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ABSTRACT: The present study investigates the interannual variability of precipitation over the Hengduan Mountains (HMs)
during rainy season based on daily precipitation dataset of 151 meteorological stations. More HMs precipitation is associated
with an anomalous lower level cyclonic circulation over the northern South China Sea (SCS) and the upper level Silk Road
pattern (SRP)-like geopotential height anomalies. Along the north flank of the anomalous cyclonic circulation, easterly
wind anomalies weaken climatology winds and prevent further movement of southwest moisture transport, leading to the
enhancement of moisture convergence over HMs. Diagnosis shows that anomalous vertical motions are owing to the advection
of anomalous temperature by basic zonal winds. The anomalous lower level cyclonic circulation over the northern SCS is
related to La Niña-like sea surface cooling in the equatorial central and eastern Pacific. This cooling adjusts the Walker
Circulation, causing positive precipitation anomalies near the SCS, which trigger the anomalous cyclonic circulation as a
warm Rossby wave response. The distribution of upper level geopotential height anomalies over the mid-latitude Asian land
resembles the SRP. Due to its barotropic structure, the SRP leads to warm and cold anomalies over the central Asia and
the central China, respectively. The advection of anomalous temperature gradient by mean westerlies leads to anomalous
ascending motions and more precipitation over HMs.
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1. Introduction

The Hengduan Mountains (HMs), with an area of
500 000 km2, are located in the southeast of the Tibetan
Plateau (TP), with the YunGui plateau and Bayan Har
Mountains to their south and north sides, respectively (Li
et al., 2011; Zhang et al., 2014a). HMs have the world’s
largest elevation drop from about 4800 m at the TP to
about 600 m at the Sichuan basin, as shown in Figure 1.
Weather and topography change greatly with location
and altitude, corresponding with large differences in the
distribution of biology communities, hydrologic features,
and water resource. These complicated conditions play a
crucial role in the local ecology, which shows the world’s
most important hot spots of biodiversity, containing more
than 9000 species of plants, especially rich in endemic
species and genera (Nie et al., 2002).

* Correspondence to: G. Huang, Institute of Atmospheric Physics, Chi-
nese Academy of Sciences, P. O. Box 9804, Beijing 100029, China.
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Mountains and rivers exist alternately, with the Minshan
Mountain, Minjiang River, Qinglai Mountain, Dadu River,
Daxue Mountain, Yabi River, Shaluli Mountain, Jinsha
River, Yunling Mountain, Lancang River, Nu Mountain,
Nu River, Gaoligong Mountain from east to west, making
the stereo-physiognomy with high mountains and deep
valleys (Figure 1). Besides, several major rivers in Asia
originate from this region, including the Yangtze River,
the Yellow River, the Lancang River, and the Nu River.
Mekong River and Salween River are the stretches of the
Lancang River and the Nu River in China, respectively
(Qin et al., 2010). HMs region is one of the predominant
boreal summer rainfall regions in the world. Precipitation
variation over HMs has a great influence on glaciers,
surface runoffs, and river discharge (Dong et al., 2016).
Moreover, HMs are located in the upstream of these rivers,
and precipitation variation is important to both local and
remote areas. Therefore, it is meaningful to investigate
precipitation variability over HMs.

The climate over HMs is complicated, and controlled
by both the South and East Asian summer monsoon (Zhu
et al., 2013; Zhang et al., 2014a). There exists positive
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Figure 1. Topographic distribution over the South Asia and East Asia and main rivers over the HMs region. The box represents the HMs region
(24∘40′ –34∘00′N, 96∘20′–104∘30′E). [Colour figure can be viewed at wileyonlinelibrary.com].

correlation between the precipitation anomalies of HMs
and East Asian Summer Monsoon Index (Zhang et al.,
2015). Sometimes, this area is suffered from drought due
to the variation of the South Asian monsoon (Zhu et al.,
2016). Moreover, anomalous tropical sea-surface temper-
ature (SST) is an important factor affecting the Asian
monsoon, and anomalous atmospheric circulation over the
northwest Pacific (NWP) plays an important role in bridg-
ing the connection from tropical SST anomalies to the
East Asian climate (Zhang et al., 1996; Chang et al., 2000;
Wang et al., 2000; Wu et al., 2003; Yang et al., 2007; Xie
et al., 2009; Wang and Wu, 2012; Chen et al., 2016; Tao
et al., 2016). Besides, processes at middle and high lat-
itudes also affect the precipitation anomalies near HMs.
Liu and Yin (2001) found that the seesaw structure of
interannual summertime precipitation variation between
the southern and northern parts of eastern TP is closely
related to the North Atlantic Oscillation induced circu-
lation change. Wu (2002) identified a dominant pattern
for the interannual variation of upper-level winds over
mid-latitude Asia in boreal summer: two anomalous anti-
cyclones over the west Asia and mid-latitude East Asia
and a cyclonic between the two large anticyclones. Lu
et al. (2002) found a similar teleconnection pattern, and it

was named as the Silk Road pattern (SRP) later (Enomoto
et al., 2003). It forms as a result of the propagation of
quasi-stationary Rossby waves along the Asian jet and has
a wavelength of about 60∘ in the zonal direction (Lu et al.,
2002; Enomoto et al., 2003; Sato and Takahashi, 2003;
Kosaka et al., 2009, 2012). SRP is viewed as a part of the
circumglobal teleconnection (CGT) pattern that extends
zonally through the whole hemisphere (Ding and Wang,
2005; Yasui and Watanabe, 2010; Chen and Huang, 2012;
Lin, 2014) and can influence climate over a broad area,
including precipitation and temperature over TP and East
Asia (Liu and Yin, 2001; Wu, 2002; Bothe et al., 2010,
2011; Gao et al., 2013). Gao et al. (2013) studied the vari-
ation of summer precipitation over the southeastern part
of TP, and emphasized the importance of Atlantic SST
anomalies by triggering CGT-like zonal wave pattern.

At present, the researches about the HMs are rare, and
most of them focus on the analysis of main meteorological
elements. Both annual and seasonal means of daily max-
imum, minimum, and mean temperature exist significant
warming trends, while the increasing trend is insignificant
for annual precipitation (Ban et al., 2006; Ma et al., 2006;
Qin et al., 2010; Li et al., 2011). By calculating 12 indices
of extreme precipitation, Zhang et al., (2014a) found that
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only three indices have significant trends. The total pre-
cipitation and extreme precipitation trends both decrease
from southwest to northeast over the HMs (Li et al., 2011;
Zhang et al., 2014a). Besides, the seasonal evolution of
precipitation has a unique characteristic, which is highly
linked to the topographic factors and wind fields (Xiao
et al., 2013). Until now, there is still no systematic study
about precipitation variability over the HMs region. Thus,
the purpose of present study is to investigate the interan-
nual variability of precipitation over HMs by using the
high resolution datasets, which are better to investigate the
characteristic of precipitation variation, its related circula-
tion anomalies, main impact factors, and possible mech-
anism over the complex terrain area. The rest of paper
is organized as follows. Section 2 introduces data and
methods. Section 3 describes the spatiotemporal charac-
teristics of HMs precipitation in rainy season and the
associated atmospheric circulation. Possible mechanism is
explored in Section 4. Section 5 gives the conclusion and
discussion.

2. Data and methods

2.1. Data

The observed daily precipitation data analysed in this
study is from the National Climatic Center of the China
Meteorological Administration with 2472 high density
national meteorological stations during 1979–2014. Fol-
lowing previous studies (Li et al., 2011; Zhang et al.,
2014a), HM region is defined as a rectangular domain
of 24∘40′–34∘00′N and 96∘20′–104∘30′E, as shown in
Figure 1. Stations with more than 7 days’ missing data are
removed, and the rest of 151 stations over HMs are anal-
ysed. The spatial distribution of 151 weather observation
sites is shown in Figure 2(a). HMs have the great elevation
drop from northwest to southeast, and stations are scattered
in highland while gathered in lowland. The numbers of sta-
tions at different altitude, from near 600 to 4800 m, are
presented in Figure 2(b). Most stations are located below
3000 m and the number of stations reaches its peak around
2000 m (Figure 2(b)). Besides, the observed daily precip-
itation data from 839 standard meteorological stations are
also used to further verify results, and 50 stations over
HMs without missing value are selected. The global pre-
cipitation dataset used in this study is the monthly mean
Climate Prediction Center Merged Analysis of Precipita-
tion (CMAP) on a 2.5∘ × 2.5∘ grid (Xie and Arkin, 1997),
which is available starting from 1979.

Monthly atmospheric variables used in the present study
are obtained from the ERA-Interim (Dee et al., 2011). It
is a newly reanalysis product provided by the European
Centre for Medium-Range Weather Forecasts (ECMWF)
and has a 0.5∘ × 0.5∘ horizontal resolution. The vari-
ables include horizontal winds, vertical velocity, specific
humidity, air temperature, and geopotential height. The
monthly SST data are obtained from NOAA Extended
Reconstructed Sea Surface Temperature (ERSST) V4 ver-
sion on a 2∘ × 2∘ grid (Huang et al., 2015). Topographic
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Figure 2. (a) Location of 151 stations over HMs, and (b) numbers
of stations at different altitudes. [Colour figure can be viewed at

wileyonlinelibrary.com].

dataset used in this study is from NOAA (http://www
.ngdc.noaa.gov/mgg/topo/topo.html). It is generated from
a digital data base of land and sea-floor elevations on a
5∘ × 5∘grid. Note that the present analysis is restricted to
the period from 1979 to 2014.

2.2. Methods

Moisture diagnosis is used in the present study. According
to Trenberth (1991), vertically integrated water vapour flux
can be expressed as:

Qu = 1
g ∫

pt

ps

qudp (1)

Qv =
1
g ∫

pt

ps

qvdp (2)

Here p, q, u, v, and g represent the pressure, specific
humidity, zonal wind, meridional wind, and the acceler-
ation due to gravity, respectively. ps is the surface pres-
sure and the pressure of top layer pt is equal to 100 hPa
in this study as the water vapour flux above 100 hPa is
negligible.
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Figure 3. Climatological monthly mean precipitation (mm) at 151 stations over HMs from January to December. [Colour figure can be viewed at
wileyonlinelibrary.com].

The divergence of water vapour flux can be divided
into two parts: the wind divergence term and the mois-
ture advection term (Huang et al., 1998; Qu et al.,
2015):⟨

−∇ · (qV)′
⟩
=
⟨
− (q∇ · V)′

⟩
+
⟨
− (V · ∇q)′

⟩
(3)

The variable with prime means the departure from
climatological mean state. q and V represent specific
humidity and horizontal wind. The value in angle bracket
means a mass integration from the surface to 100 hPa,
that is:

⟨X⟩ = −1
g ∫

100 hPa

surface
Xdp

Quasi-geostrophic omega equation is used to diagnose
the formation mechanism of the vertical motions. The
quasi-geostrophic equation is taken as:

(
𝜎∇2 + f 2

0
𝜕2

𝜕p2

)
𝜔

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
A

= f0
𝜕

𝜕p

[−→
Vg · ∇

(
𝜁g + f

)]
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

B

+ R
p
∇2

[−→
Vg · ∇T

]
⏟⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏟

C

− R
cpp

∇2 dQ
dt

⏟⏞⏞⏟⏞⏞⏟
D

(4)

Where all operators and variables are of conventional
usage in meteorology. The term on the left-hand side of
Equation (4) is the Laplacian of omega and approximately
equivalent to omega multiplied by a negative coefficient
(Term A). Terms on the right-hand side are the vertical dif-
ference of geostrophic absolute vorticity advection (Term
B), the Laplacian of geostrophic temperature advection
(Term C), and the Laplacian of diabatic heating (Term D),
respectively. Term D has the same physical meaning with
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Figure 4. Climatological monthly mean precipitation (mm) averaged
over HMs. The line represents the annual mean. [Colour figure can be

viewed at wileyonlinelibrary.com].

Term C because precipitation can release condensation,
which will reinforce ascending motions and then produce
more precipitation in turn. Thus, in the following, we diag-
nose Term B and Term C, by separating each variable into
a time-averaged basic state and its departure (Peixóto and
Oort, 1984; Wei et al., 2014; Zhao et al., 2015). Then Term
B and Term C in Equation (4) can be written as:

f0
𝜕

𝜕p

[−→
Vg · ∇

(
𝜁g + f

)]
= f0

𝜕

𝜕p

[(
−→
Vg +

−→
V ′

g

)
·
[
∇
(
𝜁g + 𝜁 ′g

)
+

𝜕f

𝜕y

]]

= f0
𝜕

𝜕p

[(
ug

𝜕𝜁g

𝜕x
+ u′g

𝜕𝜁g

𝜕x
+ ug

𝜕𝜁 ′g

𝜕x
+ u′g

𝜕𝜁 ′g

𝜕x
+ vg

𝜕𝜁g

𝜕y
+ v′g

𝜕𝜁g

𝜕y

+vg

𝜕𝜁 ′g

𝜕y
+ v′g

𝜕𝜁 ′g

𝜕y

)]
+
(

vg
𝜕f

𝜕y
+ v′g

𝜕f

𝜕y

)
(4a)

R
p
∇2

[−→
Vg · ∇T

]
= R

p
∇2

[(
−→
Vg +

−→
V ′

g

)
· ∇

(
T + T ′

)]
= R

p
∇2

(
ug

𝜕T
𝜕x

+ u′g
𝜕T
𝜕x

+ ug
𝜕T ′

𝜕x
+ u′g

𝜕T ′

𝜕x
+ vg

𝜕T
𝜕y

+ v′g
𝜕T
𝜕y

+ vg
𝜕T ′

𝜕y
+ v′g

𝜕T ′

𝜕y

)
(4b)

The variables with bar and prime are their basic state
and perturbation, respectively. Considering that the basic
state variables themselves satisfy the equation, the omega
equation of perturbation can be written as:

(
𝜎∇2 + f 2

0
𝜕2

𝜕p2

)
𝜔′

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
A

= f0
𝜕

𝜕p

⎛⎜⎜⎜⎜⎝
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𝜕𝜁g
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⏟⏟⏟

B1
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𝜕𝜁 ′g

𝜕x
⏟⏟⏟

B2

+ u′g
𝜕𝜁 ′g

𝜕x
⏟⏟⏟

B3

+ v′g
𝜕𝜁g

𝜕y
⏟⏟⏟

B4

+ vg

𝜕𝜁 ′g

𝜕y
⏟⏟⏟

B5

+ v′g
𝜕𝜁 ′g

𝜕y
⏟⏟⏟

B6

+ v′g
𝜕f

𝜕y
⏟⏟⏟

B7

⎞⎟⎟⎟⎟⎠
+R

p
∇2

⎛⎜⎜⎜⎜⎝
u′g

𝜕T
𝜕x

⏟⏟⏟
C1

+ ug
𝜕T ′

𝜕x
⏟⏟⏟

C2

+ u′g
𝜕T ′

𝜕x
⏟⏟⏟

C3

+ v′g
𝜕T
𝜕y

⏟⏟⏟
C4

+ vg
𝜕T ′

𝜕y
⏟⏟⏟

C5

+ v′g
𝜕T ′

𝜕y
⏟⏟⏟

C6

⎞⎟⎟⎟⎟⎠
(5)

𝜎, f 0, p, 𝜔, 𝜁g, ug, vg, and T represent specific volume, the
vertical component of planetary vorticity, pressure, vertical
velocity, quasi-geostrophic vortex, zonal wind, medical
wind, and temperature, respectively.
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Besides, to extract interannual signals, we perform
a 9-year running average to reduce decadal variability.
Regression and correlation analysis are used, and the
significance level is estimated based on the standard
two-tailed Student’s t-test.

3. The spatiotemporal characteristics of HMs
precipitation and associated atmospheric circulation

3.1. Climatological setting

Figure 3 shows the spatial distributions of climatological
monthly precipitation during 1979–2014. Precipitation
over HMs has significant month-to-month changes. The
climatological monthly precipitations from November to
April are under 30 mm in most stations, which account
for 88, 100, 99, 96, 93, and 78% stations over the HMs,
respectively. While significant increase exists from May
to September, reaching its peak and exceeding 200 mm in
72% stations over the HMs during July (Figure 3). Besides,
there is more precipitation in the southern and eastern
part than the northern part of HMs region with altitude
exceeding 2 km. The average of monthly precipitation at
all stations over HMs is above the annual mean from May
to September, while the sum of rest months is below 20%
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of annual total precipitation (Figure 4). Thus, we define
the rainy season over HMs as the period from May to
September, which is consistent with previous studies (Gao
et al., 2013; Xiao et al., 2013).

3.2. Interannual variability of precipitation

The normalized precipitation anomaly averaged at all sta-
tions over HMs during rainy season is defined as the
precipitation index (PI) in the present study. As shown
in Figure 5(a), the PI exists significant interannual vari-
ability, and the years 1985, 1990, 1991, 1995, 1999, and
2001 show the significant excessive rainfall, and 1982,
1989, 1992, 2006, and 2011 are low rainfall years. The
results calculated by using 50 stations match well with
that using the 151 stations, with a correlation coeffi-
cient of 0.97. Hereafter, we only present results based
on the PI of 151 stations. Figure 5(b) shows the regres-
sion of precipitation with respect to PI over HMs during
rainy season. Precipitation shows a consistent interannual
variation in 92% stations over the HMs, and the mag-
nitude displays decreasing tendency from southeast to
northwest corresponding to the increase of altitude with
−8.6 mm km−1. The largest precipitation anomalies exist
over the southeastern part of HMs and the western Sichuan
Basin where the values are larger than 10 mm month−1.
The signal over the northern HMs, especially north of
33∘N, is weak even without reaching the 90% signifi-
cance level. Note that removing these stations over the
northern HMs or not removing does not alter the main
conclusions.

3.3. Associated atmospheric circulation anomalies

Figure 6 presents the regression of 700 hPa horizontal
wind, 500 hPa vertical velocity, and 200 hPa geopotential
height with respect to PI during rainy season. In the lower
level, the HMs region is mainly controlled by an anoma-
lous cyclonic circulation over the northern South China
Sea (SCS), and there are significant easterly wind anoma-
lies at its north flank (Figure 6(a)). Due to the dynami-
cal influence of topography, the easterly winds bifurcate
on the east side of HMs, turning into northeasterly winds
south of 31∘N and weak southerly winds north of 31∘N.
Besides, there are anomalous southwesterly winds from
the Bay of Bengal via the south boundary of HMs, and
the southwesterlies turn southward along the topography
of HMs. Although that there exist anomalous descend-
ing motions over the northwestern HMs, most south part
of HMs are controlled by anomalous ascending motions
(Figure 6(b)). A notable low pressure center at the upper
level is located over the southern China, and there are two
anomalous high pressure on its west and northeast side,
respectively (Figure 6(c)). Thus, the anomalous low pres-
sure over the southern China displays a barotropic vertical
structure. Abundant moisture transport and strong ascend-
ing motions are the two necessary conditions for precip-
itation. The relationship between atmospheric circulation
anomalies and these two factors over the HMs region will
be further explored in the next section.
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4. Possible mechanism

4.1. Diagnostic analysis

4.1.1. Moisture transport

Water vapour flux divergence is an important indica-
tor for the variation of monsoon precipitation. Previ-
ous studies have concluded that the moisture flux diver-
gence in the monsoon region is consistent with the dis-
tribution of precipitation (Chen and Tzeng, 1990; Huang
et al., 1998). Figure 7 presents the regression and clima-
tology of column-integrated moisture flux and its diver-
gence ⟨−∇ · (qV)

′⟩. Most of the HMs region is under
the influence of anomalous convergence except for the
northern part (Figure 7(a)). The pattern of moisture flux
anomalies resembles that of 700 hPa wind anomalies
(Figure 6(a)). The climatology state shows the major
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contribution of South Asian summer monsoon, and south-
west winds are blocked by HMs (Figure 7(b)). However,
there are two anomalous cyclonic systems affecting inter-
annual variation of moisture budget over HMs. One is the
cyclonic wind anomalies over the Bay of Bengal, which
reinforce the southwesterly winds of South Asian sum-
mer monsoon and bring more moisture from the Indian
Ocean. Another is the anomalous cyclone over the NWP.
The easterly wind anomalies at its north flank weaken
East Asian summer monsoon, and prevent the southwest
moisture transport from further moving. Thus, these two
cyclones enhance the moisture convergence over HMs.

To compare the relative importance of the two anoma-
lous cyclones, we estimate the moisture flux anomalies
across each boundary over HMs (Table 1). The most sig-
nificant moisture flux anomalies are 49.3× 103 kg s−1 via
the eastern boundary. The moisture inputs via the western
and southern boundary make a small contribution, and the
sum of them is 12.7× 103 kg s−1. Although the southwest
winds are slightly enhanced, the easterly wind anomalies
block further forward movement of southwest moisture
transport, mainly leading to the enhancement of moisture
convergence over HMs. Thus, the precipitation over HMs
is mainly affected by the anomalous easterlies, and the
related northern SCS cyclone seems to be the key system.

We also analysed the relative contribution of wind
and moisture anomalies. ⟨−∇ · (qV)

′⟩ is decomposed

Table 1. Boundary atmospheric fluxes via four boundaries, net
zonal and meridional boundary atmospheric flux (103 kg s−1).

South North Net meridional West East Net zonal

5.5 1.0 4.5 7.2 −49.3 56.5

into circulation term ⟨−(q∇ ·V)
′⟩ and moisture

term ⟨−(V · ∇q)
′⟩. The detailed information of the mois-

ture budget equation (Equation (3)) is introduced in
Section 2.2. The circulation term ⟨−(q∇ ·V)

′⟩, which
accounts for 93% of ⟨−∇ · (qV)

′⟩, plays a more important
role than moisture term ⟨−(V · ∇q)

′⟩ (figures not shown).

4.1.2. Vertical motions

Because the vertical motion has a close relationship
with precipitation, the quasi-geostrophic omega equation
(Equation (5)) is used to diagnose the formation mecha-
nism of vertical motions. Figure 8(a) presents the vertical
profile of vertical velocity anomalies averaged over the
southern part of HMs, where exists significant anomalous
ascending motions (Figure 6(b)). The maximum vertical
velocity is at 450 hPa and its regression pattern resem-
bles the pattern at 500 hPa (figure not shown). The level
450 hPa can be regarded as a non-divergence level, which
is suitable to diagnose the factors for the vertical motions.

Furthermore, the 450 hPa vertical velocity anomalies
over HMs are decomposed into 13 terms (Equation (5))
to find out the main contributors. Figure 8(b) shows the
results, and the terms on the right hand side of Equation (5)
are denoted by B1–B7 and C1–C6. From the figure,
the C2 term is dominant in the anomalous ascending
motions over HMs, related to the advection of anomalous
temperature by basic zonal winds. Note that the B2 term,
which is the advection of anomalous relative vorticity by
basic zonal winds, contributes to descending motions, but
it counteracts the other B terms.

The contribution of the C2 term is illustrated in Figure 9.
As shown in Figure 9(a), most of the HMs region appears
the anomalous warm advection, which is consistent with
the ascending motions in Figure 6(b). Because of the west-
ward increase of temperature anomalies, basic westerly
winds prevailing over the north of 27∘N cause warm
advection over HMs (Figure 9(b)). Furthermore, the warm
advection leads to ascending motions. Note that the tem-
perature anomalies correspond well with the barotropic
structure of circulation anomalies (Figures 6(a), 6(c), and
9(b)). Thus, the diagnostic results of moisture transport
and vertical motions both emphasize the importance of cir-
culation anomalies. In the next subsections, the formation
mechanism of circulation anomalies is further explored.

4.2. SST anomalies

Previous studies have revealed that circulation anomalies
located near the NWP are sensitive to the tropical ocean
status. Local SST anomalies (Wang et al., 2000; Wang and
Zhang, 2002), or the remote ocean status, as the tropical
Indian Ocean SST anomalies (Yang et al., 2007, 2010;
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Figure 8. (a) Vertical profile of the regressed vertical velocity
anomalies (10−3 Pa s−1) averaged over HMs. (b) Seven terms

of f0
𝜕

𝜕p

[−→
Vg · ∇

(
𝜁g + f

)]
denoted by B1–B7 and six terms of

R
p
∇2

[−→
Vg · ∇T

]
denoted by C1–C6 averaged over HMs at 450 hPa

(10−19 m s−1 kg−1). [Colour figure can be viewed at wileyonlinelibrary
.com].

Wu et al., 2009; Xie et al., 2009, 2016; Xie and Zhou,
2017), equatorial central and eastern Pacific (CEP) SST
anomalies (Wang et al., 2013; Xiang et al., 2013; Chen
et al., 2016; Chowdary et al., 2016a, 2016b; Tao et al.,
2016), all contribute to the development and maintenance
of anomalous circulation.

Figure 10 presents the regression of 700 hPa wind,
500 hPa vertical velocity, SST, and precipitation with
respect to PI during rainy season. There exhibits a dipole
structure of SST anomalies over the Pacific. It is a La
Niña-like pattern, with cooling over the equatorial CEP,
and warming over the western Pacific and much of the
northern and southern Pacific (Figure 10(b)). The CEP
index (CEPI) is defined as the SST anomalies averaged
over the CEP (5∘S–5∘N, 130∘–100∘W), and the correla-
tion coefficient between the PI and CEPI is 0.33 reaching
the 95% confidence level. The cooling induces lower
(upper) level divergence (convergence) over the CEP and
then the descending motions and negative precipitation
anomalies (Figures 10(a), 10(c), and 11). Furthermore, the
Walker Circulation is adjusted, and there are ascending
motions and positive precipitation anomalies with lower
(upper) level convergence (divergence) over the SCS
and the Maritime Continent. As a result, the northern
SCS cyclonic anomalies are triggered as a warm Rossby
wave response to the positive precipitation anomalies
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Figure 9. (a) The advection of anomalous temperature by basic zonal
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)
. (b) Regression of temperature with

respect to PI (shaded, K) and climatological horizontal wind (vector,
m s−1) at 450 hPa during rainy season. Dots indicate that the significant
level reaches 90%. [Colour figure can be viewed at wileyonlinelibrary

.com].

(Figure 10(a)). Tao et al. (2016) suggested similar pro-
cesses by which the CEP cooling could influence the
circulation anomalies located near the NWP. The cooling
causes the wet anomalies over the Maritime Continent and
NWP through large-scale circulation adjustment, and then
the wet anomalies further trigger anomalous lower level
cyclonic circulation over the NWP. Note that the negative
rainfall anomalies shift more westward than the negative
SST anomalies. Due to the normally dry condition over
the eastern cold tongue region, the large negative SST
anomalies can hardly further suppress convection and
cause the weak rainfall response.

4.3. Silk road pattern

Figure 12(a) presents the PI regressed 200 hPa geopoten-
tial height anomalies during rainy season. A zonal tele-
connection emerges from the North Atlantic Ocean to
East Asia. There are five prominent ‘centres of action’,
presenting ‘+’ and ‘−’ geopotential height anomalies
alternately. The geopotential height anomalies over the
Greenland-North Atlantic Ocean, the west-central Asia,
and the northeast Asia are in phase with each other, as
shown by the significant positive anomalies. In contrast,
there are negative geopotential height anomalies over the
European Russia and the central China. Note that the neg-
ative geopotential height anomalies over the central China
are weak and insignificant. The whole pattern of geopo-
tential height anomalies and wave activity fluxes seem
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to resemble that of SRP (or CGT) (Lu et al., 2002; Wu,
2002; Ding and Wang, 2005; Bothe et al., 2010; Gao et al.,
2013). The SRP is characterized by the stationary Rossby
waves along the Asian jet (Lu et al., 2002; Wu, 2002;
Ding and Wang, 2005; Lin, 2014) that acts as a waveguide
and confines the waves within it (Hoskins and Ambrizzi,
1993). Thus, the SRP can influence the climate over a
broad area (Lu et al., 2002; Wu, 2002; Huang et al., 2011;
Chen and Huang, 2012; Lin, 2014). Bothe et al. (2010) and
Gao et al. (2013) have investigated that the SRP related
wave trains emerge from the North Atlantic, and pass
through the Mediterranean to Asia, resulting in the precip-
itation anomalies near the TP. Following the previous stud-
ies, an SRP index (SRPI) is defined as the first leading EOF
mode of the 200 hPa meridional winds during rainy season
in the domain of 20∘–60∘N, 0∘–150∘E (Yasui and Watan-
abe, 2010; Chen and Huang, 2012; Hong and Lu, 2016).
The correlation coefficient between the PI and SRPI is 0.48
reaching the 99% confidence level. The SRPI regressed

geopotential height pattern resembles Figure 12(a), which
further suggests that the SRP could influence anomalous
circulation over the HMs (Figure 12(b)).

Due to the barotropic structure of SRP, the geopoten-
tial height anomalies correspond well with the tempera-
ture anomalies, with the high pressure centres co-locating
with warm centres, and vice versa (Figures 9(b) and 12(a)).
There are positive and negative geopotential height anoma-
lies over the central Asia and the central China, respec-
tively, resulting in the gradient of temperature anomalies.
As a result, the basic zonal flow causes the warm advec-
tion, which influences the anomalous ascending motions
over the HMs.

Furthermore, for the CEP SST anomalies and SRP, how
these two factors work together to influence the HMs
rainfall, and what role does each of them play? Thus, all
years for high and low HMs PI are classified into three
groups according to the CEPI, SRPI, or both of them, as
presented in Table 2. Only 2 years show that the CEP SST
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anomalies or SRP has a single impact on the positive HMs
rainfall anomalies, and there are 10 years indicating these
two factors work together and cause the rainfall anomalies.
Thus, the combined effect of CEP SST anomalies and SRP
has a crucial influence on HMs rainfall, rather than anyone
of their single effect. Actually, these two factors reflect the
different aspects of circulation anomalies. The CEP cool-
ing plays a dominant role in influencing the SCS cyclone,
which transports abundant moisture over the HMs, and
the SRP is mainly related to the ascending motions.

5. Conclusion and discussion

In this paper, we have studied the interannual variation of
precipitation over HMs during rainy season and its causes.
Precipitation shows a consistent interannual variation over
most of HMs region, with a decreasing tendency of mag-
nitude from southeast to northwest following the increase
of altitude. Corresponding to more precipitation over the
HMs region, there are lower level cyclonic circulation
anomalies over the northern SCS, and upper level SRP-like
geopotential height anomalies. Besides, there are cyclonic
wind anomalies over the Bay of Bengal, which slightly
reinforce the southwesterly winds and transport more

moisture from the Indian Ocean. However, the precipita-
tion over HMs is mainly affected by the anomalous easterly
winds, which are at the north flank of anomalous cyclonic
circulation. The easterly wind anomalies weaken clima-
tology winds and prevent further forward movement of
southwest moisture transport, mainly contributing to the
enhancement of moisture convergence. Thus, the anoma-
lous northern SCS cyclonic circulation plays an important
role in the moisture transport over HMs.

Analysis of the quasi-geostrophic omega equation
reveals that the anomalous ascending motion over HMs is
mainly caused by the advection of anomalous temperature
by basic zonal winds. Because of the westward increase
of temperature anomalies, basic westerly winds prevailing
over the north of 27∘N cause warm advection over HMs,
which further leads to ascending motions. The anomalous
temperature corresponds well with the anomalous circula-
tion, which shows the barotropic structure. It also indicates
the importance of circulation anomalies in influencing the
precipitation over HMs.

The tropical SST anomalies cause the anomalous lower
level SCS cyclone. There exhibits a dipole structure of
SST anomalies over the Pacific, with cooling over the
equatorial CEP, and warming over the western Pacific and
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Table 2. Classification of years in which CEP SST anomalies,
SRP, and both of them influence the high and low HMs rainfall.

High PI Low PI

CEPI 1990, 1991 None
SRPI 1999, 2007 None
CEPI and SRPI 1984, 1985, 1995,

2001, 2013
1982, 1983, 1987,
1992, 2009

All years are selected based on the 0.8 standard deviation for all the three
indices.

much of the northern and southern Pacific. This CEP cool-
ing induces lower (upper) level divergence (convergence)
over the CEP and then the descending motions and nega-
tive precipitation anomalies. As the adjustment of Walker
Circulation, there are ascending motions and positive pre-
cipitation anomalies with lower (upper) level convergence
(divergence) over the SCS and Maritime Continent. The
anomalous SCS cyclone is triggered as a warm Rossby
wave response to the positive precipitation anomalies.

The pattern of geopotential height anomalies shows a
zonal teleconnection from the North Atlantic Ocean to East
Asia, and is highly related to SRP. Due to the barotropic
structure of SRP, the geopotential height anomalies cor-
respond well with the temperature anomalies, causing
warm and cold anomalies over the central Asia and the
central China, respectively. Thus, the basic westerlies

bring warm advection to HMs, leading to the anoma-
lous ascending motions. Figure 13 gives the schematic
diagram, illustrating that the effect of the CEP cooling
and SRP influence on the circulation anomalies and further
HMs precipitation during rainy season.

This study emphasizes the combined effect of the CEP
cooling and SRP on the variation of HMs precipitation
during rainy season. The results achieved here imply that
more attention should be paid on the relationship between
the SRP and tropical SST anomalies. The role of the SST
anomalies, particularly associated with ENSO, on the SRP
is also controversial. Some studies revealed that the SRP is
more likely to occur in ENSO developing summer (Ding
et al., 2011), and some found the that the SRP-ENSO
relationship is vague (Yasui and Watanabe, 2010; Kosaka
et al., 2012).

Besides, the rainy season over HMs in this study is
from May to September. There may exist intraseasonal
variation during the whole rainy season. Previous studies
have detected significant intraseasonal signals over the TP
(e.g. Nitta, 1983; Fujinami and Yasunari, 2004; Yamada
and Uyeda, 2006; Zhang et al., 2014b; Wang and Duan,
2015), where adjoins the HMs. Recently, Yang et al.
(2017) found that the intraseasonal variation of summer-
time rainfall over the Eastern TP has two dominant peaks
centred on quasi-biweekly (12–24) days and quasi-9
(8–11) days. Both of these two oscillations are related to
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the mid-latitude wave train at the upper level and tropical
wave train at the lower level. Due to that the Eastern TP
and HMs have some overlap, their results have a good
indication for us to study the intraseasonal variation of
precipitation over the HMs during rainy season. Further-
more, whether the interannual variation in the intensity of
intraseasonal oscillations over the HMs has an important
impact on the precipitation? Thus, more investigations on
these issues are needed in the future.
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