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Abstract

In this study, the onset and cessation of rainy season over the Hengduan Mountains (HM) are determined by an objective
method. The onset and cessation of climatological rainy season are largely controlled by large-scale circulation systems, such
as the Indian summer monsoon (ISM), 200 hPa subtropical jet, and the South Asian high. Both onset and cessation dates
exhibit strong interannual variability. For late onset, the lower-level northeasterly anomalies over the north Indian Ocean
(IO) delay the advance of moisture transported by ISM, and are excited by the positive SST anomalies over the southwest 10.
In accord with late cessation, the equatorial west IO cooling adjusts the zonal overturn circulation and causes the west side
wet anomalies, which trigger the north IO cyclonic wind anomalies and the northwest Pacific anticyclonic wind anomalies
following Gill response. These two anomalous flows merge, turn southerly, and continuously transport moisture to the HM,
prolonging the rainy season. At upper levels, the late onset and cessation related circulation anomalies are almost mirror
images and highly resemble the Silk Road pattern. The anomalous upper and lower-level circulation cooperate and favor the
dynamical and thermodynamical processes, which contribute to the vertical motion anomalies and finally affect the onset
and cessation dates. Especially, the 200 hPa geopotential height anomaly center on the north side of the Arabian Sea (AS)
is stronger than the other centers both for late onset and cessation, and coincides well with the nearby Rossby wave source,
which are reinforced via the planetary vorticity stretching term due to the upper-level wind anomalies induced by the 10
SST anomalies.

Keywords Onset and cessation date - Rainy season - Hengduan Mountains - Omega equation - Silk Road pattern - Rossby
wave source

1 Introduction

The Hengduan Mountains (HM) lie on Southwest China and
the southeast side of the Tibetan Plateau (TP), with lati-
tude and longitude ranging from 24° N to 35° N and 96°
E to 105° E, respectively (Fig. 1a). The word “Hengduan”
means “block” in Chinese, and this region gets its name
because that the HM has a unique three-dimensional land-
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scape featured with high mountains and deep valleys and
blocks east—west traffic. The HM shows the world's steepest
elevation drop, ranging from the TP at about 4800 m to the
Sichuan basin at about 600 m in the distance of 500 km.
Several major Asian rivers, as the Yangtze River and the
Yellow River in China, the Mekong River and the Salween
River over the Indochina Peninsula, and so on, originate
from or flow through this region. Besides, the HM is a global
biodiversity hotspot and have more than 12,000 species of
vascular flora (e.g., Myers et al. 2000; Nie et al. 2002; Xing
and Ree 2017; Cheng et al. 2018), flourishing in a diverse
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Fig.1 a Topography (shaded; m) from ETOPOI1, geographic loca-
tion of the HM (red box), and distribution of 151 stations (red dots).
b Cumulative climatological daily precipitation anomaly at Yany-

ecosystem consisting of forests, grasslands, rivers, lakes, and
glaciers.

The HM is the transition zone between the South Asian
and East Asian monsoons, and possess a typical monsoon
climate with distinct rainy and drought season. The annual
precipitation exceeds 900 mm per year on average, and the
rainy season starts from May to October, when the total pre-
cipitation accounts for 80-90% of the whole year (Gao et al.
2013; Dong et al. 2018, 2019; Tao et al. 2020). Whereas
from November to next April are the drought season with a
little precipitation, leading to the high frequency of drought
and wildfire occurrence during this period (e.g., Tian et al.
2010, 2014; Wang et al. 2015, 2016; Luo et al. 2019).

During the rainy season, lower-level southwest winds
prevail over the HM, connecting the South Asian and East
Asian summer monsoons (Zhu et al. 2013; Zhang et al. 2014;
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b mark the onset and cessation date of climatological rainy season,
respectively

Dong et al. 2018). The spatial distribution of climatological
rainy season precipitation exhibits a decreasing tendency
from the south of HM to the north due to the orographic
effects, as the terrain and mountain direction changes (Dong
and Duan 1998; Tao et al. 2020). The wet and dry anomalies
over the HM during rainy season cooperate well with the
changes of South Asian and East Asian summer monsoons
(Simmonds et al. 1999; Wang et al. 2001; Zhou et al. 2009;
Zhang et al. 2015; Zhu et al. 2016; Tan et al. 2018), and are
largely influenced by the tropical air-sea interactions and
atmospheric processes at middle and high latitudes (Zhang
et al. 2013; Feng et al. 2014; Dong et al. 2018; Tao et al.
2021).

Precipitation is a key variable for the water cycle over
the HM (Dong et al. 2016; Wang et al. 2021), and disas-
ters related to precipitation, as drought and wildfire, occur



The onset and cessation of rainy season over the Hengduan Mountains

frequently in this region. Some disastrous droughts around
the HM during rainy season are partially related to the pre-
cipitation deficiency, as 2006 and 2011 (Li et al. 2011; Wang
et al. 2012, 2016). Moreover, less rainy season precipitation
reduces the moisture content in live and dead fuels, which
contribute to the expand of burned areas during drought sea-
son through speeding up the fire spread rate and increasing
the flame length (Agee et al. 2002; Chuvieco et al. 2009;
Luo et al. 2019). The length of rainy season is one of fac-
tors affecting rainy season precipitation over the HM, and
are determined by the timing of onset and cessation, which
can also directly affect these disasters. The onset (cessa-
tion) of rainy season represents the transition from dry (wet)
to wet (dry) season. If one year’s rainy season begins late
(end early), the resulted less precipitation favors the spring
(autumn) drought or even prolonged drought from pre-sea-
son in this region (Ding and Gao 2020). For example, the
droughts in autumn of 2009 and spring-early summer of
2018 are attributed to the late onset and early cessation of
HM rainy season, respectively (Zhang et al. 2013; Ding and
Gao 2020).

However, there is still no systematic study focusing on the
onset and cessation of rainy season over the HM until now.
The purpose of present study is to explore the climatology
and interannual variation of onset and cessation dates of
rainy season over the HM, the associated atmospheric cir-
culation patterns, the involved dynamical mechanisms, and
the possible influencing factors. In this study, an objective
method is used to determine the timing of onset and ces-
sation in this region for the first time. The obtained results
are important to better understand the characteristics of HM
regional monsoon climate, and further benefit the ecological
environment, social economy, disaster prevention, and miti-
gation strategies in both local and remote downstream areas.
The remainder of the paper is structured as follows: the data
and methods are described in Sect. 2. Section 3 investigates
the characteristics of climatological onset and cessation date.
Section 4 analyses the interannual variations of onset and
cessation dates, including the associated circulation anoma-
lies and physical processes. The possible roles of the forcing
from the tropics and midlatitudes contributing to the inter-
annual variation of onset and cessation date are explored in
Sect. 5. Section 6 presents a concluding summary.

2 Data and methods
2.1 Data

The present study employs observed daily precipitation data
from the National Climatic Center of the China Meteorological
Administration (NCC/CMA,; http://data.cma.cn/en) with 2472
high density national meteorological stations. HM region is

defined as a rectangular domain of 24°-35° N and 96°-105° E
(Fig. 1a), and the stations with more than 7 consecutive days’
default values are eliminated. As a result, 151 stations in HM
are selected for analysis. Note that a slight modification of
HM region definition does not affect the major conclusions,
as that the bootstrapping method is used to test the sensitiv-
ity of region selection (figures not shown). The topography
data from Earth topography one arc-minute grid (ETOPOI,;
Amante and Eakins 2009), which uses a 1 arc-minute global
relief model of Earth's surface and integrates land topography
and ocean bathymetry derived from several sourcesona 1'x 1’
grid, is used and available at https://www.ngdc.noaa.gov/mgg/
global/global.html.

The monthly and daily atmospheric variables used are
obtained from Japanese 55-year Reanalysis (JRA-55) on a
1.25°% 1.25° horizontal resolution at 37 pressure levels, com-
piled by the Japan Meteorological Agency (Kobayashi et al.
2015; Harada et al. 2016). The variables include horizontal
winds, vertical pressure velocity, specific humidity, surface
pressure, air temperature, geopotential height, and precipita-
tion. The monthly sea surface temperature (SST) data is from
NOAA Extended Reconstructed Sea Surface Temperature
(ERSST) V5 on a2°x2° grid (Smith and Reynolds 2003). The
Global Precipitation Climatology Project (GPCP) V2.3 global
(land and ocean) precipitation dataset on a 2.5°X2.5° grid is
also used (Adler et al. 2003). The analysis in this study focuses
on the period from 1979 to 2018, considering the coincidence
of all data’s available periods.

2.2 Methods

For daily data, a 7-day running average is applied in order
to remove noisy transient synoptic disturbances. For monthly
data, the monthly mean climatology is first calculated for the
study period. Then, interannual anomalies are computed as
the departure from the climatology. Composite, regression,
correlation, and empirical orthogonal function (EOF) analysis
are used, and the significance level is estimated based on the
standard two-tailed Student’s t test. To understand the involved
dynamical mechanisms, the omega equation and linearized
barotropic Rossby wave source are carried out, and these diag-
nostic methods are introduced on the first occasion when they
are used.

The objective method used to determine the onset and ces-
sation date of rainy season is developed by Liebmann and
Marengo (2001), which has been widely adopted in other
regions (e.g., Liebmann et al. 2008, 2012; Dunning et al. 2016;
Li and Sun 2020). To begin with, the period of climatological
rainy season is need to be determined. The cumulative clima-
tological daily precipitation anomaly C(n) on day » at each
station is defined as:
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Cmy= ) (Ri—R), )

i=1Jan

where i starts from 1 January to n, and n ranges from 1 Janu-
ary to 31 December. R, is the climatological daily precipita-
tion for day i, and R is the climatological annual mean pre-
cipitation by calculating the annual mean of R;. For example,
the station named as Yanyuan at 27.93° N and 102.01° E is
randomly selected, and Fig. 1b shows the C(n) at Yanyuan
station. The day of minimum (maximum) in C(n) is the onset
(cessation) date of the climatological rainy season, denoted
by C, (C,). The C, and C, for Yanyuan are 23 May and 7
October, respectively (Fig. 1b).

Then the onset and cessation date of rainy season for each
year are determined by calculating the camulative daily pre-
cipitation anomaly on day N:

A(N) = i (P,- - ﬁ), )

j=C,-50

where P; is the daily precipitation for day j of the given
year, and N ranges from C, — 50 to C, 4+ 50. Note that the
50 days’ extension before and after C, and C, is applicable to
the region with single rainy season per year (Dunning et al.
2016; Li and Sun 2020). The day of minimum (maximum) in
A(N) is the onset (cessation) date of the rainy season for the
given year. The onset (cessation) date for the HM is defined
as that more than 60% of the stations in this region have
started (ended) the rainy season.

3 Climatology of onset and cessation date
3.1 Characteristics of rainy season

Figure 2 shows the onset date, cessation date, length, and
total precipitation of climatological rainy season over the
HM. For all stations over the HM, the climatological onset
dates are not geographically homogeneous, and about 70%
stations in the HM start the rainy season between 30 April
and 24 May (Fig. 2a). The rainy season starts earlier in the
western HM, followed by the eastern, northern, and southern
HM, and the latest onset dates are concentrated in the central
HM. There is a little difference in the climatological cessa-
tion dates among the stations over the HM, and about 70%
stations in the HM end the rainy season between 6 and 15
October, although that the rainy season ends slightly earlier
in the eastern HM (Fig. 2b).

As a result, the length of climatological rainy season
depends largely on the climatological onset date, as the
highly resembling spatial distribution between them (Fig. 2a,
c). The climatological rainy season for the HM starts at 14
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May and ends at 12 October, and its length is 151 days, con-
sistent with the previous definition of the rainy season from
May to September over the HM based on the climatological
monthly precipitation (Gao et al. 2013; Dong et al. 2018,
2019; Tao et al. 2020). The climatological total precipita-
tion exhibits a decreasing tendency from the southern to
northern HM (Fig. 2d), indicating the more crucial role of
the precipitation rate rather than length of rainy season. The
climatological precipitation rate seems to be controlled by
the orographic effects, which force the incoming moisture to
rise on the windward slope in the southern HM, while less
moisture and weak orographically forced mechanical lifting
are in the Northern HM (Tao et al. 2020).

3.2 Associated climatological atmospheric
circulation

In this subsection, the associated climatological atmospheric
circulation for 30 days before and after the climatological
onset and cessation date of HM are compared. During the
pre-30 days of climatological onset date, the southwesterly
moisture transport appears in the Bay of Bengal (BOB;
Fig. 3a). The southwesterlies are significantly intensified and
extend westward to the Arabian Sea (AS) after the onset of
climatological rainy season, denoting the onset of Indian
summer monsoon (ISM; Fig. 3b). Two moisture transport
channels are emerged: one goes through the South China Sea
to the northwest Pacific (NWP), and another goes all the way
to the HM. The two channels can be also seen in the differ-
ences between the post- and pre-30 days (Fig. 3c), and the
former channel corresponds with the eastward shift of NWP
subtropical high. Note that the moisture is mainly confined
at lower levels, so the spatial distribution of 850 hPa winds
resembles that of moisture flux (Figs. 3a—c, 4a—c). The onset
of rainy season in the HM is triggered by the strengthened
southerly anomalies at the southwest side of HM, accom-
panying by the moisture convergence and upward motions
over the HM (Figs. 3c, 4c). The 200 hPa subtropical jet shifts
northward from pre- to post-30 days (Fig. 5a, b), and the
anticyclonic wind anomalies with high geopotential height
anomalies are observed, indicating the establishment of
South Asian high (Fig. 5¢).

The composite maps for the cessation of climatological
rainy season are almost opposite to the onset. The moisture
transported by the southwesterlies over the north Indian
Ocean (IO) during the pre-30 days of climatological ces-
sation date are replaced by northeasterlies during the post-
30 days (Figs. 3d, e, 4d, e). Accompanied with the westward
shift of NWP subtropical high, the east wind anomalies orig-
inate from the NWP and extend to the AS in the differences
between two periods, and the northerly anomalies at the
southwest side of HM lead to the moisture divergence and
downward motions over the HM, indicating the cessation
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Fig.2 a Onset date (day of the year), b cessation date (day of the year), ¢ length (day), and d total precipitation (mm) of climatological rainy

season over the HM

of climatological rainy season (Figs. 3f, 4f). The 200 hPa
subtropical jet shifts southward from pre- to post-30 days
(Fig. 5d, e), and the South Asian high weakens and with-
draws associated with the cyclonic wind anomalies and low
geopotential height anomalies (Fig. 5c). Note that although
the 30 days’ averaged results are present here, the climato-
logical onset and cessation related key large-scale circula-
tion, as ISM, 200 hPa subtropical jet, and South Asia high,
are indeed continuously changing from pre- to post-30 days
(figures not shown).

4 Interannual variation of onset
and cessation dates

The evolution of onset and cessation dates in the HM from
1979 to 2018 are shown in Fig. 6. The onset dates range
from 30 April (2007) to 8 June (2015), and the 40-year
averaged onset date is 20 May, which is 6 days later than
the climatological onset date. The cessation dates range
from 26 September (1981) to 4 November (2008), and the
40-year averaged cessation date is 14 October, which is
2 days later than the climatological cessation date. Both
onset and cessation dates exhibit strong interannual vari-
ability with the standard deviation of 12 and 10 days,
respectively. If the time series of onset dates are normal-
ized and selected based on the criterion of one standard
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Fig.4 As Fig. 3, but for 850 hPa winds (vector; m s™1) and 400 hPa vertical velocity (shaded; Pa s7h

deviation, the early onset dates are from 30 April to 7 May,
and late onset dates are from 29 May to 8 June. Selecting
based on one standard deviation to the normalized cessa-
tion dates, the early cessation dates are from 26 September
to 3 October, and late cessation dates are from 24 Octo-
ber to 4 November. There are nearly 30 days’ difference
between the early and late onset or cessation dates, and the
atmospheric conditions during the nearly 30 days plays a
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crucial role in determining the onset or cessation dates
of HM rainy season. Thus, the monthly data in May and
October are used to explore the interannual variation of
onset and cessation dates, including the associated atmos-
pheric circulation anomalies and the involved dynamical
mechanisms. The shorter periods as the subsets of May
and October by using daily data are also tried and do not
alter the major conclusions.
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4.1 Associated atmospheric circulation anomalies

Figure 7a, c, e present the regression of column-integrated

China (Fig. 7e).

Figure 7b, d, f show the regressed atmospheric circulation
anomalies onto the normalized cessation dates. In accord
with late cessation, the well-defined anomalous moisture
convergence, upward motions, and moist southerly flow are
found on the south side of HM (Fig. 7b, d). The anoma-
lous lower-level southerlies are located at the east flank of
cyclonic wind anomalies over the north IO and the west
flank of anticyclonic wind anomalies over the NWP, imply-
ing the anomalous transport of moisture from the warm pool.
At 200 hPa, a dipole pattern, which shifts westward and is
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opposite in zonal direction compared with the results related
to the onset dates, develops over the Iran and TP (Fig. 7f).
It is worth noting that the vertical motions are important
to the precipitation and have a close relationship with the
circulation at lower and upper levels. Therefore, the omega
equation is used to diagnose the vertical motion anomalies
for interannual variation of onset and cessation dates in next
subsection (Kosaka and Nakamura 2010; Wei et al. 2014,
Zhao et al. 2015; Hu et al. 2017; Dong et al. 2018; Tao et al.
2021).

4.2 Omega equation analysis

The anomalous vertical motions can be diagnosed as:
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where the overbars denote the climatology state, the primes

denote regressed anomalies, w is vertical pressure velocity,
_R(RT _dT

=r\or @ ) is static stability, f is Coriolis parameter,

P is air pressure, V = (1, v) is the horizontal wind compo-
nents, ¢ is relative vorticity, R is gas constant, 7 is air tem-
perature, cp is specific heat at constant pressure, and Q is
diabatic heating. The terms on the right side of the equation
denote the anomalous vertical motions due to the horizontal

temperature advection (coth rm) the vertical difference of

horizontal vorticity advection (w'w), and the diabatic heat-
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The maximum ascending and subsiding anomalies aver-
aged over the HM related to onset and cessation dates
are at 400 hPa respectively (figure not shown), and Fig. 8
shows the diagnosed results of omega equation at 400 hPa

in regional average. w,, is the largest contribution both for
onset and cessation dates (Fig. 8), and is considered as the
circulation-precipitation feedback (Hu et al. 2017; Tao et al.
2020).

For onset dates, co;herm contributes more to the anomalous
downward motions over the HM than a)/W, and further
decomposition of a)’ , reveals the importance of the anom-
alous temperature advected by the climatology zonal winds
(u—) and the climatology temgerature advected by the

anomalous meridional winds (v —) although that the verti-
cal motlon anomalies contrlbuted by v 1s about half of

u— (Fig. Sa) Figure 9a, b present the spatral distribution of

_aT and v L at 400 hPa, respectively. u u— related negatrve

temperature advectron occupies the HM (Fig. 9a), while v a

related negative temperature advection only appears in the
southeast corner of HM (Fig. 9b). The spatial distribution of
ui corresponding clrmatologrcal circulation and anoma-
lous air temperature and v’ 0— correspondmg anomalous cir-

culation and climatological air temperature at 400 hPa are
shown in Fig. 9c, d, respectively, to better understand the
physical processes related to the negative temperature advec-
tion. On one hand, the air temperature exhibits negative
anomalies on the north side of the AS, and the climatologi-
cal zonal winds advect the anomalous cold air to the HM
(Fig. 9¢). On the other hand, the northwesterly anomalies
advect climatological relative cold air from high latitudes to
the southeast corner of HM (Fig. 9d).

For cessation dates, @ herm A0 a);w are comparable in the
contribution of the anomalous upward motions over the HM.
Further analysis finds that the climatology temperature

advected by the anomalous meridional winds (v/ ‘;—z) and the

anomalous vorticity advected by the climatology zonal
wrnds (”a_) are dominant in a)ﬂ werm A0d @, TESPECtively.
Vv a_ L related positive temperature advection corresponds well

with the ascending anomalies around the HM (Fig. 10a), and
the anomalous southwesterly anomalies advect climatologi-
cal warm air form the tropics to the HM (Fig. 10c). A clear
dipole structure of vorticity advection can be seen at upper
levels (Fig. 10b). The positive vorticity advection around the
HM decreases with increasing pressure level, and the result-
ing negative vertical difference of vorticity advection
matches well with the ascending anomalies, which peak at
around 400 hPa. Moreover, the upper-level dipole structure
of vorticity advection originates form the anomalous vorti-
city dipole cooperating with the climatological zonal west-
erlies (Fig. 10d).
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Fig.8 Omega equation analysis

Olmega Taquaticlm

of a onset dates and b cessation 2.0 :
dates regressed vertical pressure 1
velocity anomalies (102 Pas™) !
in May and October over the 16 4 [
HM, respectively |
12 — |

|

|

0.8 — !

l

0.4 — 1

|

|

|

|

(b) Cessat

ion

0.0

-0.3

-1.2

CEEN

5 Roles of atmospheric wave train and SST

By using omega equation, the previous section investigates
the physical processes involved in the vertical motion anom-
alies related to the interannual variation of onset and cessa-
tion dates, and reveals the close relationship between anoma-
lous circulation and vertical motions. Note that E% for onset
dates is partially attribute to the distribution of anomalous
400 hPa air temperature, which is close to the distribution
of anomalous 200 hPa circulation (Figs. 7e, 9c¢), indirectly
reflecting the connection between anomalous circulation and
vertical motions. In this section, the possible factors from
the tropics and midlatitudes inducing the anomalous circula-
tion and vertical motions are explored.

5.1 SST and lower-level circulation anomalies
Figure 11a, ¢ present the onset dates regressed SST

and precipitation anomalies in May, respectively. A tri-
pole structure of SST anomalies is exhibited over the

@ Springer
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Indo-Pacific sector with the warming over the equatorial
central and eastern Pacific (CEP), north 10, and south-
west 10, and cooling over the western Pacific and most of
the northern and southern subtropical Pacific (Fig. 11a).
The SST anomalies over the west 10 feature the clear
meridional SST gradient, which favors a C-shaped pat-
tern of wind anomalies, with anomalous northeasterlies
north and northerlies south of the equator as a result of
the Coriolis force (Fig. 7c; Wu et al. 2008; Du et al. 2009;
Wu and Yeh 2010). Consistent with the anomalous wind
response, there are wet anomalies over the southwest 10
and dry anomalies over the north 10 (Fig. 11c¢), indicat-
ing that the southwest IO warming dominantly excites the
C-shaped wind anomalies. While the north IO warming
is the passive response of local anomalous northeaster-
lies, which are opposite to the southwest monsoon and
further reduce the latent heat loss form the ocean (Wu
et al. 2008; Du et al. 2009; Wu and Yeh 2010). Besides,
the anomalous anticyclone over the NWP is triggered as
a Rossby wave response to the local cooling and by the
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Fig.9 a The anomalous temperature advected by the climatology
zonal winds (contour; 10 K s™!) and b the climatology temperature
advected by the anomalous meridional winds (contour; 107 K s7h
in May for onset dates. The shaded in a and b are the onset dates
regressed 400 hPa vertical pressure velocity anomalies (1072 Pa s,
which are same as the shaded in Fig. 7c. ¢ Climatology of 400 hPa

remote teleconnection of the El Nifio-like CEP warming
(Wang et al. 2000; Wu et al. 2017; Tao et al. 2019).

The cessation dates regressed SST and precipitation
anomalies in October are shown in Fig. 11b, d, respec-
tively. Significant negative SST anomalies appear over
the equatorial west and southeast IO (Fig. 11b), while the
strong negative precipitation anomalies are only observed
over the equatorial west IO (Fig. 11d). The climatologi-
cal SST in October is higher over the equatorial west 10
than southeast IO (Fig. 11b), thus the anomalous cooling
is easier to decrease the convection over the equatorial
west 1O (Fig. 11d). In response to the equatorial west IO
cooling, the zonal circulation is adjusted with lower-level
westerly and upper-level easterly anomalies over the equa-
torial 10 (Fig. 7d, f), causing the anomalous moisture con-
vergence, upward motions, and positive precipitation from

226 230 234 238 242 246 250 254 258

winds (vector; m s™!) in May and regression of 400 hPa air tempera-
ture (shaded; K) in May with respect to the normalized onset dates
over the HM. d Regression of 400 hPa winds (vector; m s™!) in May
with respect to the normalized onset dates over the HM and climatol-
ogy of 400 hPa air temperature (shaded; K) in May. Green dots and
black bold vectors indicate that the confidence level reaches 90%

the equatorial east IO to Maritime Continent (Figs. 7b,
d, 11d). Furthermore, the cyclonic wind anomalies over
the northeast IO and easterly anomalies over the west-
ern Pacific are triggered as the Rossby and Kelvin wave
response to the positive precipitation anomalies respec-
tively, and the two flow channels are merged and turn into
southerly anomalies on the south side of HM. Note that the
precipitation anomalies from GPCP V2.3 highly resemble
those from JRA-55, confirming the reliability of using rea-
nalysis dataset for analysis.

5.2 Atmospheric wave train and upper-level
circulation anomalies

Figure 12 shows the 200 hPa geopotential height anomalies
and 200 hPa horizontal component of wave activity fluxes
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Fig. 10 a The climatology temperature advected by the anomalous
meridional winds (contour; 10~ K s~!) in October and the cessa-
tion dates regressed 400 hPa vertical pressure velocity anomalies
(107 Pa s7!) in October, which are same as the shaded in Fig. 7d. b
Latitude-height profile of the anomalous vorticity advected by the
climatology zonal winds (contour; 107% s72) in October and regres-
sion of vertical pressure velocity (107 Pa s™") in October with respect
to the normalized cessation dates over the HM by calculating meridi-
onally averaged in 20°-30° N. ¢ Regression of 400 hPa winds (vec-

related to onset and cessation dates over Eurasia, which
covers the larger spatial range than Fig. 7. For onset dates,
two wave trains are observed: one is trapped along the sub-
tropical Asian jet stream, and the other is emanating from
the British Isles, crossing northern Scandinavia, and going
through Mongolia to China (Fig. 12a). The whole structure
over Eurasia highly resembles the Silk Road pattern (SRP;
Lu et al. 2002; Enomoto et al. 2003; Kosaka et al. 2009),
and the pattern correlation coefficient between them is 0.70
(Fig. 12a, ¢). The SRP index is defined as the first EOF mode
of 200 hPa meridional winds in the domain of 10°-50° N,
30°-110° E, and the SRP index in May is correlated with
the time series of onset dates at 0.62 reaching the 99%
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tor; m s~") in October with respect to the normalized cessation dates
over the HM and the climatology of 400 hPa air temperature (shaded;
K) in October. d Latitude-height profile of the climatology of zonal
winds (vector; m s™" in October and regression of vorticity (shaded;
1078 s7!) in October with respect to the normalized cessation dates
over the HM by calculating meridionally averaged in 20°-30° N.
Green dots and black bold vectors indicate that the confidence level
reaches 90%, and red lines in b and d denote the zonal boundaries of
HMs

confidence level, indicating the contribution from SRP. For
cessation dates, the 200 hPa geopotential height anomalies
and wave activity fluxes show the similar spatial distribution
but with the opposite phase, the weaker intensity, and the
slight shift of anomaly center position compared with these
of onset dates (Fig. 12a, b). The pattern correlation coef-
ficient of 200 hPa geopotential height anomalies related to
cessation dates and SRP index in October is 0.63 (Fig. 12b,
d), and the correlation coefficient between two time series
is 0.43 reaching the 99% confidence level.

Note that the closed anomaly center of 200 hPa geo-
potential height on the north side of the AS is especially
stronger than other centers both for onset and cessation
dates, as well as the accompanied wave activity fluxes
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Fig. 11 Regression of a SST (shaded; K) from ERSST V5 and ¢
precipitation (shaded; mm) from JRA-55 in May with respect to the
normalized onset dates over the HM. b and d are as a and ¢, but in
October with respect to the normalized cessation dates over the HM.
Contours in a and b are the climatology of SST (24, 25, 26, 27, 28,
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29 K) in May and October respectively, and contours in ¢ and d are
the regression of precipitation (+0.3 mm,+ 1 mm; negative contours
are dashed) from GPCP V2.3 in May and October with respect to the
normalized onset and cessation dates over the HM respectively. Green
dots indicate that the confidence level reaches 90%
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Fig. 12 Regression of 200 hPa geopotential height (shaded; gpm)
in May and October with respect to the normalized a onset and b
cessation dates over the HM, and SRP index in ¢ May and d Octo-
ber, respectively, and 200 hPa horizontal component of wave activ-

ity fluxes (vector; m? s72), and climatology of 200 hPa zonal winds
(contour; m s~1). Green dots indicate that the confidence level reaches
90%, and vectors with magnitudes less than 0.1 m? s2 are omitted,
and only contours with values greater than 20 m s~! are plotted
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Fig. 13 Regression of 200 hPa geopotential height (contour; gpm) in
May and October with respect to the normalized a onset and b ces-
sation dates over the HM, respectively, and 200 hPa Rossby wave
sources (shaded; 1071° s72) based on the regressed 200 hPa wind
anomalies. Regression of 200 hPa potential velocity (shaded; 10°

(Fig. 12a, b). Ding and Wang (2005) mentioned that the
atmospheric circulation anomalies near India play the
active role in undertaking the upstream and downstream
wave train of SRP. Meanwhiles, the Rossby wave sources
have been demonstrated to be important to inducing the
SRP (Enomoto et al. 2003; Kosaka et al. 2009; Chen and
Huang 2012; Hong et al. 2018). Thus, Fig. 13a, b present
the 200 hPa linearized barotropic Rossby wave sources for
onset and cessation dates, respectively, and the linearized
barotropic Rossby wave source S can be written as (Sard-
eshmukh and Hoskins 1988):

A B!

where V, = (”1’ V;() is the horizontal divergent wind
components, and the other symbols are consistent with
the definition in the previous sections. Positive and nega-
tive Rossby wave sources appear alternatively along the jet
stream both for interannual variation of onset and cessation
dates (Figs. 12a, b, 13a, b). In particular, the strong negative

(positive) geopotential height anomalies on the north side
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m? s~') and 200 hPa divergent winds (vector; m s in May and
October with respect to the normalized ¢ onset and d cessation dates
over the HM, respectively. Green dots and black bold vectors indicate
that the confidence level reaches 90%

of the AS coincide the nearby positive (negative) Rossby
wave source for onset (cessation) dates, and the planetary
vorticity stretching term (—fV - V;{) plays the dominant role
in generating Rossby wave source there (figure not shown).
For onset dates, the positive SST and wet anomalies over the
southwest IO induce the upper-level convergence wind and
convergence anomalies near the AS, reinforcing the north
side negative geopotential height anomalies via the positive
Rossby wave source due to the role of —f'V - V'X (Figs. 11a, c,
13a, c). Similarly, for cessation dates, the negative SST and
precipitation anomalies over the equatorial west IO cause
the upper-level divergence wind and divergence anomalies
near the AS, thus that the resultant negative —f'V - V;( and
Rossby wave source further enhances the positive geopoten-
tial height anomalies on the north side of the AS (Figs. 11b,
d, 13b, d).
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6 Summary

In this study, the onset and cessation of rainy season over
the HM are determined by an objective method for the first
time. Besides, the climatological and interannual character-
istics of onset and cessation dates, as well as the involved
physical processes and the possible influencing factors, are
investigated based on multiple observational and reanalysis
datasets. The obtained results improve the understanding of
the rainy season over the HM, and contribute to the research
on the regional monsoon climate. For all stations over the
HM, the climatological onset dates show clear geographi-
cally inhomogeneous, while the differences of climatologi-
cal cessation dates among the stations are relatively small.
Thus, the length of climatological rainy season depends
largely on the climatological onset date. The climatological
total precipitation exhibits a decreasing tendency from the
southern to northern HM, indicating the more crucial role
of the precipitation rate rather than length of rainy season.
The climatological rainy season for the HM starts at 13 May
and ends at 5 October, and its length is 151 days, consistent
with the previous definition of the rainy season from May to
September over the HM based on the climatological monthly
precipitation (Gao et al. 2013; Dong et al. 2018, 2019; Tao
et al. 2020).

The onset of climatological rainy season in the HM is
triggered by the strengthened lower-level southerlies at the
southwest side of HM, accompanying by the moisture con-
vergence and upward motions over the HM. The southerlies
are strengthened due to the enhanced southwesterlies the
AS, denoting the onset of ISM. The upper-level circulation
shows the northward shift of 200 hPa subtropical jet and
establishment of South Asian high. Instead, the cessation
of climatological rainy season in the HM is related to the
withdrawal of ISM, and the resultant lower-level northerly
anomalies at the southwest side of HM lead to the moisture
divergence and downward motions over the HM. Moreover,
the 200 hPa subtropical jet shifts southward, and the South
Asian high weakens and withdraws.

Both onset and cessation dates exhibit strong interannual
variability with the standard deviation of 12 and 10 days,
respectively. Corresponding to the late onset, the northeast-
erly wind anomalies at lower levels extend from the north
10 to HM, and delay the advance of moisture transported by
ISM. In addition, the northeasterly wind anomalies cooper-
ate with the westerly wind anomalies at the north flank of
the anomalous NWP anticyclone and the HM local topogra-
phy, leading to the anomalous moisture divergence and
downward motions. Besides, a dipole pattern of anomalous
circulation at upper levels appears around the HM. The
negative geopotential height anomalies with a closed
cyclonic circulation are coupled with the negative

temperature anomalies on the north side of the AS. The cli-
matological zonal winds advect the anomalous cold air to
the HM, and the northwesterly anomalies advect climato-
logical relative cold air from high latitudes to the southeast
corner of HM. The late onset related downward motion
anomalies over the HM are mainly affected by these two cold
advection processes represented by the terms of ﬁ% and
Vv ‘;—z in omega equation.

The lower-level northeasterly anomalies over the north 10
are part of C-shaped wind anomalies, which are excited by
the positive SST anomalies over the southwest IO as a result
of the Coriolis force (Wu et al. 2008; Du et al. 2009; Wu
and Yeh 2010). The anomalous anticyclone over the NWP
is triggered as a Rossby wave response to the local cooling
and by the remote teleconnection of the El Nifio-like CEP
warming (Wang et al. 2000; Wu et al. 2017; Tao et al. 2019).
At upper levels, two wave trains are observed over Eurasia,
and the whole structure highly resembles the SRP (Lu et al.
2002; Enomoto et al. 2003; Kosaka et al. 2009). Especially,
the closed anomaly center of 200 hPa geopotential height
on the north side of the AS is stronger than other centers,
and coincide the nearby positive Rossby wave source. The
positive SST anomalies over the southwest IO induce the
upper-level convergence wind and convergence anomalies
near the AS, reinforcing the north side negative geopotential
height anomalies via the positive Rossby wave source due
to the role of —fV - V;{. Figure 14a shows the schematic
diagram illustrating that the combined effects of atmospheric
wave train and SST influence the onset of rainy season over
the HM.

In accord with late cessation, the cyclonic wind anoma-
lies over the north IO and the anticyclonic wind anomalies
over the NWP merge into the anomalous southerlies on the
south side of HM, causing the anomalous moisture conver-
gence and upward motions over the HM. An upper-level
dipole pattern appears over the Iran and TP, shifting more
westward and in opposite spatial distribution compared with
the results related to the onset dates. Analysis of the omega
equation reveals that v";—z and ﬁ% jointly contribute to
anomalous upward motions over the HM. v/ g related posi-
tive temperature advection corresponds well with the
ascending anomalies around the HM, and the anomalous
southwesterly anomalies advect climatological warm air
form the tropics to the HM. The dipole pattern of anomalous
circulation cooperating with the climatological zonal west-
erlies leads to the dipole structure of vorticity advection at
upper levels. The positive vorticity advection around the HM
decreases with increasing pressure level, and the resulting
negative vertical difference of vorticity advection peaks at
around 400 hPa and coincides with the ascending
anomalies.
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Fig. 14 Schematic diagrams illustrate the combined effects of atmos-
pheric wave train and SST affecting the a onset and b cessation of
rainy season over the HM. Bottom panels in a and b are the regres-
sion of 850 hPa winds (vector, m s~') and precipitation (shaded, mm)
in May and October with respect to the normalized onset and cessa-
tion dates over the HM, respectively. Top panels in a and b are the
regression of 200 hPa geopotential height (shaded; gpm) in May and
October with respect to the normalized onset and cessation dates over

In response to the equatorial west IO cooling, the zonal
circulation is adjusted with lower-level westerly and upper-
level easterly anomalies over the equatorial 10O, causing the
anomalous positive precipitation from the equatorial east
10 to Maritime Continent. Furthermore, the cyclonic wind
anomalies over the northeast IO and easterly anomalies
over the western Pacific are triggered as the Rossby and
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the HM, respectively. Red and blue shadings represent positive and
negative SST anomalies, respectively. Black arrows represent the
upper-level convergence and divergence anomalies. The “H” and “L”
in black circles represent anomalous high and low pressure at upper
levels, respectively. Red arrows represent lower-level wind anomalies.
The “AC” marks the location of the anomalous lower-level anticy-
clone. Blue arrows represent the anomalous vertical motions

Kelvin wave response to the positive precipitation anoma-
lies respectively, and the two flow channels are merged and
turn into southerly anomalies on the south side of HM. The
200 hPa geopotential height anomalies and wave activity
fluxes over Eurasia also resemble SRP, and the anomaly
center on the north side of the AS is strongest. The nega-
tive SST anomalies over the equatorial west IO cause the
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upper-level divergence wind and divergence anomalies near
the AS, thus that the resultant negative —fV - V;( and Rossby
wave source enhances the positive geopotential height anom-
alies on the north side of the AS. The combined effects of
atmospheric wave train and SST affect the cessation of rainy
season over the HM are summarized as the schematic dia-
gram in Fig. 14b.
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