and summer is
defined as the average over June-August (JJA). To focus on the interannual
timescale, the 9 year running mean of all variables has been removed. The
results are consistent across the two precipitation datasets (figure
not shown).

MV-EOF analysis

Given the pronounced climatology and standard deviations of precipitation
and 850 hPa zonal wind over South Asia (Supplementary Fig. S6), a MV-
EOF analysis"' is performed on these two variables over the region
10°-30°N, 65°-105°E to capture the major coupled features of atmospheric
circulation and rainfall during the SASM in observations. The leading
modes remain nearly unchanged when the 850 hPa meridional wind is
additionally included (Supplementary Fig. S7). MV-EOF analysis is essen-
tially an eigenvalue decomposition of a covariance matrix constructed from
multiple variables. Before the analysis, each variable was normalized to
ensure equal weighting regardless of its original units. The North’s test was
employed to analyze the significance of the MV-EOF mode™.

Energetic diagnostics
Energy diagnostic equations are utilized to evaluate the source and main-
tenance of SASM interannual variability’®*****°. The local barotropic
energy conversion rate from the background mean flow to perturbations
(CK), quantifying the energy transfer from MKE to EKE, is estimated based
on the following formula:

(v —u?) (ou ov ., (ou ov
k= 2 ox dy vy 8y+ax ' 1)

CK.

X

CK,

Here, v’ and v represent the anomalous horizontal winds regressed
onto PCs_Obs, while # and ¥ denote those of climatology. CK . describes the
energy conversion from the background confluent flow to perturbations,
whereas CK, denotes the energy conversion from the mean horizontal wind
shear to perturbations. Note that the confluence in this study denotes the
directional convergence of the zonal or meridional wind components, dif-
ferent from total horizontal wind convergence. Positive CK indicates the
energy conversion from the background mean flow to anomalous atmo-
spheric patterns, contributing to their development.

To measure the efficiency of CK at 850-hPa in the maintenance of two
SASM modes, we evaluate the time scale:

(EKE)

Tex = CK) ()

where the brackets represent the area mean over South Asia (10°-30°N,
65°-105°E). The 7 denotes how long it takes for the local EKE associated
with anomalous patterns (EKE = (",Zzi/z)) to be fully replenished
through CK.

The local baroclinic energy conversion rate from the MAPE to EAPE
(CP) is diagnosed based on the following equation:

CP = ’iu’T’@—iv'T'%
o op o op
N — N —

cp, cp,

where u/, v, %, and ¥ are similar to those in Eq. (1); T" and p are the
anomalous temperature regressed onto PCs_Obs and atmospheric pressure,
respectively; the square bracket refresents the vertical integral taken from

the surface through 200 hPa; 0 = g—i) - (%—;) denotes the static stability,
12

which is consistently positive at 500 hPa in JJA (Supplementary Fig. S8) and
suggest the sign of CP is primarily determined by the eddy heat flux (u/'T”
and v'T’) and background state g? and 3—“ ; />R, and Cp are the Coriolis
parameter, gas constant (287 JK 'kg™"), and specific heat at constant
pressure (1,004 ] K 'kg™"), respectively. Positive CP indicates the energy
conversion from the climatological thermal structure toward anomalous
atmospheric patterns, converting MAPE into EAPE. CP, and CP, denote
the zonal and meridional components of CP, respectively. Similar to bar-
otropic energy conversion, we estimate the time scale of effective CP for
maintaining the atmospheric modes:

([EAPE])

P) 4

Tep =

Here, [EAPE] = [%;] denotes the vertically integrated EAPE asso-
ciated with anomalous Ppatterns, and 7, measures the efficiency of CP in
supplying local EAPE to perturbations.

Considering the strong convective feedback in tropical South Asia”,
the generation of EAPE induced by anomalous convective heating rate (CQ)
is assessed as

R [T'Q,
__{po } ©)

cQ=
CP

where Q| denotes the anomalous atmospheric apparent heat source™*. Q|
can be calculated from:

/ aT/ / 4 T
lecpﬁ—cp(wa—vh.vm. (6)

Here, V), and ' represent the anomalous horizontal velocity vector
and anomalous vertical velocity regressed onto PCs_Obs, respectively; T
and t are the climatological temperature and time. Positive CQ indicates the
generation of EAPE by diabatic heating (cooling) intensifies warm (cold)
temperature perturbations. The efficiency of CQ in replenishing the local
EAPE for anomalous patterns is quantified as

_ ([EAPE]) @
o

Tco

It is noted that the perturbed anomaly terms contributing to CK,
namely 12, v, and t/v/; those governing CP, including «'T’ and v/ T’; and
those determining CQ, namely T’ Q}, remain unchanged if the phase of the
MV-EOF mode is reversed. Therefore, the energy diagnostic results based
on the positive phase of the SASM modes in this study are equally applicable
to their negative phase. It indicates these energy conversion processes are
phase-independent.

Removing ENSO linear effects

To represent ENSO in winter, the Nifio-3.4 index is defined by the averaged
SST anomalies in December-February (DJF) within 5°S-5°N and
120°-170°W. The process of excluding ENSO’s linear impact on SASM
interannual variability involves three steps™*. First, to track the influence
of the preceding ENSO in the subsequent summer, a tropical SST index
(Igy) is defined as the JJA areal mean SSTs in the tropics, weighted by SST
regression coefficients in each grid relative to the preceding DJF Nifo3.4
index (passing the 95% confidence level). Then, ENSO’s impact is linearly
removed through the following equation:

Xnory = X — Iy x Reg [X ontoIpy]. (8)
Here, X represents original variable fields, Iy x Reg[X onto Iy ]

denotes reconstruction fields with ENSO’s impact, and X, 5y indicates
variable fields independent of I . Lastly, two leading SASM modes without

npj Climate and Atmospheric Science| (2025)8:300


www.nature.com/npjclimatsci

https://doi.org/10.1038/s41612-025-01143-4

Article

the influence of ENSO are captured by applying a similar MV-EOF analysis
to Xyoen-

LBM experiments

A LBM™ is employed to simulate 132 independent steady responses to
diabatic heating at different spatial locations, based on the primitive equa-
tions linearized at the observed JJA basic state (EXP_LBM). The dry version
of LBM, run at a horizontal resolution of T42 with 20 sigma levels, has been
widely utilized to analyze individual responses to regional heat sources™”*”".
We divide the domain within 55°N and 55°S into 132 subregions, each with
a size of 10° latitude x 30° longitude. In each subregion, an idealized heat
source with a peak of 1K day ™' at the 0.45 sigma level is independently
implemented using the LBM'*” (Supplementary Fig. S5). The experiments
are integrated for 50 days, with the averages from 40 to 50 days representing
the steady states. The resulting 132 cases of steady responses are further
organized, according to the location of imposed forcings, into three-
dimensional fields (dimensions: [cases, latitudes, longitudes]).

Climatological SST and sea ice AGCM experiment

To study atmospheric internal variability, an atmosphere-only simulation
from the ECHAM version 54 AGCM developed by the Max Planck
Institute for Meteorology is utilized”. The model has a triangular truncation
at zonal wavenumber 63 (T63; approximately 1.9° x 1.9°) and 19 vertical
levels, which is forced by the climatological monthly SST and sea ice
(EXP_Clim). The experiment is integrated for 100 years, with the final 50
years utilized for analysis. Due to the absence of SST variability beyond the
monthly time scale, the interannual variation primarily results from
atmospheric internal processes™.

Data availability

The datasets are available in a public repository. The monthly SST data from
HadISST are available at https://www.metoffice.gov.uk/hadobs/hadisst/.
The monthly land precipitation from the CRU TS v.4.07 dataset is provided
athttps://crudata.uea.ac.uk/cru/data/hrg/. The monthly global precipitation
data are obtained by GPCP at https://psl.noaa.gov/data/gridded/data.gpcp.
html. The monthly atmospheric reanalysis data from the ERA5 are openly
obtained at https://cds.climate.copernicus.eu/datasets/reanalysis-era5-
pressure-levels-monthly-means?tab=overview.

Code availability

The data in this study are analyzed with Python and NCAR Command
Language (NCL). The relevant codes used in this work are available upon
reasonable  request from the first author, Tong Lu
(lutong211@mails.ucas.ac.cn).
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