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Abstract

In this paper, we define the index of the South Asian High (SAH) core position and use correlation analysis and ERA-Interim
reanalysis data during 1979-2018 to identify spring latent heating configurations in the central Indian Ocean—southwestern
Tibetan Plateau that provide leading signals for the SAH shift in June via the apparent moisture sink. These leading signals
in boreal spring have a clear physical significance, and are characterized by a contrast in the meridional apparent moisture
sink between the central Indian Ocean (I0) and the southwestern Tibetan Plateau (SWTP). When the spring apparent mois-
ture sink contrast between the central IO and the SWTP is higher than normal, the heating pattern induces an anomalous
vertical circulation that enhances the coupling between the mid-level convection and upper-level divergence over the central
IO-SWTP. The upper-level divergent circulation in the upper reaches of the SAH track favors the development of the SAH
before June, and thus the SAH shifts farther northwestward than normal in June. When the spring apparent moisture sink
contrast is lower than normal, the atmospheric response is reversed, causing the SAH to shift farther southeastward than nor-
mal. Numerical experiments have confirmed the driving role of the meridional apparent moisture sink contrast in the central
IO-SWTP and the associated physical processes. Further analyses reveal a significant and persistent correlation between the
apparent moisture sink contrast in late March to late May and the SAH meridional position in June. The spring meridional
apparent moisture sink contrast is therefore a reasonable predictor in forecasting the SAH shift in June.

Keywords South Asian High - Apparent moisture sink - Leading signals

1 Introduction and warm anomalies (Shi and Qian 2016). The eastward shift

of the SAH may increase rainfall in Korea and favor intense

The South Asian High (SAH), a huge semi-permanent anti-
cyclone in the upper troposphere, is one of the most impor-
tant components of the Asian Summer Monsoon (ASM) sys-
tem (Tao and Chen 1987). Variations in its magnitude and
displacement significantly modulate the weather and climate
over Asia. For example, a stronger SAH causes more rain-
fall in southern Asia and less over the Yangtze River Valley
(YRV) and the Pacific Ocean (Zhang et al. 2005; Wei et al.
2015). Stronger Tibetan and Iranian modes of the SAH are
usually related to cold and wet surface anomalies in Mongo-
lia and northern China, whereas weaker modes lead to dry
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Meiyu precipitation over the YRV, whereas the northwest
shift of the SAH can cause more extreme precipitation in
the northern part of eastern China but less over the Yangtze-
Huai River Basin (Choi et al. 2015; Ning et al. 2017; Yin
et al. 2020). A more westward position of the SAH leads to
enhanced rainfall over India and weakened rainfall over the
western Pacific, and the opposite is observed when the SAH
is farther eastward (Niitzel et al. 2016). A stronger SAH in
April causes an earlier onset of the Meiyu rains and more
precipitation in June over the YRV (Li et al. 2019). Besides
the influence that rainfall anomalies have on seasonal and
monthly precipitation scales, the 10-20-day oscillation in
the SAH also has an important impact on rainfall over the
YRV 3 days later (Wei et al. 2019). Thus, a better under-
standing of the key physical processes in the variations of
the SAH will improve the accuracy of weather and climate
forecast.
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Previous studies have addressed the importance of syn-
chronous diabatic heating in understanding variations in the
SAH. The SAH is principally related to convection processes
during the southwest monsoon season (Krishnamurti et al.
1973). Specifically, heating over the Tibetan Plateau (TP)
during the transition season from winter to summer plays
an important role in the movement and development of the
SAH (Reiter and Gao 1982). Precipitation related to the
ASM also contributes to the formation and movement of the
SAH via latent heating (Liu et al. 2001, 2013; Wu and Liu
2003; Liu and Wu 2004; Wei et al. 2013; Zhang et al. 2015).
Strong latent heating from deep convection induces strong
updrafts and upper-level divergence that causes the SAH to
become fully established over the Indochina Peninsula in
mid-May (Wang et al. 2017).

In comparison to the heating over the TP, the ASM heat-
ing may have a greater influence on the northward movement
of the SAH (Ge et al. 2018b). Zhang et al. (2019a) sug-
gested that enhanced latent heat released over northeastern
India in May causes the northwestward shift of the SAH in
June. There is also a robust relationship between the vari-
ation in the SAH and ASM-related heating on subseasonal
timescales. For example, the variation in the SAH is closely
related to transient deep convection on a 10-20-day time-
scale over Southeast Asia (Randel and Park 2006). A reduc-
tion in rainfall over northern India occurs ~ 1 day ahead of
the eastward movement of the SAH on a quasi-biweekly
timescale (Wei et al. 2019).

In addition to ASM-related heating, the sea surface tem-
perature (SST) anomalies of the IO and the Pacific Ocean
play an important role in modulating the SAH. For exam-
ple, the tropical Indian Ocean (I0) SST anomalies alter the
equivalent potential temperature in the atmospheric bound-
ary layer and produce significant geopotential height anoma-
lies that modulate the SAH (Huang et al. 2011; Zhang et al.
2020). The influence of the tropical 10 on the intensity of
the SAH became more important after the late 1970s (Qu
and Huang 2012). Previously, El Nifio-Southern Oscillation
events in the easterly phase of the boreal winter quasi-bien-
nial oscillation exerted more impact on the intensity of the
SAH via moist adjustment (Xue et al. 2015, 2017; Zhang
et al. 2019b). The summer SAH tends to be stronger when
an El Nifio occurs with a positive phase of the Pacific dec-
adal oscillation, and weaker when a La Nifia occurs with a
negative phase of the Pacific decadal oscillation (Xue et al.
2018). Xue and Chen (2019) found that the overall mode
of the SAH is controlled by a combination of anomalous
rainfall over the Indian Peninsula and SST anomalies over
the 1O.

Most previous studies that discussed latent heat release
have focused on the relationship between the intensity of
the summer SAH and concurrent convection processes.
For example, the zonal shift of the SAH was affected by
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anomalous latent heating associated with the ISM variability
and the summer rainfall in China (Raman and Rao 1981;
Krishnamurti et al. 1989; Zhang and Wu 2001; Zhou et al.
2006; Wei et al. 2013). Specifically, the latent heat release in
the YRV has a feedback effect on the SAH shift by exciting
an upper-level anticyclone over eastern China (Wei et al.
2015). The meridional shift of the SAH is closely associated
with the initiation of convection over Indo-Chinese Penin-
sula, northward migration of convection over Sumatra, and
the tripolar pattern of summer rainfall anomalies in China
(He et al. 2006; Wei et al. 2012). The northward movement
of the SAH is affected more by the Asian summer monsoon
heating than the diabatic heating of Tibetan Plateau (Ge
et al. 2018b).

June is the key month when the SAH shifts onto the TP
(Zhu et al. 1980). If a leading signal for the northward shift
of the SAH in June can be identified, they can potentially
improve the forecasting of summer droughts or floods over
the region affected by the ASM. It is therefore important
to extract the leading signals for the northward shift of the
SAH in June, and further explore the corresponding physi-
cal processes. Since the heat preference of the SAH can be
revealed via the atmospheric apparent heat source and appar-
ent moisture sink (Wang and Qian 2000; Qian et al. 2002;
Cen et al. 2020), we searched the leading signals from these
two diabatic heating variables.

The remainder of this study is organized as follows. The
data, method, and atmospheric general circulation model
(AGCM) are described in Sect. 2. An index for the core
position of the SAH is constructed in Sect. 3. Section 4
describes the extraction of leading signals and investigates
their relationship to the SAH meridional position in June.
The possible physical processes behind this relationship are
discussed in Sect. 5. Section 6 shows the persistence of the
significant correlation between diabatic heating, zonal wind,
and meridional position of the SAH in June. Model results
are presented in Sect. 7 to confirm the relationship outlined
in Sect. 6, and the physical processes associated with it,
that were obtained in Sects. 4-6. A summary is presented
in Sect. 8.

2 Data and methods
2.1 Data

The ERA-Interim reanalysis data is used due to its rela-
tively good representability over the research domain and
the broad applications of its preceding ERA-Interim data
in the studies of atmospheric heat source (Dee et al. 2011;
Wu et al. 2015; Cheng et al. 2018; Wang et al. 2019; Han
et al. 2021; Zhang et al. 2021). The data resolution is 0.25°



Association of the shift of the South Asian high in June with the diabatic heating in spring 871

in longitude and latitude on 37 pressure levels from 1000 to
1 hPa for all variables during the period 1979-2018.

2.2 Method

2.2.1 Apparent heat source and apparent moisture sink
The apparent heat source (Q;) and apparent moisture sink
(Q,) are calculated from the daily ERA-Interim reanalysis

data using the thermodynamic Eq. (1) and the water vapor
Eq. (2), respectively.
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The two equations above are the same as in Yanai et al.
(1992). In Egs. (1) and (2), V is horizontal velocity, 0 is
potential temperature, o is vertical velocity at the isobaric
surface, ¢ is the mixing ratio of water vapor, V is the isobaric
gradient operator, 7 is time, p is pressure, p, = 1000 hPa, C,
is the specific heat at constant pressure of dry air,x = R/C,,
R is the gas constant of dry air, and L is the latent heat of
condensation.

The column-integrated apparent heat source and apparent
moisture sink are calculated as follows:

Py
(0)) = é/Qldp 3)
P
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where p, = 1000 hPa, and p; is the surface pressure.
2.2.2 Decomposition of vertical velocity

Under the quasi-geostrophic framework, the vertical velocity
can be decomposed into three terms (Eq. 5), i.e. the isen-
tropic gliding component (®,;), the isentropic displacement
component (®;,) and the diabatic heating component (o)
(Wu et al. 2020).
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where ©, is the vertical gradient of the standard potential
temperature averaged over the research domain and the
research period, 6 is potential temperature, Vg is the geos-
trophic wind, V is the isobaric gradient operator, 6 represents
the diabatic heating rate. Thus, w;, represents the forcing of
potential temperature tendency, o, represents the forcing of
potential temperature advection, and the o, represents the
forcing of diabatic heating. The other methods adopted in
this study include correlation analysis and the corresponding
Student’s ¢-test.

2.3 Numerical model

We also use the atmospheric model ECHAM (version
6.3.05p2, hereafter ECHAMBS6) to verify the physical pro-
cesses associated with the diabatic heating anomalies pre-
ceding the northward shift of the SAH in June. ECHAMS6 is
developed by the Max Planck Institute of Meteorology (MPI;
Stevens et al. 2013). The ECHAMG6 model has been suc-
cessfully applied in many climate change studies (Cao et al.
2016; Rackow et al. 2018; Nordling et al. 2019; Yang et al.
2019; Gui et al. 2020; Ma and Jiang 2020). There have been
multiple updates of the physics in ECHAMG6 over previous
releases of the model, such as the surface albedo (Roeckner
et al. 2012), dynamic vegetation (Reick et al. 2013), radia-
tive transfer, and mid-atmospheric processes (Stevens et al.
2013). In this study, the spatial resolution of ECHAMG is set
to T63L47 (equivalent to 1.875° on a Gaussian grid, and 47
hybrid sigma-pressure levels in the vertical direction). The
major physical parameterizations take their default settings,
such as the standard RRTM radiation scheme with a diurnal
cycle (Mlawer et al. 1997), the TIEDTKE cumulus scheme
with modifications from Nordeng (1994), and the aerosol
climatology compiled by Kinne et al. (2013). The monthly
SST and sea ice extent climatology are used as boundary
conditions. Each experiment has been configured to inte-
grate 31-year realizations, and the last 30 years of simulation
results are used for analysis.

3 Index for the core position of the SAH

In a similar approach to the definition of the westward ridge
point variability of the Western Pacific Subtropical High
(Yang et al. 2017), the ridge line of the SAH is also defined
as a line with zero zonal wind, westerly wind north of the
line, and easterly south of the line. The SAH Core Posi-
tion Index (SAHCPI) is defined as the point on the ridge
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line of the SAH at maximum geopotential height at 100 hPa
in June. Specifically, the zero-line of zonal wind is calcu-
lated to identify the ridge line and then the location of the
maximum geopotential height on the ridge line is defined as
the SAHCPI. Thus, SAHCPI is two-dimensional, reflecting
the zonal and meridional shift of the SAH’s core. Here, we
denote the index associated with the meridional shift of the
SAH as the Meridional-SAHCPI (M-SAHI), and the index
associated with the zonal shift of the SAH as the Zonal-
SAHCPI (Z-SAHI). Figure la shows the climatological
position of the SAH’s core from May to August. The SAH’s
core lies over the northwestern Indochina Peninsula in May.
The core jumps ~ 6° northward onto the TP in June, shifts
northwestward to the western edge of the TP in July, and
retreats slightly eastward in August. The core position of
the SAH reflected by the SAHCPI in May—August is simi-
lar to that found in previous studies (Luo et al. 1982; He
et al. 2006), indicating that the SAHCPI defined above is
reasonable. Figure 1b, c shows that the shift of the SAH’s
core position in the meridional direction has pronounced
interannual variability. In fact, the power spectral density of
M-SAHI has a significant peak at the 95% confidence level
on the quasi-triennial period.

4 Relationship between the apparent
moisture sink configuration and the SAH
movement in June

We calculated the correlation between the June M-SAHI and
the (Q,) and (Q,) in April and in May in order to explore
the relationship between the configuration of spring diaba-
tic heating over the Indian Ocean-Tibetan Plateau and the
interannual variability of the SAH’s core position in June.
Figure 2a shows that there is a significant positive corre-
lation between the June M-SAHI and April (Q,) over the
southeastern Arabian Sea (AS) as far as the southeastern
Bay of Bengal (BOB). Over the Tibetan Plateau, there is
a west to east pattern of negative—positive—negative coef-
ficients. In comparison with that shown in Fig. 2a, there is a
more regular, banded distribution of correlation coefficients
between the June M-SAHI and April (Q,) (Fig. 2b). The
southern AS-southeastern BOB is characterized by signifi-
cant positive correlation coefficients, and the western-middle
Tibetan Plateau is dominated by significant negative cor-
relation coefficients. The patterns in correlation coefficients
between the June M-SAHI and the diabatic heating in May
resemble those in April. There is a significant positive cor-
relation between the June M-SAHI and May (Q, ) across the
southern AS-southeastern Tibetan Plateau, with a negative
correlation in the middle of the Tibetan Plateau (Fig. 2c).
The distribution of correlation coefficients between the June
M-SAHI and May (Q,) (Fig. 2d) more closely resembles
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Fig. 1 a Location of the SAH core position (asterisk) and climatolog-
ical track of the SAH (line) in May—August, b the meridional index
of the SAH (M-SAHI, blue line) and the zonal index of the SAH
(Z-SAHLI, black line)in June during 1979-2018, and ¢ power spectral
density of the M-SAHI with the Markov red noise spectrum (solid
green line) and its confidence bound at the 95% (dashed red line) and
5% (dashed blue line) levels. The gray area in (a) denotes the surface
elevation threshold at 850 hPa

that in Fig. 2b. The southern AS-eastern BOB is character-
ized by a significant positive correlation between the June
M-SAHI and May (Q, ). The main difference between April
and May is that significant positive correlation coefficients
appear over the northeastern BOB-southeastern Tibetan
Plateau with values at the center of this region exceeding
0.4 in May. A possible reason for this difference is the loca-
tion of the SAH’s core around the northwestern Indochina
Peninsula (Fig. 1a), which will have a divergence pump-
ing effect coupled with strong mid-tropospheric ascent (Liu
et al. 2013). The correlation over the northern BOB—Indo-
chinese Peninsula is much higher in May than in April,
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Fig.2 Correlations between
the M-SAHI and a apparent
heat source in April, b apparent
moisture sink in April, ¢ appar-
ent heat source in May, and d
apparent moisture sink in May.
Panels e-h are the same as a—d
except for the Z-SAHI. Dots
denote the areas of 95% signifi-
cance based on the Student’s

t test. The surface elevation
threshold at 850 hPa is shaded
in gray in each plot. Rectangle
A and Rectangle B denote the
two key areas of the apparent
moisture sink
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which is closely related to the SAH being established over
the Indochinese Peninsula in May (Fig. 1a). This signal over
the northern BOB—Indochinese Peninsula should be consid-
ered as more of a concurrent signal than a preceding signal.
When the SAH shifts to the SWTP, this concurrent signal
is reinforced and it replaces the preceding signal over the
central IO-SWTP (Fig. S1).

The correlation patterns of the Z-SAHI, (Q,) and {Q,),
also show a meridional heating contrast but with opposite
signs to the M-SAHI; i.e., there are negative anomalies
over the central IO and positive anomalies over the SWTP
(Fig. 2e—h). This could be because the zonal and meridional
shift of the SAH are significantly correlated with each other
(Wei et al. 2015). As the centers of high correlation remain
in the same area in April and May, the diabatic heating aver-
aged in rectangle A (6°-14°N, 70°-84°E) and B (28°-36°N,
70°—84°E) could be taken as the key signal for the northward
shift of the SAH in June. In order to eliminate the differences
in variance between the two regions, we constructed a diaba-
tic heating index by normalizing the areal average diabatic
heating variables over each region, and calculated the corre-
lation coefficients of the M-SAHI, Z-SAHI and the diabatic
heating indices (Table 1). If only rectangle A is considered,
the correlation between the M-SAHI and the normalized
(Q,) is statistically insignificant in May. If only rectangle B
is considered, the correlation between the M-SAHI and the
normalized (Q,) is statistically insignificant in both April
and May. The correlation coefficients only remain signifi-
cant for both (Q,) and (Q,) if the diabatic heating contrast
between rectangle A and B is considered. As the apparent
moisture sink contrast (AMSC) is most strongly correlated
with the M-SAHI, we define the apparent moisture sink con-
trast index (AMSCI) as follows (Eq. 5):

AMSCI = [0,(6°—14°N, 70°—84°E)| — [0,(28°~36°N, 70°—84°E)]
&)

In Eq. (5), square brackets denote the normalization by
standard deviation, and parentheses denote the average over
the specified region. The AMSCI calculated with Eq. (5) is
shown for April and May in Fig. 3. The correlation coeffi-
cient between the AMSCI and the M-SAHI is 0.60 in April
and 0.49 in May, both of which are statistically significant

S.Guietal.
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Fig.3 Time series of a the normalized M-SAHI in June and the nor-
malized AMSCI in April and May, b the normalized Z-SAHI in June
and the normalized AMSCI in April and May. The dash line denotes
the zero line

above the 99% confidence level. The correlation coefficient
between the AMSCI and M-SAHI is higher than between
the AMSCI and Z-SAHI (Table 1). Therefore, the AMSCI
in spring can potentially serve as a preceding signal for the
northward shift of the SAH in June.

5 Possible physical processes

The apparent moisture sink over the research domain was
first regressed onto the AMSCI to obtain the apparent mois-
ture sink distribution associated with the AMSCI. When the
AMSCI is higher than normal in April, a positive band of
the column-integrated apparent moisture sink (Q,) almost
dominates the tropical North IO, and a negative (Q,) band
controls most of the southern TP (Fig. 4a). These two anom-
alous patterns remain significant throughout the troposphere
with a positive center in the lower troposphere and a nega-
tive center in the middle troposphere (Fig. 4b).

Table 1 Correlation coefficients

Region April May

between the SAHI and the

normalized diabatic heating A B A-B A B A-B

index averaged in rectangle A

and B (Q,) and M-SAHI 0.51%* -0.25 0.53%* 0.33%* -0.20 0.35%
(Q,) and M-SAHI 0.54%%* —0.39% 0.60%* 0.18 —0.55%* 0.49%%*
(Q,)and Z-SAHI —0.47%%* 0.08 —0.39% -0.13 0.11 —-0.16
(Q,)and Z-SAHI -0.37* 0.33%* —0.46%* -0.16 0.33%* —0.33*

Superscript * denotes correlation coefficients passing the significance test at the 95% confidence level, and
** denotes correlation coefficient passing the significance test at the 99% confidence level

@ Springer



Association of the shift of the South Asian high in June with the diabatic heating in spring 875

40°N

30°N—

20°N—

10°N—|

EQ-b
70°E 80°E 90°E 100°E 110°E

(b)

Pressure (hPa)

I I I
EQ 10°N  20°N  30°N  40°N

Fig.4 Regression results of a the column-integrated apparent mois-
ture sink, and b the apparent moisture sink along 80°E against the
normalized AMSCI in April (contour units: W/m?). The light and
dark shadings denote the 95% and 99% significance based on the
Student’s 7 test, and the blue and red shadings are for negative and
positive regression coefficients, respectively. In Panel a, rectangle A
and B denote the two key areas of the apparent moisture sink, and the
purple contour represents the surface elevation threshold at 850 hPa.
In Panel b, the gray area in (b) denotes the surface elevation

The higher-than-normal apparent moisture sink over the
central IO induces significant negative geopotential height
anomalies at 850 hPa south of 20°N (Fig. 5a), and a lower-
than-normal apparent moisture sink over the SWTP induces
significant positive geopotential height anomalies at 100 hPa
north of 20°N (Fig. 5b). The anomalous divergent wind pat-
terns are consistent with the geopotential height anomalies.
In the lower troposphere, divergent northwesterly anoma-
lies north of 10°N converge with divergent southwesterly
anomalies south of 10°N over the central IO (Fig. 5¢). In
the upper troposphere, anomalous divergent easterly winds
prevail over the TP (Fig. 5d). As the reference point (24°N,
80°E) is on the pathway of the SAH moving to the TP
(Fig. 1a), we draw two sections across this point. The AMSC
anomalies induce an anomalous clockwise circulation in the
pressure-latitude section, and an anomalous anti-clockwise
circulation in the pressure-longitude section (Fig. Se, f). In
the pressure-latitude section (Fig. 5e), anomalous ascend-
ing motions occur around 10°N, anomalous southerly diver-
gent winds prevail over the upper troposphere from 10°N to

30°N, anomalous descending motions occur around 30°N,
and anomalous northerly divergent winds appear over the
lower troposphere from 20°N to 30°N. In the pressure-longi-
tude section (Fig. 5f), anomalous descending motions occur
west of 80°E, anomalous westerly divergent winds mostly
prevail over the lower-middle troposphere between 80°E and
90°E, anomalous ascending motions generally occur around
100°E, and anomalous easterly divergent winds prevail over
the upper troposphere between 70°E and 100°E. Upper-level
divergence, indicated by negative velocity potential, favors
the development and northwestward shift of the SAH, con-
sistent with the anomalous zonal and meridional vertical
circulation.

The AMSC pattern persists in May with a positive center
over the central IO and a negative center over the SWTP
(Fig. 6a, b). This anomalous AMSC pattern modulates
atmospheric circulation to favor the northward shift of the
SAH (Fig. 7). The geopotential height anomalies in May
tend to move farther westward than those in April (Fig. 7a,
b). In particular, the negative geopotential height anoma-
lies in the lower troposphere are west of the Indo-Chinese
Peninsula, and the positive geopotential height anomalies
in the upper troposphere are west of the TP. The anomalous
divergent wind is also consistent with the geopotential height
patterns (Fig. 7c, d). The upper-level divergence over South
Asia is considerably intensified in May owing to the persis-
tent modulation of the AMSC. The vertical cross-sections
show stronger ascending motions associated with stronger
upper-level divergence than in April (Fig. 7e, f). Substan-
tial divergent southerly and easterly anomalies remain in the
upper troposphere.

To verify the roles of AMSC forcing on the SAH move-
ment, we regressed the large-scale circulation in June against
the AMSCI in April (Fig. 8). The geopotential field shows
prominent negative anomalies in the lower troposphere over
the SWTP, associated with positive anomalies in the upper
troposphere (Fig. 8a, b). This pattern indicates a lower-
level convergence and upper-level divergence configuration
around the SWTP. The spatial pattern of velocity potential
also shows an enhanced low-level convergence associated
with upper-level divergence over the SWTP (Fig. 8c, d). To
explore the vertical structure of the circulation response,
the same reference point (24°N, 80°E) is selected around
the center of velocity potential anomalies in Fig. 8c, d. The
pressure-latitude cross-section shows anomalous ascent in
between 15°N and 35°N, associated with significant lower-
level convergence and upper-level divergence (Fig. 8e). The
pressure-longitude cross-section also exhibits significant
ascending anomalies that bridge the low-level convergence
and upper-level divergence across the research domain
(Fig. 8f). The regression against the AMSCI in May shows
a similar pattern (figure omitted). The above results indi-
cate that positive AMSCI configuration is associated with
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Fig.5 Regression results of
geopotential height at a 850 hPa
and b 100 hPa, divergent winds
at ¢ 850 hPa and d 100 hPa,
vertical divergent circulation
(vector, vertical velocity is
multiplied by 100) and veloc-
ity potential (contour, units:
3% 10° m2s7!) along e 80°E
and f 24°N against the normal-
ized AMSCI in April. The stip-
pling in panels a and b, and the

bold arrows in panels c—f denote
the 95% significance based on
the Student’s ¢ test. In panels
c—f, the light and dark shadings
denote the 95% and 99% sig-
nificance based on the Student’s
t test, where the blue and red
shadings are for negative and
positive regressions coefficients,
respectively. The gray areas in
(a) and (c) denote the elevation
threshold at 850 hPa, and the
gray areas in (e) and (f) denote
the surface elevation
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enhanced coupling between the mid-level convection and
the upper-level SAH (a.k.a. divergence pumping effect), and
vice versa.

The impact mechanism of the AMSC could be revealed
by the vertical velocity decomposition. The anomalous
AMSC heating causes significant air ascent over the cen-
tral IO and air descent over the SWTP in April (Fig. 9a).
The strong meridional clockwise circulation associated
with mid-level southerly anomalies (Fig. S2d) brings warm
potential temperature advection to the SWTP, causing the
local potential temperature to rise. The warm potential
temperature advection results in descending ;; anoma-
lies and the positive potential temperature tendency causes

@ Springer

descending w;;, anomalies (Fig. 9b, c). The combined effect
of the three vertical velocity components is to enhance the
upward motion over the 10 and intensify the downward
motion over the SWTP (Fig. 9d). The AMSC forcing in
May shows stronger positive anomalies over the central IO
than in April (Figs. 4, 6), which further enhances the local
0, ascending anomaly (Fig. 9¢). The strong low-level con-
vergence associated with northerly anomalies (Fig. S2h)
brings cold potential temperature advection and results in
ascending w;; anomalies (Fig. 9f). The negative potential
temperature tendency resulted from the cold temperature
advection induces ascending w,;;, anomalies (Fig. 9g). The
combined effect of the three vertical velocity components
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Fig.6 Regression results of a the column-integrated apparent mois-
ture sink, and b the apparent moisture sink along 80°E against the
normalized AMSCI in May (contour units: W/m?). The light and dark
shadings denote the 95% and 99% significance based on the Student’s
t test, and the blue and red shadings are for negative and positive
regression coefficients, respectively. In Panel a, rectangle A and B
denote the two key areas of the apparent moisture sink, and the pur-
ple contour represents the surface elevation threshold at 850 hPa. In
Panel b, the gray area in (b) denotes the surface elevation

is to enhance the upward motion over the central 10 and
the downward motion over the SWTP (Fig. 9h). Since the
magnitude of w,; and w;;, is much smaller than that of ®,,
the AMSC forcing plays a dominant role in modulating the
vertical circulation. When the AMSC is higher than nor-
mal, the anomalous vertical circulation would enhance the
coupling between the mid-level convection and the upper-
level divergence. The upper-level divergent circulation in the
upper reaches of the SAH track would keep strengthening
the SAH before June. Consequently, a stronger SAH would
shift farther northwestward in June.

6 Persistence of the correlation
between the AMSC and the position
of the SAH in June

To identify the persistency of the AMSC in the central IO-
SWTP region, we analyzed the temporal evolution of the
correlations between the zonal wind and the AMSCI in

spring, and between the zonal wind in spring and the SAH
meridional position in June. In particular, we calculated
the correlation between the 31-day running averages of the
AMSCI and the zonal winds at 24°N, 80°E from 1000 to
100 hPa in spring, between the M-SAHI in June and the
31-day running average of these zonal winds, and between
the Z-SAHI in June and the 31-day running average of these
zonal winds. The zonal wind is analyzed here because the
AMSC forcing persistently enhances the easterly wind in the
southern flank of the SAH from April to May (Fig. S2). The
higher apparent moisture sink in the central IO than in the
SWTP leads to significant negative correlation coefficients
between the 31-day running averages of the AMSCI and
the zonal winds at 24°N, 80°E in early spring between 850
and 400 hPa, and above 300 hPa (Fig. 10a). Once estab-
lished, these negative correlations persist until the end of
May. These significant negative correlation coefficients
indicate that the higher AMSCI results in stronger easterly
winds between the central IO and the SWTP in March—May.
The persistence is also apparent in the correlation between
the meridional position of the SAH in June and the 31-day
running average of the zonal winds at (24°N, 80°E) from
1000 to 100 hPa (Fig. 10b). A significant negative corre-
lation above 200 hPa appears in mid-April and persists to
late May. Similar conditions are found over 700-500 hPa.
These results also indicate that anomalous easterly winds,
especially those in the upper troposphere, are one of the
most important factors in causing an anomalous meridional
position of the SAH in June (Zhang et al. 2006; Wei et al.
2017; Ge et al. 2018a). There is also a significant correla-
tion between the Z-SAHI in June and the 31-day running
average of the zonal winds at (24°N,80°E), but it only per-
sists until the end of April within the mid-lower troposphere
(Fig. 10c).

The correlation coefficients between the meridional
position of the SAH in June and the 31-day running aver-
age AMSCI are statistically significant above the 99%
confidence level most of the time in spring (blue curve in
Fig. 10d). Similar correlations occur between the meridional
position of the SAH in June and the 31-day running average
of the diabatic heating field, calculated using the apparent
heat source in the central IO minus that in the SWTP (red
curve in Fig. 10d). The correlation between the AMSCI and
the zonal position of the SAH in June remains significant
from early April to the middle of May, but a significant cor-
relation with the apparent heat source only lasts until late
April (Fig. 10e). This indicates that the AMSC is continu-
ously linked with the SAH shift in June. The persistence
of significant correlations between the AMSC, zonal wind
and the SAH position in June further suggests that the three
variables are physically linked. A stronger apparent moisture
sink over the central IO than over the SWTP region results
in anomalous easterly winds between the two regions, which
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Fig.7 Regression results of
geopotential height at a 850 hPa
and b 100 hPa, divergent winds
at ¢ 850 hPa and d 100 hPa,
vertical divergent circulation
(vector, vertical velocity is
multiplied by 100) and veloc-
ity potential (contour, units:
4% 10° m?s™!) along e 80°E
and f 24°N against the normal-
ized AMSCI in May. The stip-
pling in panels a and b, and the

20°N

oN
10N—6

bold arrows in panels c—f denote
the 95% significance based on
the Student’s ¢ test. In panels
c—f, the light and dark shadings (c)
denote the 95% and 99% sig- 40°N
nificance based on the Student’s

t test, where the blue and red

shadings are for negative and 30°N
positive regressions coefficients,
respectively. The gray areas in 20°N
(a) and (c) denote the elevation
threshold at 850 hPa, and the
gray areas in (e) and (f) denote 10°N
the surface elevation
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enhances the northwestward shift of the SAH in June. When
the apparent moisture sink over the central 10 is weaker
than that over the SWTP, the opposite occurs and the SAH
is observed farther southeastward in June.

7 ECHAMG6 model results

Two sensitivity experiments were conducted using the
ECHAMG6 model to examine the key physical processes
by which the AMSC over the central IO (rectangle A in
Fig. 11a) and the SWTP (rectangle B in Fig. 11a) in spring
affect the northward shift of the SAH in June. Rectangles
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A and B are the same as those in Fig. 2. The apparent
moisture sink anomalies regressed against the AMSCI in
spring are used as forcing data in the sensitivity experi-
ments. Specifically, the apparent moisture sink anomalies
in the two rectangular areas are superimposed onto the
modelled specific humidity from 1st March to 31st May in
experiment No. 1 (EXP1), and profiles with opposite signs
(Fig. 11c) are applied to experiment No. 2 (EXP2). Note
that the solid curves in Fig. 11b, c represent the profile
of the anomalous apparent moisture sink added in rec-
tangle A, and the dashed curves represent the profile of
anomalous apparent moisture sink added in rectangle B.
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Fig.8 Regression results of
geopotential height at a 850 hPa
and b 100 hPa, divergent winds
at ¢ 850 hPa and d 100 hPa,
vertical divergent circulation
(vector, vertical velocity is
multiplied by 100) and veloc-
ity potential (contour, units:
3% 10° m2s7!) along e 80°E
and f 24°N in June against the
normalized AMSCI in April.
The stippling in panels a and b,
and the bold arrows in panels
c—f denote the 95% significance
based on the Student’s 7 test.

In panels c—f, the light and
dark shadings denote the 95%
and 99% significance based on
the Student’s ¢ test, where the
blue and red shadings are for
negative and positive regres-
sions coefficients, respectively.
The gray areas in (a) and (c)
denote the elevation threshold
at 850 hPa, and the gray areas
in (e) and (f) denote the surface
elevation
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those in EXP2 are analyzed as follows.

The AMSC over the central [O-SWPT induces negative
geopotential height anomalies in the lower troposphere asso-
ciated with positive geopotential height anomalies in the
upper troposphere (Fig. 12a, b). The divergent wind varies
accordingly, with a significant low-level convergence over
the central IO-SWTP and a significant upper-level diver-
gence from eastern China to the west of India (Fig. 12c,
d). The pressure-latitude section along 80°E features a pro-
nounced low-level convergence associated with significant
ascending motions around 10°N and significant upper-level
divergence (Fig. 12e). In the pressure-longitude section,
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significant low-level convergence and upper-level divergence

anomalies mainly occupy the west of 100°E (Fig. 12f).

The circulation response to the AMSC forcing grows
stronger in May. For example, the low-level geopotential
anomalies are more prominent than in April, whereas
the upper-level geopotential anomalies largely maintain
the same magnitude over the research domain (Fig. 13a,
b). These changes in geopotential height are consistent
with the divergent wind anomalies in the upper and lower
troposphere (Fig. 13c, d). The persistent modulation of
the AMSC considerably enhances the lower-level conver-
gence and upper-level divergence over South Asia. Both
the pressure-longitude and pressure-latitude cross-sections
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Fig.9 Vertical structure of a (a) Wo Apr. (e) Wo May
diabatic heating component 0, 125

b isentropic gliding component

g, ¢ isentropic displacement
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Fig. 10 a Correlations of the 31-day running averaged zonal winds at
(24°N, 80°E) with a the AMSCI, b the M-SAHI in June, and ¢ the
Z-SAHI in June. d Correlations of the M—SAHI in June with 31-day
running averaged AMSCI (blue curve) and the heating index cal-
culated as the apparent heat source in the central IO minus that in
the SWTP (red curve). (e) is the same as (d) but for the Z-SAHI in

show that the rising motion and upper-level divergence
anomalies become more pronounced in May (Fig. 13e, f).
The enhanced coupling between the low-level convergence
and upper-level divergence would facilitate the develop-
ment of SAH.

The anomalous circulation pattern favors the core of
the SAH shifting farther northwestward in June. In fact,
in June the SAH’s core is (33.1°N, 62.1°E) in EXP1 but
(31.6°N, 70.1°E) in EXP2. It is clear that the position of
the SAH’s core in June is farther northwest in EXP1 than
in EXP2. The difference in the position of the SAH’s core
passes the significance test above the 95% confidence level
in both the zonal and meridional directions. These mod-
elled results, which reproduce the main characteristics of
the observations well, indicate that the apparent moisture
sink contrast of the central IO and the SWTP is one of the
most important factors that influences the position of the
SAH in June.

T T T T T T T T T T T
1Apr. 6Apr. 11 Apr. 16 Apr. 21 Apr. 26 Apr. 1 May 6May 11 May 16 May 21 May

June. In panels (a)—(c), the light and dark shadings denote the 95%
and 99% significance based on the Student’s ¢ test, where the blue and
red shadings represent negative and positive correlation coefficients,
respectively. In panels d—e, the dashed and solid black lines denote
the threshold value of the 99% confidence level based on the Stu-
dent’s ¢ test

8 Summary

In this study, the meridional dipole of the spring AMSC over
the region spanning the central IO and the SWTP is identi-
fied as a significant leading signal for the SAH position in
June on an interannual timescale. The AMSCI is calculated
as the difference in the apparent moisture sink between two
key regions in spring. In 1979-2018, the correlation coef-
ficient between the April AMSCI in the central IO-SWTP
and the meridional position of the SAH’s core in June, calcu-
lated from the ERA-Interim data, is 0.56, and that associated
with the AMSCI in May is 0.48, with both values signifi-
cant at the 99% confidence level. The significant correlation
between the AMSCI and the position of the SAH’s core can
persist throughout the spring once it has been established
in early spring. The strongly persistent correlation between
the central IO-SWTP AMSCI and the position of the SAH’s
core in June indicates that the latent heating contrast within
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the central IO-SWTP in spring has powerful potential for
predicting the interannual variability of the SAH in June.

The statistical analysis and ECHAMG6 model experiments
further confirm that the AMSCI is a reasonable index for
predicting the position of the SAH in June. The key physical
processes linking the AMSC in spring and the meridional
position of the SAH’s core in June can be explained as fol-
lows: when the AMSC is higher than normal, the heating
pattern induces anomalous vertical circulation that further
enhances the coupling between the mid-level convection and
the upper-level divergence. The upper-level divergent circu-
lation occupies the upper reaches of the path along which
the SAH shifts northwestward to the Tibetan Plateau. This
promotes the movement of the SAH farther to the northwest
in June. When the AMSC is lower than normal, it induces the
opposite atmospheric response, causing the SAH to shift far-
ther southeastward than normal in June. The modeling results
obtained from the atmospheric general circulation model,
ECHAMBG, substantiate our hypothesis that the physical pro-
cesses described above are key to the position of the SAH.

The AMSC, as part of the atmospheric internal variabil-
ity, is subject to the SST anomalies in the Indo-Pacific region
and even the remote SST forcing. Research suggests that
the Indian Ocean Basin Mode (IOBM) is the main driver
of the thermal forcing of the Tibetan Plateau in late spring
(Zhao et al. 2018). The evolution of ENSO in boreal spring
can also modulate the diabatic heating related to the SAH
via the “atmospheric bridge” (Liu et al. 2017). The tropical
Indian Ocean warming generates easterly wind anomalies
that further offset the enhanced convection resulted from
the local SST warming in tropical western North Pacific
after spring (Lin et al. 2021). The SST configuration related
to the AMSC requires further investigation. This study has
focused on the correlation between the apparent moisture
sink contrast in the central IO-SWTP in spring and the posi-
tion of the SAH’s core in June on interannual timescales.
The ASM response to the global warming could change the
heating pattern that further causes an interdecadal variation
of the meridional position of the SAH’s core (Fig. 1c) (Li
et al. 2010). The physical processes behind this interdecadal
variation need further investigation.
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Fig. 12 The difference between
EXP1 and EXP2 (EXP1 minus
EXP2) in geopotential height at
a 850 hPa and b 100 hPa, diver-
gent winds (vector) and velocity
potential (contour, units:

2x 10°m?s™") at ¢ 850 hPa and
d 100 hPa, vertical divergent
circulation (vector, vertical
velocity is multiplied by 100)
and velocity potential (contour,
units: 2 x 10° m? s™!) along e
80°E and f 24°N in April. The
vertical velocity is multiplied
by 100 in (e) and 10 in (f). The
dotted areas in (a)—(b) and the
bold black arrows in (¢)—(f)
denote the 95% significance
based on the Student’s ¢ test.

In panels (¢)—(f), the light and
dark shadings denote the 95%
and 99% significance based on
the Student’s ¢ test, where the
blue and red shadings are for
negative and positive regres-
sions coefficients, respectively.
The gray areas in (a) and (c)
denote the elevation threshold
at 850 hPa, and the gray areas
in (e) and (f) denote the surface
elevation
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Fig. 13 The difference between
EXP1 and EXP2 (EXP1 minus
EXP2) in geopotential height
at (a) 850 hPa and (b) 100 hPa,
divergent winds (vector) and
velocity potential (contour,
units: 2 x 10° m?s™") at (¢)

850 hPa and (d) 100 hPa, verti-
cal divergent circulation (vector,
vertical velocity is multiplied
by 100) and velocity potential
(contour, units: 2 X 10> m2 s~
along (e) 80°E and (f) 24°N in

40°N

30°N

20°N —

10°N —

May. The vertical velocity is
multiplied by 100 in (e) and 10
in (f). The dotted areas in (a)— (c)
(b) and the bold black arrows in 40°N
(¢)—(f) denote the 95% signifi-
cance based on the Student’s ¢
test. In panels (¢)—(f), the light
and dark shadings denote the
95% and 99% significance based
on the Student’s ¢ test, where the
blue and red shadings are for
negative and positive regres- 10°N
sions coefficients, respectively.

The gray areas in (a) and (c)
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