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Abstract
The Indian monsoon is always considered to be a large-scale process that has a profound impact on the
agriculture and economic conditions of India. The present study addresses the role of South Asian High
(SAH) and subtropical westerly jet (STJ) on the onset and withdrawal of Indian monsoon. For this
purpose, we have utilized the output of the Regional Climate Model (RegCM v4.6) and reanalysis ERA5
pressure level data for 24 years (1982–2005) of study. We begin our analysis with the evaluation of
Tibetan Plateau (TP) heating and its connection with different atmospheric factors during the seasonal
transition of monsoon is perused. We have further tried to decipher the link between SAH and inter-annual
variability of monsoon. Our analysis shows the e�ciency of the model in simulating inter-annual
variability of monsoon onset and withdrawal features. The days of onset and withdrawal simulated by
the model have a similar mid-latitude connection as that obtained from the reanalysis data. The vertical
structure of the Hadley cell and the horizontal position of SAH have been produced realistically during the
transition of the monsoon. We found that the change in meridional position of STJ has a signi�cant
impact on phase-shifting of arrival and departure of monsoon. This repositioning of STJ in a meridional
direction is strongly correlated to the upper-level high developed over the eastern periphery of the western
paci�c which is an important component of monsoon �ow over the Bay of Bengal. Thus the zonal
position of SAH is observed to have direct implications on the onset and withdrawal dates of India.

1. Introduction
The Indian monsoon is mostly considered as a synoptic-scale process that was initially thought to be
driven by land-sea thermal contrast due to pre-monsoonal heating over Indian landmass. The classical
conception of sea-breeze and associated convection was proved to be inappropriate and it was replaced
by the notion of strong tropospheric temperature gradient in the atmosphere that makes conditions
favorable for deep convection (Flohn 1957; Schneider and Lindzen 1976; Yanai et al. 1992). Studies have
shown that the large sensible heating over Tibetan Plateau (TP) tends to develop a strong meridional
temperature gradient and baroclinicity that alters the general circulation of the atmosphere. Various
studies have categorized the thermal variability over TP into three segments, the eastern plateau region,
the central part, and the western plateau also known as the Iranian plateau (Wu and Zhang 1998; Wang et
al. 2008; Xie and Wang 2019). These have analyzed the individual and combined in�uences of TP
segments on the convective structure of the atmosphere over the South Asian region. In such studies, the
eastern part consists of the northern Bay of Bengal (BoB) and Indochina peninsula that affects
precipitation over China and Western Paci�c regions. The convective anomalies in this part are
signi�cantly high during the boreal summer due to the onset of the BoB monsoon. The onset process
aligns with the notable presence of an anticyclone in the upper troposphere that tends to move
westwards and establishes over the southern �ank of TP during the summer monsoon months of India.
This upper level high is known as the South Asian High (SAH) (Liu et al. 2013; Wei et al. 2017). SAH
begins to appear over the South China Sea during the late spring and moves northwestward in
subsequent months (Reiter and Gao, 1982; Chen et al., 1991). During boreal summer it is stabilized over
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southern Asia and TP and oscillates in the southeast-northwest directions (Mason and Anderson 1963;
Krishnamuti and Bhalme 1976).

Similarly, the western regions are dominated by Subtropical Jets (STJ) which developed over the
descending branch of Hadley cell as the result of Coriolis force, thus the regions where it appears
becomes a high-pressure zone that tends to inhibit convection. STJ is considered to modulate the genesis
and intensi�cation of western disturbance and Tibetan Plateau Vortices (TPV) in areas where seasonal
precipitation is not dominantly high (Li et al., 2011; Li et al., 2017). Hunt et al. (2018) have shown that
latitudinal shift in STJ has a strong relationship with Western Disturbances (WD) and TPV during boreal
spring and winter. Thus there are huge chances of their interference on the timing of onset and
withdrawal of summer monsoon over India. The thermodynamic conditions over western TP are strongly
connected to its topography, convective disturbance in the eastern parts, and temperature anomalies in
the western parts (Abe et al. 2013; Ge et al. 2017; Wang et al. 2019). Different studies have tried to
analyze the variability in position and intensity of STJ and its linkage with other atmospheric factors
(Ramaswamy 1961; Ding and Wing 2005; Hong et al. 2011). Sato (2009) showed that the thermal and
dynamical effects of the Tibetan Plateau (TP) have a profound in�uence on the meridional position of
STJ.

The importance of SAH for Asian monsoon has been realized in recent decades and several studies have
tried to understand its in�uence on monsoon conditions over the western Paci�c and China. E.g. Zhang et
al. (2002) revealed the bimodal displacement of SAH between TP and Iran which in�uences regional and
global precipitation distribution of Asia. SAH acts as a bridge between the Indian Summer Monsoon
(ISM) and East Asia Summer Monsoon (EASM) (Wei et al. 2015). Studies have shown that the years
having the stronger ISM rainfall correspond to the westward shift of SAH due to positive diabatic heating
rate over TP and Indian monsoon region (Wei et al. 2015; Wei et al. 2017). Thus, SAH is largely
considered to be in�uenced by the Indian monsoon but very few studies have focused on the two-way
relationship between monsoon and SAH. The present study attempts to �ll this gap by analyzing the
seasonal variability of SAH and its relationship with the meridional displacement of STJ on the inter-
annual time scale. We also evaluate the combined effect of SAH and STJ on the arrival and reversal of
the Indian monsoon. We presume that the shifting of SAH towards the northwest can dominate the
surface divergence caused by the descending branch of the Hadley cell which can promote the early
development of monsoon over India. The correlation and composite analysis are performed by extracting
the dates of onset and withdrawal and observing the location of the westerly jet and its phase
relationship with SAH are obtained. The study is organized as follows, Sect. 2 describes the details of
datasets being used, and Sect. 3 demonstrates the results from the model and reanalysis data. We have
concluded the study in Sect. 4.

2. Data And Methodology

2.1 Model and Data used
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For the present analysis, we have used the output of the Regional Climate Model (RegCM v4.6) which is
obtained for 24 years (1982–2005) of our study over the CORDEX South Asian domain. The description
of the experiment setup and parameterizations used is given in few recent papers (Kumar et al. 2019;
Agrawal et al. 2020). The model data is obtained at 25 Km horizontal resolution on daily basis. For
comparison of our results, we have used the reanalysis ERA5 dataset obtained at different pressure levels
for the same spatiotemporal resolution as that of the model. The analysis is performed by analyzing the
capability of the model in evaluating the climatological features of monsoon transition, variations in the
SAH, and the position of STJ. We further extracted the dates of monsoon onset and withdrawal to
comprehend the causes of their phase shifting. We have �nally tried to establish a relationship between
STJ, SAH, and ISM on the inter-annual time scale.

2.2 Methodology for the selection of Onset and Withdrawal
dates
The onset of the Indian monsoon is accompanied by several changes in tropospheric circulation,
temperature, and precipitation over India and its adjoining regions. It is marked as the beginning of 4
month-long rainy season in India and different methodologies have tried to evaluate this (Fasullo and
Webster 2003; Pai and Rajeevan 2009; Wang et al. 2009; Carvalho et al. 2016; Ordonez et al. 2016). These
studies have tried to determine the date of Monsoon Onset over Kerala (MOK) by analyzing the rainfall,
humidity, Outgoing Longwave Radiation (OLR), and winds over the Kerala region. The exact dates of
monsoon onset and withdrawal are released by the Indian Meteorological Department IMD every year and
it has been seen that Pai and Rajeevan (2009) have the potential to improve the forecasting skill of MOK
(Chevturi et al. 2019). It has been further realized that most of the parameters used for evaluation of
onset and withdrawal dates are subjective and can provide a bogus measure to monsoon when used
operationally (Soman et al. 1993; Taniguchi and Koike 2006; Joseph et al. 2015). Xavier et al. (2007)
showed that reversal in meridional temperature gradient near the surface and upper troposphere
establishes necessary baroclinic structure over India for monsoon. The difference in upper tropospheric
temperature (averaged between 600 hPa and 200 hPa) between a northern (40°:100°E, 5°:35°N) and a
southern box (40°:100°E, 15°S:5°N) turned out to be a reliable estimate for monsoon onset. The onset is
de�ned at the date where TT reverses its sign showing the low pressure over the Indian landmass. This
criterion is thought to be convenient by most of the modeling studies as the temperature is well simulated
in present state–of–the–art climate models. The present study utilizes the same criteria provided by
Xavier et al. (2007) to evaluate the dates of monsoon onset and withdrawal and to understand its link
with other atmospheric factors.

3. Results And Discussion
In the present study, we have tried to assess the capability of the model in simulating and understanding
the basic features of monsoon transition and its relationship with SAH. The analysis is being performed
by evaluating the climatological and inter-annual variability of monsoon onset and withdrawal. We
further intend to investigate the shifting in onset and withdrawal dates and its link with STJ and SAH.
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3.1. Climatological conditions of monsoon transition and
associated circulation
Figure1 shows the climatological changes in TT gradient between northern and southern boxes following
Xavier et al., (2007). We observe a sudden change in the sign of TT gradient between May and June that
corresponds to the shift of the low-pressure belt over India (Fig. 2). The TT gradient becomes positive due
to the solar insolation prior to the monsoon and it remains positive throughout the monsoon period due
to the diabatic heating of clouds and cloud-radiative effects that ampli�es the monsoon �ow. The
strongest values appear between July and August when the monsoon is observed to be at its peak.
Thereafter we obtain signi�cant weakening in meridional thermal contrast that changes its sign again
during the withdrawal of monsoon when the seasonal heating is shifted southwards. The off-equatorial
heating in subtropical zones over India incites cross-equatorial �ow as per the circulation pattern shown
by Gill (1980). Thus the reversal of thermal structure affects the direction of winds throughout the
troposphere and a strong wind shear between the lower and upper troposphere is also formed. We have
shown the difference in zonal winds at the upper (200 hPa) and lower (850 hPa) troposphere in Fig. 1.1
for the same mean monsoon period. The changes in wind shear reveal the presence of a persistent
southwesterly jet near the lower troposphere. The intensity of this jet determines the strength of the
monsoon and it is intensi�ed the most during the July-August months. It weakens in subsequent months
and is diminished as the withdrawal of monsoon appears to set about. The model has shown e�ciency
in capturing these features realistically. The reversal of TT gradient has always been associated to the
growth of diabatic heating over Indian landmass due to monsoon convection. The steep turnaround of
TT gradient is observed to causes a signi�cant shift in surface pressure too. Figure 2 shows the seasonal
evolution in Mean Sea Level Pressure (MSLP) anomalies (in hPa) averaged between a northern box (500

E-1000 E; 200 N-350 N). The MSLP values are observed to face a steep decline in the pre-monsoon period,
the values drop by ~ 10 hPa during the strongest monsoon months of July and August. The values
appear to increase gradually after the monsoon season. Thus, the changes in TT gradient are expected to
be contributed mainly by the north tropical belt (> 200 N) including the TP and Iran-Afghanistan regions.

The transitions of temperature and wind shear during the Indian monsoon are strongly in�uenced by the
seasonal heating of TP. The climatological variability of sensible heating averaged over 300 N − 450 N of
TP is shown in Fig. 3 from the model and reanalysis datasets. The heating appears to intensify during the
pre-monsoon season and lasts up to the departure of monsoon in both the datasets. The earlier warming
of eastern TP is associated with the diabatic heating due to monsoon onset in the Bay of Bengal that
typically appears in May whereas delayed warming in the western parts is closely linked with the
subsidence over Iran-Afghanistan regions due to their diabatic cooling in the spring season (Yanai et al.
1992). The large heating of TP is known to induce a Rossby wave response that is characterized by low-
level cyclonic ascent over the southeastern plateau and anti-cyclonic descent over northwestern parts
including the Pakistan-Iran-Afghanistan regions. The resultant upper-level divergence over the
southeastern plateau is known to control seasonal precipitation over India and its neighborhood. Since
the eastern part is strongly in�uenced by SAH during the pre-monsoon season, it becomes necessary to
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understand its zonal shift and associated in�uence on western TP during the monsoon season. For this
reason, we have considered the South Asian High Index (SAHI) which is de�ned as the standardized
series for 200 hPa geopotential height averaged between (20°–27.5°N, 85°–115°E) and (27.5°–35°N,
50°–80°E) that provides a useful estimate of SE-NW shift of SAH (Wei et al., 2015). The horizontal extent
of SAH covers north Africa and western Paci�c regions and it provides a useful estimate of divergence
and temperature variability in the upper atmosphere (Wei et al. 2017). The seasonal variability of SAHI
from the model and reanalysis datasets is shown in Fig. 4. A positive SAHI represents an eastward shift
of SAH whereas the negative values indicate a westward shift. Figure 4 shows that SAHI starts to migrate
to the westward parts of the plateau during the summer monsoon months and remains therein during the
peak monsoon period of July-August. The westward shift of SAH is linked to multiple atmospheric
oscillations, circulation of western paci�c, Bay of Bengal, and northwestern regions. The zonal shift of
SAH stimulates moisture convergence and convective development over India. The SAH is located in the
west during the monsoon season as appears to shift eastward in the subsequent months as the �ow of
the monsoon weakens following the withdrawal.

The seasonal variability of the sun affects the meridional position of Hadley cell (HC) too. During the
boreal summer, the descending branch of HC approaches the subtropics and gets re�ected eastward due
to the rotation of the earth. This effect produces a subtropical jet that surrounds India and its neighboring
regions throughout the year. Figure 4 shows the climatological variability in the latitudinal shift of the STJ
axis averaged between 700E-900E longitude belt. The jet seems to cover India throughout the year except
during the monsoon. The STJ moves northwards as the upper level high over TP intensi�es and moves
westwards (Fig. 3). During this period there exists ascending motion over TP and eastern India whereas
notable subsidence is observed over northwestern regions including Pakistan-Afghanistan. The low-level
divergence and upper-level convergence form the upper-level Rossby wave due to the presence of upper
level high over TP. The appearance of this wave is seen as a Gill response to tropical heating by various
studies and it has the potential to affect the position of STJ. On the eastern side, the SAH induces tropical
westerlies (easterlies) in its northern (southern) �ank and the change in its position affects the axis of the
two jets locally. As the SAH progresses westward, there is a northward shift in the jet axis too. The
latitudinal shift of the jet axis allows tropical convection to form over India during summers. The jet
appears to move southwards as the monsoon �ow weakens and SAH shifts eastwards.

3.2 Interannual Variability

3.2.1 Assessment of Onset and Withdrawal dates
The transition of monsoon accompanies large thermodynamical changes over India. To study these
changes we tried to obtain the dates of monsoon arrival and withdrawal as per the criteria mentioned in
Sect. 2.2. The time series showing the inter-annual variability in onset and withdrawal dates in Julian
days are shown in Fig. 5. Dates extracted using the model data appear to be similar to the inter-annual
dates provided using the ERA5 reanalysis data �elds during the onset of the monsoon. The mean
monsoon onset date over 24 years of the study is obtained to be 22 May with a standard deviation of 9
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days from the model whereas the reanalysis data provides 23 May as the mean onset date with a
standard deviation of 9.5 days. Thus the model has shown e�ciency in simulating the arrival of the
Indian monsoon on the inter-annual time scale. The differences are evident when considering its
departure in Fig. 5 which shows inconsistent dates of monsoon withdrawal from the model and
reanalysis data. The length of the Indian monsoon is in�uenced by various atmospheric and oceanic
responses which have signi�cantly affected the withdrawal dates of the monsoon in the model. Here the
mean withdrawal dates are estimated to be 5 October with a standard deviation of 11 days from the
model output. The reanalysis data shows the mean monsoon departure on 14 October with a standard
deviation of 9.3 days. Moreover, the onset of monsoon has a downward trend in both the datasets which
shows the tendency of early monsoon onset in later decades. The withdrawal of summer monsoon on
the other hand has no speci�c trend in the reanalysis data whereas it is signi�cantly downward in the
model data. Thus the model has produced realistic timing of onset but the discrepancies still exist while
considering the timing of withdrawal.

We further determined the correlation between the transition dates of the monsoon and the SAHI in Table
1. The correlations were obtained from the reanalysis ERA5 and the RegCM v4.6 datasets. Our analysis
shows that the onset and withdrawal phase of monsoon are signi�cantly correlated with the SAHI in both
datasets. The westward (eastward) position of SAH is observed to be favorable for the early-onset
(withdrawal) of the monsoon. It is worth noting that the onset and withdrawal dates of monsoon are
extracted from the deep tropospheric temperature gradient between the northern and southern
hemisphere boxes. Therefore, the variability of monsoon transition is expected to be linked strongly to TT
changes in the northern box. We have quanti�ed the correlation between the TT gradient of the northern
box and SAHI during the May-June-July-August-September-October (MJJASO) months for 24 years of our
study. The CC between SAHI and TT gradient is observed to be very strong (~ -0.8) from both datasets.
The CC value exceeds − 0.98 when the climatological MJJASO months were considered. Since the
evolution of SAHI has been associated to western Paci�c and the monsoon circulation of BoB in previous
studies, the possible drivers of large TT gradient can be associated with the released diabatic heating of
Indian monsoon convection and western Paci�c in�uences. This suggests that the SAHI can either be
seen as a cause or an effect of the large TT change during the monsoon transition.

Table 1
Correlation between SAHI and the

dates of monsoon onset and
withdrawal

SAHI RegCM v4.6 ERA5

Onset 0.42 0.47

Withdrawal -0.32 -0.39

3.2.4 Hadley Cell and associated convection
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The relationship between SAHI and monsoon transition is expected to be understood by looking at the
out�ow characteristics of HC that is developed over the tropical Indian landmass region. Therefore, we
quanti�ed the position of HC averaged between the longitude range of 750E − 950E and associated
vertical motion during the earlier and delayed monsoon periods. All the values are displayed on the day of
mean onset and withdrawal from both the datasets. Generally, the HC is formed when the seasonal
position of the sun and diabatic heating of the atmosphere produces near equator ascent that transports
the air poleward at higher altitudes. Air at these latitudes faces signi�cant descent and it starts moving
equatorward in the lower troposphere. Figures 6 and 7 show meridional components of velocity and
corresponding ascent/descent to depict the position of HC during earlier and late periods of monsoon
transition. We observe that during the years of early-onset the HC is located as per its theoretical
description on the mean monsoon onset day. The tropical heat source seems to be located around 100N
which causes signi�cant ascent and produces poleward air aloft. The heat sink and associated descent
are observed in the sub-tropical latitude range of 300N– 400N from where we observe equatorward winds.
The years of delayed onset show reversed condition of HC, here we observe weakened ascent and
descent at tropical and subtropical latitude positions which have failed to produce the expected
circulation pattern. The positions of heat source and sink are exchanged during this period which results
in equatorward winds aloft and the absence of characteristic Hadley circulation. A similar situation is
observed during the withdrawal. The early withdrawal shows distorted HC on the mean withdrawal date,
whereas the late withdrawal shows that the presence of HC is appropriate as per its description in both
the datasets.

3.2.3 South Asian High and the position of the subtropical
jet
We now investigate the location of the westerly STJ axis during the early and delayed phases of
monsoon from both the datasets in Fig. 8. We observed that earlier (delayed) onset accounts for the
northward (southward) shift of STJ during the day of monsoon onset. The regions occupied by STJ face
subsidence due to the proximity of descending limb of HC. The existence of STJ over India restricts the
�ow of monsoon and inhibits the development of low-pressure systems therein. The earlier withdrawal of
monsoon occurs as the STJ begins to shift southward in India and prevents it from receiving further
precipitation by reinforcing cooler and drier air from the mid-latitude regions. During the delayed
withdrawal it remained close to the northward �ank of TP that continued the seasonal �ow of monsoon
on the mean day of monsoon withdrawal in both the datasets. We have now quanti�ed the composite
value of SAHI from the observed and model dataset. We found that during the years of early-onset the
SAH index remains slightly negative whereas the delayed onset accounts for positive values of SAHI.
Similarly for withdrawal SAHI appears to be stronger in the model data and has positive (negative) values
during early (late) withdrawal of monsoon. This shows that the northwestward position of SAH is
favorable for the Indian monsoon. A similar result of the westward shift of Tibetan high during the onset
of the Indian monsoon is also reported in Saini et al. (2011). The westward position of SAH is thought to
be affected by the diabatic heating of the Indian monsoon to its northwestern parts. Similarly, the
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strength of SAHI helps determine the condition of ISMR by blocking the moisture in the Indian
subcontinent. The zonal shift in SAH should signi�cantly affect the easterly and westerly jets over
southern and northern �anks of the Himalaya respectively whose positions are known to affect the
direction of winds and precipitation rate throughout the monsoon season (Li et al. 2019; Cen et al. 2020).

The relationship of SAH and westerly STJ is investigated in Fig. 9. It shows the scatter plot and
correlation coe�cient (CC) between the two time series for the May-June-July-August-September-October
months for 24 years of study. The scatter diagram of the two quantities is highly clustered and has a
negative correlation of -0.7 and − 0.6 from the observed and model datasets respectively. This shows that
whenever SAHI becomes negative, the latitude of the STJ axis is meridionally elevated and vice versa.
This happens as the upper-level anticyclone reinforces the westerlies in the north and has the potential to
shift the axis of the midlatitude jet. We should observe a similarly strong relationship of SAH with easterly
jet too but we have not tried to assess this in the present study. To check the signi�cance of this result we
have further obtained the composite location of STJ during different phases of SAH for the boreal
summer months in Fig. 10. It shows that STJ occupies major parts of northern India when the position of
SAH is located eastward. As SAH begins to move westward, STJ appears to shift northwards. It is
stabilized at the northern �ank of TP when SAH appears to localize in the northwestern regions as in the
case of the Indian monsoon. Thus our hypothesis that SAH controls the position of STJ gets con�rmed
as we analyzed Fig. 10. We have seen that zonal shift in SAH has a strong relationship with the transition
of monsoon. The phase-shifting in the timing of onset and withdrawal can be predicted accurately in
advance if the strength of SAH is known.

4. Conclusion
The onset and withdrawal of the Indian monsoon are critical for harvesting, hydro-power plants, and
management of water resources. The commencement of the summer monsoon brings moisture-laden
winds from the southwestern coast that moves northwestward and covers major parts of India for a few
weeks whereas its departure begins when the cooler and drier winds start to prevail thereby sweeping the
convective activity over India. The position of surface low and upper-level high generated in the vicinity of
TP plays a pivotal role in the establishment and progression of monsoon winds. The present study tries
to analyze the variability in upper level high and its relationship with STJ which affects the onset and
withdrawal of the Indian monsoon. We performed our study with the help of RegCMv 4.6 and reanalysis
ERA5 datasets. The model has shown e�ciency in capturing large-scale features of onset and
withdrawal throughout the study. The statistical measures of inter-annual variability of monsoon onset
are coherent with the observations. There exist certain differences in the withdrawal dates but the model
has captured the underlying characteristics realistically. We observe that the relationship between SAH
and STJ is well simulated by the model. The analysis shows a negative correlation between SAH and
STJ. We found that STJ shifts northward as the SAH moves westwards and vice versa. The zonal
displacement of SAH affects the onset and withdrawal of the Indian monsoon as well. The delay of onset
and early withdrawal appears when the position of SAH is located to the east. Due to which STJ begins to
cover northern parts of India which hinders the development of convective activity over therein. Similarly,
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the years of earlier onset and delayed withdrawal have shown the westward position of SAH which has
shifted the position of STJ northward away from the Indian subcontinent. We obtained a similar pattern
in both our datasets. Thus, the model has realistically captured the interannual variability of onset and
withdrawal features of monsoon including the position of STJ and SAH. Our analysis suggests that more
studies on SAH can be used as a major predictor of monsoon transition over India and the studies on
SAH need to be further encouraged to gain further insights into the Indian monsoon and its
teleconnection.

5. Declarations
Funding

The authors have received no funding for this research.

Author’s contribution

The �rst author has performed the analysis and framed the results, the corresponding author has
supervised the work.

Con�ict of interest

The authors report no con�ict of interest.

Availability of data and material

Data used in this analysis can be shared if required by reviewers and editors.

Code availability

We can share the MATLAB codes used for the analysis.

Ethics approval

All applicable international, national, and/or institutional guidelines were followed.

Consent to participate

All the participants provide their consent for participation in this study.

Consent for publication

All the authors give their consent for publication of the manuscript.

References



Page 11/23

Abe, M., Hori, M., Yasunari, T., and Kitoh, A. (2013) Effects of the Tibetan Plateau on the onset of the
summer monsoon in South Asia: The role of the air-sea interaction, J. Geophys. Res. Atmos., 118, 1760–
1776, doi:10.1002/jgrd.50210.

Carvalho, L. M. V., C.Jones, F. Cannon, and J. Norris, (2016) Intraseasonal-to-interannual variability of the
Indian monsoon identi�ed with the large-scale index for the Indian monsoon system (LIMS). J. Climate,
29, 2941–2962, doi:https://doi.org/10.1175/JCLI-D-15-0423.1

Cen, S., Chen, W., Chen, S. et al. (2020) Potential impact of atmospheric heating over East Europe on the
zonal shift in the South Asian high: the role of the Silk Road teleconnection. Sci Rep 10, 6543.
https://doi.org/10.1038/s41598-020-63364-2

Chen, L. X., Q. Zhu, H. Luo, J. He, M. Dong, and Z. Feng, (1991) East Monsoon(in Chinese). China
Meteorological Press, 362 pp

Chevuturi, A., Turner, A.G., Woolnough, S.J. et al. (2019) Indian summer monsoon onset forecast skill in
the UK Met O�ce initialized coupled seasonal forecasting system (GloSea5-GC2). Clim Dyn 52, 6599–
6617. https://doi.org/10.1007/s00382-018-4536-1

Ding, Q., & Wang, B. (2005) Circumglobal teleconnection in the Northern Hemisphere summer. Journal of
Climate, 18(17), 3483– 3505. https://doi.org/10.1175/JCLI3473.1

Fasullo ,J., and P. J. Webster, (2003) A hydrological de�nition of Indian monsoon onset and withdrawal. J.
Climate, 16, 3200–3211, doi: https://doi.org/10.1175/1520-0442(2003)016<3200a:AHDOIM>2.0.CO;2

Flohn H. (1957) Large-scale aspects of the “summer monsoon” in southand east Asia. J. Meteor. Soc.
Japan75th Ann. Vol., 180 – 186.

Ge, F., Sielmann, F., Zhu, X. et al. (2017) The link between Tibetan Plateau monsoon and Indian summer
precipitation: a linear diagnostic perspective. Clim Dyn. 49, 4201–4215. https://doi.org/10.1007/s00382-
017-3585-1

Gill AE. (1980) Some simple solutions for heat-induced tropical circulation. Q. J. R. Meteorol. Soc. 106:
447 – 462.

Hong, C. C., Hsu, H. H., Lin, N. H., & Chiu, H. (2011) Roles of European blocking and tropical‐extra tropical
interaction in the 2010 Pakistan �ooding. Geophysical Research Letters, 38, L13806.

Joseph, S. et al., (2015) Development and evaluation of an objective criterion for the real-time prediction
of Indian summer monsoon onset in a coupled model framework. J. Clim. 28, 6234–6248.

Krishnamurti TN, Bhalme H (1976) Oscillations of a monsoon system. Part I. Observational aspects. J
Atmos Sci 33:1937–1954

https://doi.org/10.1002/jgrd.50210
https://doi.org/10.1175/JCLI-D-15-0423.1
https://doi.org/10.1007/s00382-018-4536-1
https://doi.org/10.1175/JCLI3473.1
https://doi.org/10.1175/1520-0442(2003)016


Page 12/23

Li, L., Zhang, R., H., & Wen, M. (2011) Diagnostic analysis of the evolution mechanism for a vortex over
the Tibetan Plateau in June 2008. Advances in Atmospheric Sciences, 28(4), 797–808.

Li, L., Zhang, R., H., & Wen, M. (2017) Genesis of southwest vortices and its relation to Tibetan Plateau
vortices. Quarterly Journal of the Royal Meteorological Society, 143(707), 2556–2566.

Li, L., Zhang, R., Wen, M. et al. (2019) Characteristics of the Tibetan Plateau vortices and the related large-
scale circulations causing different precipitation intensity. Theor Appl Climatol 138, 849–860.
https://doi.org/10.1007/s00704-019-02870-4

Liu, Boqi & Wu, Guoxiong & Mao, Jiangyu & He, Jinhai. (2013) Genesis of the South Asian High and Its
Impact on the Asian Summer Monsoon Onset. Journal of Climate. 26. 2976-2991. 10.1175/JCLI-D-12-
00286.1.

Mason RB, Anderson CE (1963) The development and decay of the 100 mb summertime anticyclone over
southern Asia. Mon Weather Rev. 91:3–12.

Pai ,D. S., and M. N. Rajeevan, (2009) Summer monsoon onset over Kerala: New de�nition and prediction.
J. Earth Syst. Sci.,118, 123–135, doi:https://doi.org/10.1007/s12040-009-0020-y.

Ramaswamy, C. (1962) Breaks in the Indian summer monsoon as a phenomenon of interaction between
the easterly and the sub-tropical westerly jet streams. Tellus, 14: 337-349. https://doi.org/10.1111/j.2153-
3490.1962.tb01346.x

Reiter, E. R., and D. Gao, (1982) Heating of the Tibet Plateau and movements of the South Asian high
during spring. Mon. Wea. Rev., 110, 1694–1711.

Saini, R., M. Barlow, and A. Hoell, (2011) Dynamics and Thermodynamics of the Regional Response to the
Indian Monsoon Onset. J. Climate, 24, 5879–5886.

Sato, Tomonori. (2009) In�uences of subtropical jet and Tibetan Plateau on precipitation pattern in Asia:
Insights from regional climate modeling. Quaternary International. 192. 148-158.
10.1016/j.quaint.2008.07.008.

Schneider E, Lindzen R. (1976) On the in�uence of stable strati�cation on the thermally driven tropical
boundary layer.J. Atmos. Sci. 33:1301 – 1307.

Soman, M. K. & Kumar, K. K. (1993) Space-Time Evolution of Meteorological Features Associated with the
Onset of Indian Summer Monsoon. Mon. Weather Rev. 121, 1177–1194.

Taniguchi, K. & Koike, T. (2006) Comparison of de�nitions of Indian summer monsoon onset: Better
representation of rapid transitions of atmospheric conditions. Geophys. Res. Lett. 33, 1–5.

https://doi.org/10.1007/s12040-009-0020-y
https://doi.org/10.1111/j.2153-3490.1962.tb01346.x


Page 13/23

Wang, B., Q. Bao, B. Hoskins, G. Wu, and Y. Liu, (2008) Tibetan Plateau warming and precipitation
changes in East Asia. Geophys. Res. Lett., 35, L14702 , https://doi.org/10.1029/2008GL034330

Wang, B., Q.Ding, and P. V. Joseph, (2009) Objective de�nition of the Indian summer monsoon onset. J.
Climate, 22, 3303–3316, doi:https://doi.org/10.1175/2008JCLI2675.1.

Wang, Z., Yang, S., Duan, A. et al. (2019) Tibetan Plateau heating as a driver of monsoon rainfall
variability in Pakistan. Clim Dyn.,  52, 6121–6130. https://doi.org/10.1007/s00382-018-4507-6

Wei, W.; Zhang, R.; Wen, M.; Rong, X.; Li, T. (2014) Impact of Indian summer monsoon on the South Asian
High and its in�uence on summer rainfall over China. Clim. Dyn., 43, 1257–1269.

Wei, W., R.Zhang, M.Wen, B.-J.Kim, and J.-C.Nam, (2015) Interannual variation of the South Asian high
and its relation with Indian and East Asian summer monsoon rainfall. J. Climate, 28, 2623–2634.

Wei, W., R. Zhang, M. Wen, and S. Yang, (2017) Relationship between the Asian Westerly Jet Stream and
Summer Rainfall over Central Asia and North China: Roles of the Indian Monsoon and the South Asian
High. J. Climate, 30, 537–552.

Wu, G., and Y. Zhang, (1998) Tibetan Plateau Forcing and the Timing of the Monsoon Onset over South
Asia and the South China Sea. Mon. Wea. Rev., 126, 913–927, https://doi.org/10.1175/1520-
0493(1998)126<0913:TPFATT>2.0.CO;2.

Xie, Z., and B. Wang, (2019) Summer Atmospheric Heat Sources over the Western–Central Tibetan
Plateau: An Integrated Analysis of Multiple Reanalysis and Satellite Datasets. J. Climate, 32, 1181–
1202, https://doi.org/10.1175/JCLI-D-18-0176.1

Yanai M, Li CF, Song ZS. (1992) Seasonal heating of the Tibetan Plateauand its effects on the evolution
of the Asian summer monsoon. J.Meteorol. Soc. Jpn, 70: 319 – 351

Figures

https://doi.org/10.1029/2008GL034330
https://doi.org/10.1175/2008JCLI2675.1
https://doi.org/10.1175/1520-0493(1998)126%3C0913:TPFATT%3E2.0.CO;2
https://doi.org/10.1175/JCLI-D-18-0176.1


Page 14/23

Figure 1

TT gradient and vertical wind shear from the model and ERA5 data, solid lines represent the reanalysis
whereas dashed lines correspond to the model simulation.
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Figure 2

Seasonal distribution of MSLP anomalies (in hPa) averaged between 500 E-1000 E; 200 N – 350 N from
the reanalysis ERA5 and model data.
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Figure 3

Climatological changes in Sensible Heating (in W/m2) averaged over 300 N-450 N of the TP region from
the model and the ERA5 data
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Figure 4

Seasonal variability of SAHI and STJ axis obtained from the RegCM and reanalysis ERA5 datasets
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Figure 5

Inter-annual variability of monsoon (a) onset and (b) withdrawal from the reanalysis ERA5 and the model
data. The trend is depicted through thick dashed lines and dotted thin lines represent a 95% prediction
level.
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Figure 6

Meridional winds during the period of early and late withdrawal

Figure 7

Vertical velocity during the period of early and late withdrawal
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Figure 8

Position of STJ axis during (a) early and (b) delay onset. Shaded regions represent the zonal winds (in
m/sec) and boxed lines represent the axis of the STJ. (Figure 8.1 in the manuscript.) Note: The
designations employed and the presentation of the material on this map do not imply the expression of
any opinion whatsoever on the part of Research Square concerning the legal status of any country,
territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This
map has been provided by the authors.
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Figure 9

Position of STJ axis during (a) early and (b) delay withdrawal. Zonal winds are demonstrated using
shaded regions (in m/sec), the boxed lines represent the STJ axis. (Figure 8.2 in the manuscript.) Note:
The designations employed and the presentation of the material on this map do not imply the expression
of any opinion whatsoever on the part of Research Square concerning the legal status of any country,
territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This
map has been provided by the authors.
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Figure 10

Scatter Diagram showing the relationship between SAHI and meridional position of STJ as per the (a)
reanalysis (b) model data
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Figure 11

Position of STJ during different phases of SAH (a) SAHI>0 (b) SAHI = 0 (c) SAHI<0 as per the model and
reanalysis dataset. Shadings represent the zonal winds (in m/sec). Note: The designations employed and
the presentation of the material on this map do not imply the expression of any opinion whatsoever on
the part of Research Square concerning the legal status of any country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by
the authors.


