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Abstract: Complex topography, special geographical location and sea-land-air interactions lead to high interannual
variability of summer precipitation in the east of Southwest China (ESWC). However, the contributions, influencing
factors and mechanisms of remote and local evaporation remain to be further investigated. Using clustering analysis and
Hybrid Single-Particle Lagrangian Integrated Trajectory version 5 model, we analyze the contributions of remote
moisture transport and local evaporation to summer precipitation in the ESWC and their causes. There are mainly five
remote moisture channels in the ESWC, namely the Arabian Sea channel, Bay of Bengal channel, western Pacific
channel, Northwest channel 1 and Northwest channel 2. Among the five channels, the western Pacific channel has the
largest number of trajectories, while the Bay of Bengal channel has the largest contribution rate of specific humidity
(33.33%) and moisture flux (33.14%). The amount of regional average precipitation is close to that of the precipitation
caused by remote moisture transport, and both are considerably greater than the rainfall amount caused by local
evaporation. However, on interannual time scales, precipitation recirculation rates are negatively correlated to regional
average precipitation and precipitation caused by remote moisture transport but are consistent with that caused by local
evaporation. An apparent "+ — +" wave train can be found on the height anomaly field in East Asia, and the sea surface
temperature anomalies are positive in the equatorial Middle-East Pacific, the South China Sea, the Bay of Bengal and the
Arabian Sea. These phenomena cause southwest-northeast moisture transport with strong updrafts, thereby resulting in
more precipitation in the ESWC.
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1 INTRODUCTION

The east of Southwest China (ESWC), namely the
area of 27°-32°N, 105°-110°E in this study, covers
eastern Sichuan Province, Chongqing Municipality,
northern Guizhou Province, western Hunan Province
and western Hubei Province. It is located on the east
side of the Tibetan Plateau, with a remarkably complex
topography and geomorphology. Close to the Pacific
Ocean in the east and the Indian Ocean in the southwest,
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the ESWC is one of the regions with abundant summer
precipitation. Due to the special geographical location,
the weather and climate in the ESWC are affected by
both the Tibetan Plateau and the South Asian (Indian)
and East Asian monsoons. In addition, this region is of
great concern because its precipitation has a critical
impact on the water storage of the Three Gorges
Reservoir and it is near the western boundary of the
extensive precipitation zone in China. The complex
topography, special geographical location and sea-land-
air interactions result in high interannual and
interdecadal variabilities of summer precipitation in the
ESWC (SPE) (LiM; Ma and Tan ™). Therefore, a
systematic analysis of the characteristics and causes of
the SPE can contribute to improving
precipitation prediction and help scientific decision-
making.

Moisture transport and budget in the atmosphere
are crucial in studies on the continuity and change of
global atmospheric circulations since moisture is one of
the necessary conditions for precipitation. The study of

summer



154 Journal of Tropical Meteorology

Vol.29

moisture transport can help to reveal the formation of
climate and the occurrence and development of weather
processes, as well as the basic patterns of hydrological
cycles and water balance including atmospheric water,
surface water and groundwater (Wull; Zhai and
Eskridge ¥; Huang et al.B; Zhang ¥); Zhou and Lil™;
He et al. ¥1; Zhang et al. ©; Ryu et al. '%; Wang et al. [!!];
Li et al.M™; Sun et al. ™). Numerous studies have
suggested that the path and intensity of moisture
transport can greatly impact the distribution of the main
rainbelts of the summer precipitation in China (Tao et
al. "; Xie and Dai ); Ding and Hu ['9l; Xu et al. '7; Ma
and Gao '¥; Jiang et al.["”); Yang et al.?Y; Chu et
al. P"2) The variations and anomalies of moisture
transport are the direct cause of extreme weather such as
droughts, floods and rainstorms in monsoon regions (Li
and Jiang 1, Chen et al. ?; Ding et al. *!; Ran et
al. P%1; Sun et al. P7); Bueh et al. %), Therefore, studying
the variability of moisture transport and its relationship
and mechanism with extreme weather and climate
events such as droughts and floods can help to improve
extreme climate and weather prediction.

Several studies have been conducted to investigate
moisture transport in the ESWC and its adjacent areas.
Zhou and Li"" and Zhou et al.*! analyzed the climatic
characteristics of moisture transport in the upper reaches
of the Yangtze River, the eastern Tibetan Plateau and its
adjacent areas using the long-term moisture transport
data vertically integrated from the surface. The results
showed that the moisture mainly comes from mid-
latitude westerlies in winter and spring and from the Bay
of Bengal and the South China Sea in summer. Jiang et
al. B% analyzed the average moisture transport in the
Sichuan Basin in summer and the differences in
moisture transport between typical drought and flood
years in the Sichuan Basin based on the observation data
in the summers from 1981 to 2000. They concluded that
the summer moisture in the Sichuan Basin mainly comes
from the Tibetan Plateau, Bay of Bengal and South
China Sea. Li et al. B! explored the characteristics of
summer moisture transport in drought and flood years in
the ESWC, and they found two main moisture channels.
One is the Tibetan Plateau-Bay of Bengal channel, with
moisture entering the ESWC through Myanmar and
Yunnan Province. In the other channel, moisture is
transported eastward to the Indochina Peninsula and the
South China Sea through the southern Bay of Bengal,
and then it converges with the moisture carried by cross-
equatorial airflows in the South China Sea and turns to
the ESWC. The southerly moisture turning from the
western side of the Western Pacific subtropical high also
affects the moisture transport to the ESWC. Li et al. B2
investigated the influence of moisture transport
anomalies over Southwest China using the Hybrid
Single-Particle  Lagrangian  Integrated  Trajectory
(HYSPLIT) version 4.9. The results indicated that the air
masses from the western Pacific, Bay of Bengal or

eastern coast of China (in rare cases) carry more
moisture, which may cause precipitation in Southwest
China. Huang and Cui P*! studied the moisture sources
of extreme precipitation in the Sichuan Basin, and they
found that the moisture is mainly concentrated in the
middle and lower troposphere and can be tracked to the
Arabian Sea. Ren et al. ¥ found that the previous SST
anomalies in the key areas of the Indian Ocean are
closely related to the water vapor over the Tibetan
Plateau. In warm water years, significant easterly
anomalies near the equator plays a crucial role in the
water vapor transport over the plateau in summer. Li et
al. B3 discussed the characteristics of abnormal
precipitation, large-scale moisture transport, moisture
budget, main moisture sources and their contributions in
the ESWC from June to July 2020. The results suggested
that 70.5% of the local moisture comes from the
southern channels such as the Bay of Bengal, South
China Sea and Arabian Sea channels, 17.5% is from
northern channels, and 11.9% is generated locally. The
high sea surface temperature (SST) in the equatorial
Middle-East Pacific and the tropical Indian Ocean
during the preceding winter contributes to moisture
transport to the ESWC.

The above studies mainly focused on the influence
of remote moisture transport on precipitation in the
ESWC. In addition to the remote moisture transport, the
moisture generated by local evaporation can also affect
precipitation due to the abundant surface water resources
and high summer temperature in the ESWC. The
contributions, influencing factors and mechanisms of
remote and local evaporation still need to be further
studied. This study aims to analyze the contributions of
remote moisture transport and local evaporation to the
SPE and their possible causes, thereby providing a
technical basis for summer precipitation prediction.

The remainder of this paper is organized as follows.
Section 2 briefly introduces the data and methods used
in this research. Section 3 shows the contributions of
remote moisture transport and local evaporation to the
climatology of the summer precipitation. Section 4
discusses the contributions of remote moisture transport
and local evaporation to interannual and interdecadal
variabilities of the summer precipitation. The main
conclusions and discussion are presented in section 5.

2 DATA AND METHODS

2.1 Data

The precipitation data used in this study is from the
daily dataset of basic meteorological elements for China
Nation Surface Meteorological Stations (version 3.0)
provided by the National Meteorological Information
Center of the China Meteorological Administration. The
variables in this dataset include air pressure, air
temperature,  precipitation,  evaporation,  relative
humidity, wind direction and speed, sunshine hours and
0 cm ground temperature for 2474 meteorological
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stations in China, and all values have been subjected to
strict data quality control. In this study, we select the
daily precipitation data of 118 meteorological stations in

the ESWC (Fig. 1) from 20:00 to 20: 00 the next day
(Beijing time, the same below) during 1961-2020 for
analysis.

32°N 4

27°N A .

105°E 106°E

107°E

108°E 109°E 110°E

Figure 1. The distribution of 118 meteorological stations over the east of Southwestern China (ESWC).

The atmospheric circulation data adopted in this
research are from the daily fifth-generation European
Center for Medium-Range Weather Forecasts reanalysis
(ERAS5) data (Hersbach et al. %) from 1961 to 2020,
which includes geopotential height, temperature, zonal
wind (u), meridional wind (v), vertical velocity (w),
evaporation, precipitation, SST and the integration of
moisture flux. The horizontal resolution is 0.25° x 0.25°,
and the vertical layers are 37 layers from 1000 hPa to 1
hPa.

The  encapsulated  National  Centers  for
Environmental Prediction (NCEP) - 1 from the Air
Resources Laboratory of the National Oceanic and
Atmospheric Administration (Kalnay et al. B7) is used as
forcing data input in the HYSPLIT model (https://www.
ready. noaa. gov / archives. php) to simulate moisture
trajectories. We select the dataset (four times per day)
from 1991 to 2020 for investigation. The variables in
this dataset include geopotential height, temperature,
zonal wind, meridional wind and vertical velocity, the
horizontal resolution is 2.5° x 2.5°, and the vertical
layers are 17.

2.2 Methods
2.2.1 BRUBAKER'S BINARY MODEL

In this study, Brubaker's binary model based on
atmospheric moisture balance (Brubaker et al. *%; Guo
et al.B; Li et al. ™) is adopted to quantitatively
describe the contributions of remote moisture transport
and local evaporated moisture to precipitation. The
calculation method is as follows.

The wvertical integration of moisture
conservation per unit area is shown in Eq. (1).

mass

0 _ aF, N oF, a
ot ox dy
where O denotes the vertically integrated moisture
content (i.e., specific humidity). F, and F, indicate the
vertically integrated zonal and meridional moisture
transport fluxes, respectively. E represents the surface
evaporation, and P denotes the precipitation.
If the time scale is sufficiently large (e.g., more
than one month) and the variation of moisture with time

Y+E-P

9
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If the atmosphere is perfectly mixed in the vertical
direction over a certain region, and the moisture content
(Q,) from remote moisture transport and the moisture
content (Q,) from local land surface evaporation have an
equal opportunity to cause precipitation,

Pa _ Qa
=0 )
PC QS

or ?: 0 3)

where P, (P,) represents the precipitation caused by
external moisture transport (evaporation).
If E, Pand P, are uniform in the region,
V-F|,=F,~F,=(E-P)A4

V-F|,=F, .~ F,=-P,A

(4)
)

where A indicates the area, V - F ‘ 4 the convergence and

a —out

divergence of total moisture in the study area, V- F, |,

the convergence and divergence of the moisture
transported to the study area, F,, the total moisture
flowing out of the study area, F,, the external input

a—out
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moisture flowing out of the study area, and F, the total
moisture transported to the study area.

If the average moisture flux in the region is the
numerical average of the moisture fluxes into and out of
the region, the average moisture flux in the region can
be written as Egs. (6-7).

_ F. +F,, E-P)A
F- -, + 220 ©
2 2
o Fin+Fa*0ut PZ\A
a: :Fin_ (7)
2 2

If the ratio of the moisture advection from outside
the area to the moisture generated by local evaporation
varies linearly from the upstream to the downstream,

P, F, 2F,,
T o ®)

F EA+2F,
where a indicates the proportion of the rainfall caused
by the external moisture advection to the total rainfall.

a

_2F, . _2F, _2F,,
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The above equations (Eq. 9) represent the

proportions of the precipitation caused by horizontal
moisture fluxes entering the area from the eastern (a,),
southern (a;), western (a,,) and northern (a,) boundaries
to the total precipitation. The precipitation recirculation
rate (the ratio of the precipitation caused by local
evaporation to the total precipitation) can be expressed
by Eq. (10).
p=1-«a (10)
The precipitation caused by remote moisture
transport (P,) and local evaporation (P,) is obtained by
multiplying the total precipitation P by o and p,
respectively. The remote moisture flux flowing out of
the area (F, ,,) and the local evaporated moisture flux
flowing out of the area (F,,,) can be expressed by Eq.
(11) and Eq. (12), respectively.

F, w=F,-P.A (11)
Fe oi=Fou™ Fiou (12)

The runoff can be indicated by Eq. (13).
Ryi=P-E (13)

2.2.2 TRAJECTORY PATTERN

In this study, the Trajstat software (Wang et al. ')
is used for moisture trajectory analysis, and the
HYSPLIT model (Draxler and Hess ) is loaded into
the software as an external process. By integrating the
spatial and temporal position vectors of particle motion
trajectories, the HYSPLIT trajectory simulation method
can calculate the tracked position of air masses based on
the average velocity obtained from the initial position of
particles and the first-guess position. Thus, the moisture
sources can be obtained by the backward integration of
the air mass motion trajectories (Jiang et al. *3; Zhou et
al. [441),

In this study, we simulate the moisture trajectories
(four times per day) from June to August during 1991~

2020 (30 years). Due to the huge number of trajectories
obtained and the limitation of the software, trajectory
clustering is not possible to carry out. Thus, the initial
height and point of the simulation are simplified. Since
moisture mainly comes from the lower troposphere, the
simplified height level of 1500 m (approximately 850
hPa) is taken as the initial height of the simulation. Since
there are six grid points in the ESWC on the horizontal
resolution of 2.5 © x 2.5 °, half of them are selected as
the initial points of trajectory simulation in the whole
simulation space, i.e., the point of 30.00 °N, 105.00 °E,
the point of 30.00 °N, 107.50 °E and the point of 30.00 °
N, 110.00 °E. Based on this, a three-dimensional motion
trajectory tracked backward for 10 days is simulated.
The positions of the trajectory points are output once an
hour, and the physical attributes (such as temperature,
height, air pressure and relative humidity) at the
corresponding positions are interpolated. All the initial
points of trajectories are tracked backward every 6 hours
for 10 days from June to August in 1991-2020. The
tracked trajectories, with large numbers, are clustered to
determine the final number of trajectories. In addition to
clustering the trajectories by using the clustering
analysis method (Jiang et al. ), the proportion of the
contribution of moisture transport in each path is
quantified according to the method of Li et al. %], as
shown in Eq. (14).

0.-(X0,/30)x100% (14)

where O, denotes the proportion of the contribution of
moisture transported from a given clustering path, and
(0:,,0)) represents the specific humidity at the final
location of the path. m indicates the number of
trajectories within the path, and n represents the number
of total trajectories.

3 CONTRIBUTIONS OF REMOTE MOISTURE
TRANSPORT AND LOCAL EVAPORATION TO
THE CLIMATOLOGY OF THE SUMMER
PRECIPITATION

3.1  Feasibility analysis of summer precipitation
characteristics and ERAS reanalysis data

To understand how representative the SPE average
series is for the stations in the study area, we calculate
the annual average SPE from 1961 to 2020 (Fig. 2a) and
its correlation coefficients with the precipitation
observations at 118 stations (Fig. 2b). The average SPE
is 489.8 mm from 1961 to 2020. As shown in Fig. 2a,
the annual average SPE ranges from 387.2 mm to 662
mm, with the highest value in Jianshi County and the
lowest value in Gulin County. The rainfall amounts
exceed 500 mm in the eastern areas such as Jianshi,
Enshi and Xianfeng, in the northern areas such as
Xuanhan, Tongjiang and Chengkou, and in the western
areas such as Longchang, Xingwen and Naxi. From the
distribution of the correlation coefficients between the
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annual average SPE series from 1961 to 2020 and the
precipitation observation series from 118 stations (Fig.
2b), it can be seen that the correlation coefficients at the
vast majority of stations pass the 95% confidence test
(above 0.25), and the correlation coefficients at the

majority of stations pass the 99.9% confidence test
(above 0.489). This result indicates that the annual
average SPE series from 1961 to 2020 can generally
characterize the precipitation variations in different
places.

105°E

106°E  107°E  108°E  109°E  110°E

300400 425 450 475 500 525 550 575 600

105°E  106°E

I
-0.489-0.325-0.25 0 0.25 0.3250.489

107°E 108°E  109°E  110°E

Figure 2. (a) Average summer precipitation (SPE) in the ESWC (units: mm) from 1961 to 2020 obtained in this research and (b) its
correlation coefficients with the precipitation observations at 118 stations from 1961 to 2020. The values in the colored areas pass

the 95% confidence test.

Since the current observation data cannot provide
the variables required for the calculations of Brubaker's
binary model, the ERAS monthly average data is used to
analyze the characteristics of precipitation, local
evaporation and remote moisture transport in the ESWC
and their relationships for more convenient calculation
and analysis. Fig. 3 shows the distribution of the
correlation coefficients between the average SPE series
in 19612020 from the ERAS data and the observations
from 118 stations, and the variations of the average SPE
from the ERAS5 reanalysis data and the observations
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from 1961 to 2020. As shown in Fig. 3a, the spatial
distribution of the ERAS summer precipitation data is
highly consistent with the observations, with large
(small) values in the east (west) of the ESWC.
Moreover, it is clear that the correlation coefficient
distribution of the ERAS summer precipitation data
(multi-year average of 647.8 mm) with the observations
at each station (Fig. 3a) is consistent with the
distribution pattern in Fig. 2a, and the correlation
coefficients at most stations reach 0.64 (passing the 99%
confidence test). Although the ERA5 average summer

(b) — Station precipitation
77 ERAS precipitation

105°E  106°E 107°E 108°E 109°E 110°E 1 , ] ]
< T 1961 1970 1980 1990 2000 2010 2020
400.0 500.0 600.0 700.0 800.0 900.0 Year

Figure 3. (a) The distribution of the correlation coefficients between the average SPE series from the ERAS data and observation
data at each station, and (b) the variations of the average SPE from the ERAS data and the observations from 1961 to 2020. The
correlation coefficients in colored areas pass the 99% confidence test.
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precipitation is larger than the observations, their contribution of external moisture transport (accounting
variations are relatively consistent (Fig. 3b), and their for 93.59%), while the contribution rate of local
correlation coefficient reaches 0.82 (passing the 99% evaporation is 6.41%. The remote moisture is 369.96%
confidence test). This result indicates that the SPE from of the regional rainfall amount, mainly from the

the ERAS5 data can relatively well describe the southern boundary (292.11%), followed by the western
characteristics of the observed SPE and is suitable for boundary (76.05%) and rarely from the eastern (1.75%)

analyzing precipitation variation patterns. and northern boundaries (0.05%). The moisture from the
3.2 Contribution rates of local evaporation and remote local evaporation accounts for 50.64% of the regional
moisture transport to regional precipitation precipitation. 276.37% of the remote moisture flows out
Figure 4 presents the average contributions of each of the study area, while 44.23% of the local evaporated
member of water cycles to the total SPE from 1961 to moisture flows out of the area. In total, 49.36% of
2020 based on the ERAS data. In terms of the climatic moisture in the entire area flows out through runoffs.

state (Fig. 4), the SPE mainly comes from the

.| |
Fa out
76.05%
276.37%
Fis i * i ‘
. A .410 e-out
292.11% . Ll
Fin*e
1.75% P
Atmosphere 100% |
Fi. (2.19x107kg s™')
0.05% Rivore
49.36%
Land

Figure 4. The average contribution of each water cycle member to the total local SPE from 1961 to 2020 (units: %) based on the
ERAS data. P, P, and P, indicate the ratios of the local precipitation, remote moisture transport and local evaporation to the total
precipitation, respectively, F, . (F.,.) denotes the ratio of the outflowing remote moisture flux (evaporation) to the total
precipitation, F, ., F, ., F,. and F,  respectively represent the ratios of the moisture from the western, southern, eastern and

northern boundaries to the total precipitation, and R, indicates the ratio of the runoff (difference between precipitation and
evaporation) to the total precipitation.

Table 1 shows the contribution rates of the moisture (contribution rate of 73.90%), followed by that from the
fluxes from the eastern, southern, western and northern western boundary (contribution rate of 19.24%). The
boundaries of Southwest China to the total summer moisture fluxes from the eastern (contribution rate of
precipitation from 1961 to 2020. In terms of climatic 0.44%) and northern (contribution rate of 0.01%)
state, the moisture inflow from the southern boundary boundaries are basically negligible.

contributes the most to the summer precipitation

Table 1. Contribution rates (%) of the moisture fluxes from eastern, southern, western and northern boundaries to the climatic state
of the SPE.

East boundary South boundary West boundary North boundary
Contribution rate to precipitation (%) 0.44 73.90 19.24 0.01

The distribution of the average vertically integrated that the moisture transport from the surface to 400 hPa at
moisture fluxes in the summers of 1961-2020 (Fig. 5a) the southern boundary invariably shows inflow, with the
suggests that the moisture transport in the ESWC mainly largest inflow in the range of 925-600 hPa. The
shows a south-north pattern (slightly eastward). The moisture transport at the western boundary is dominated
moisture primarily comes from the southern boundary, by inflows above 700 hPa and outflows below 700 hPa.
with less inflow from the western boundary. The At the eastern and northern boundaries, weak moisture
moisture flows outward from the northern and eastern inflows exist in the lower layers (below 850 hPa), and
boundaries. From the vertical variations of moisture outflows exist above 850 hPa. Since summertime

fluxes at different boundaries (Fig. 5b), it can be found cyclonic circulation controls the Tibetan Plateau, the
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associated Tibetan Plateau summer monsoon is active in
the middle troposphere (Qi and Li™!), favoring
intensified warm and moist flows into the western
boundary above 700 hPa and out of the northern and
eastern boundaries above 850 hPa. In contrast, the
different moisture transport in the lower troposphere

45°N T

40°N{

359N 4
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25°N+

20°N+

1200
115°E 120°E

p—

105°E 110°E

15°N+

95°E  100°E

Levels(hPa)

may be due to the interaction between the multi-scale
topography of the Sichuan Basin and the different water
vapor transport patterns at low latitudes (Li et al. ; Qi
et al. ¥7). Generally, there is more moisture outflow
from the eastern boundary.

100
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Figure 5. (a) The distribution of the average vertically integrated moisture fluxes in the summers of 1961-2020 and (b) the vertical

variations of the moisture flux at each boundary in the ESWC.

To further investigate the paths and contributions of
remote moisture transport and analyze the moisture
transport characteristics in different channels, we use the
HYSPLIT model to simulate the backward trajectories
of moisture in the ESWC in the summers of 1991-2020.

A total of 33120 trajectories are obtained by
simulating the moisture paths in the summers of 1991-
2020 for clustering analysis. Analyzing the growth rates
of the spatial variances of trajectories (Fig. 6a), we find
that the spatial variances increase rapidly after the
number of clusters drops below 5. Thus, the final
clustering of simulated trajectory is determined to be 5.
Fig. 6b presents the five channels of moisture sources in
the ESWC in the summers of 1991-2020. The first one
is the Arabian Sea channel, where the moisture mainly
comes from the cross-equatorial airflow in Somalia, East
Africa and enters the ESWC through the Bay of Bengal
and the northern Indochina Peninsula. The second one is
the Bay of Bengal channel, where the moisture is mainly
from the cross-equatorial airflow in the central and
eastern Indian Ocean and then enters the ESWC through
the Bay of Bengal and Indochina Peninsula. The third is
the western Pacific channel, where the moisture
primarily originates from the eastern coast of China and
the western Pacific, moves westward from northern
Fujian and enters the ESWC after passing through
Jiangxi and Hunan Provinces. In the fourth (Northwest
channel 1) and fifth (Northwest channel 2) channels, the

moisture is mainly from the north. In terms of Northwest
channel 1, the moisture mainly comes from West
Siberia, reaches Xinjiang through Kazakhstan and then
enters the ESWC from Gansu and Sichuan Provinces. In
Northwest channel 2, the moisture mainly comes from
Mongolia, enters Inner Mongolia from the north and
then enters the ESWC through Shaanxi.

In terms of the geopotential height variations (Fig.
6¢), the moisture channels, including the Arabian Sea,
Bay of Bengal and western Pacific channels, are
generally below 900 hPa, all rising to different degrees
before entering the ESWC. Specifically, because the
Arabian Sea and Bay of Bengal channels pass through
the Yunnan-Guizhou Plateau, their geopotential height
rises more noticeably, and the moisture is mainly
transported to the vicinity of 800 hPa over the ESWC.
The geopotential height of Northwest channel 1 displays
little variation and is basically stable around 750 hPa,
but it decreases slightly after reaching the ESWC. The
geopotential height of Northwest channel 2 is near 650
hPa, and it drops markedly after entering the ESWC.
Finally, the moisture in this channel converges with that
from the Arabian Sea, Bay of Bengal and western
Pacific near 800 hPa over Southwest China. The
variations of moisture fluxes (Fig. 6d) indicate that the
moisture fluxes from low-latitude ocean channels
(Arabian Sea channel and Bay of Bengal channel) are
obviously larger than those from high-latitude inland
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channels (Northwest channels 1 and 2), while the
moisture flux from the western Pacific channel is in
between. The moisture flux from the Arabian Sea
channel increases considerably in the ocean, then enters
the land and decreases slightly after crossing the Yunnan-
Guizhou Plateau. The moisture fluxes from the other
four channels vary slightly with time. The moisture flux
from the Bay of Bengal channel decreases slightly after
entering the ESWC, while that from Northwest channels
1 and 2 increases slightly. The moisture flux from the
western Pacific channel remains basically unchanged.

A comparison of the number of trajectories of each
channel finally reaching the ESWC (Table 2) shows that
the western Pacific channel has the largest number
(10644), followed by the Bay of Bengal channel
(10087), the Arabian Sea channel (5698), and the
Northwest channel 1 (2518). In terms of the contribution
rate of specific humidity of each channel, the Bay of
Bengal channel provides the largest contribution,
accounting for 33.33%, followed by the western Pacific
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channel (31.93%), the Arabian Sea channel (19.49%)
and the Northwest channel 2 (only 5.09%). In terms of
moisture flux contribution rate, the Bay of Bengal
Channel again provides the Ilargest contribution,
reaching 33.14%, followed by the western Pacific
channel (28.86%), the Arabian Sea channel (25.17%)
and the Northwest channel 2 (4.30%). Evidently, the
number of trajectories from the western Pacific Ocean is
the largest, while the Bay of Bengal contributes the
largest amount of moisture. A comparison of the five
channels shows that the moisture in the ESWC mainly
comes from the Bay of Bengal in the summers from
1991 to 2020, followed by the western Pacific Ocean
and the Arabian Sea. In addition, Table 2 indicates that
the warm and humid moisture with higher potential
pseudo-equivalent temperature comes from the ocean
(Bay of Bengal, Arabian Sea and western Pacific
Ocean), and the dry and cold moisture with lower
potential pseudo-equivalent temperature comes from the
north.
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Figure 6. (a) Changes in the TSV (total spatial variance) as clusters combined; (b) spatial distribution of moisture channels; (c)
height variations of moisture channels (units: hPa), and (d) changes in the moisture flux of moisture channels (units: kg m™ s™') in

the summers from 1991 to 2020.

Table 2. Total number of trajectories, contributions of specific humidity and moisture flux, and the potential pseudo-equivalent

temperature.
Physical quantity Arabian Sea  Bay of Bengal Western Pacific ~ Northwest 1 Northwest 2
Total number of trajectories/tracks 5698 10087 10644 2518 4173
Specific humidity contribution rate/% 19.49 33.33 31.93 5.09 10.16
Moisture flux contribution rate/% 25.17 33.14 28.86 4.30 8.53
Potential pseudo-equivalent temperature/K 348.81 346.40 341.54 329.95 334.09
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4 CONTRIBUTIONS OF REMOTE MOISTURE
TRANSPORT AND LOCAL EVAPORATION TO
INTERANNUAL AND INTERDECADAL VARI-
ABILITIES OF THE SUMMER PRECIPITA-
TION

4.1 Interannual variability

To analyze the contributions of remote moisture
transport and local evaporation to the interannual
variability of SPE, we calculate the regional average
precipitation, the precipitation generated by local
evaporation, the precipitation generated by remote
moisture transport and the interannual variation of
precipitation recirculation rate in the ESWC from 1961
to 2020 based on the ERAS reanalysis data (Fig. 7), as

1000

well as the correlation coefficients of each series (Table
3). It is evident that the regional average precipitation is
close to and consistent in change with the precipitation
produced by remote moisture transport, while the
precipitation produced by local evaporation is far less
than both. The wvariation trend of precipitation
recirculation rate is opposite to those of the regional
average precipitation and the precipitation caused by
remote moisture transport, but it is consistent with the
variation trend of the precipitation caused by local
evaporation. Table 3 shows opposite trends of the
regional average precipitation and local evaporation. The
regional average precipitation decreases (increases)
when the local evaporation increases (decreases). This
may be related to the period in summer when there is
higher temperature and less precipitation.
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Precipitation (mm)

200

0

—p }12

Precipitation recycling ratio (%)
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Figure 7. Interannual variations of regional average precipitation (P), the precipitation generated by remote moisture transport (P,),
the precipitation generated by local evaporation (P,) and the precipitation recirculation rate (?) in the ESWC in the summers from

1961 to 2020 calculated based on ERAS5 reanalysis data.

Table 3. Correlation coefficients between P (the regional average precipitation), £ (the local evaporation), P, (the precipitation
generated by remote moisture transport), P, (the precipitation generated by local evaporation), o (the proportion of precipitation
generated by remote moisture transport to the total precipitation), and p (the precipitation recirculation rate) calculated based on
ERAS reanalysis data from 1961 to 2020. The blue color indicates that the number has passed the 99% confidence test).

P

E P, P, a p
P 1.0 -0.57 0.99 0.13 0.54 -0.54
E -0.57 1.0 -0.59 0.17 -0.49 0.49
P, 0.99 -0.59 1.0 0.04 0.61 -0.61
P, 0.13 0.17 0.04 1.0 -0.74 0.74
@ 0.54 -0.49 0.61 -0.74 1.0 1.0
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Figure 8 shows the contribution rate of the moisture
transport from four boundaries to the average
precipitation in the ESWC and the interannual variation
of precipitation anomaly percentage calculated based on
ERAS reanalysis data in the summers from 1961 to
2020. As can be seen, the contribution rate of moisture
transport to precipitation from the south boundary is the
largest every year, followed by that from the west
boundary, while the contribution from the north
boundary is almost none. The contribution rate from the
east boundary is also very small except in 1994 and
2018 when it nearly reaches 20%, and the reason needs
to be discussed in future. The correlation coefficient of
each series (Table 4) suggests close relations between

the regional average precipitation and the moisture
transport contribution rate from the west boundary.
When the contribution rate from the west boundary
increases, there tends to be more precipitation in the
ESWC, and vice versa. However, the change in regional
average precipitation is not closely related to the
contributions from the other three boundaries. The
contribution rate of moisture transport from the west
boundary exhibits an opposite trend to that from the east
and south boundaries. When the contribution rate from
the west boundary increases, the contribution rate from
the east and south boundaries will decrease, and vice
versa.

Precipitation contribution ratio (%)

----Pre anomaly

Ratio of precipitation anomalies (%)

1961 1970 1980

1990
Year

2000 2010 2020

Figure 8. Interannual variation of contribution rate of moisture transport from four boundaries to the regional average precipitation
and the precipitation (abbreviated as “Pre” in the figure) anomaly percentage in the ESWC in the summers from 1961 to 2020

calculated based on the ERAS reanalysis data.

Table 4. The correlation coefficients of the contribution rate of moisture transport from four boundaries to the average precipitation
and the interannual variation of precipitation anomaly percentage in the ESWC in the summers from 1961 to 2020 calculated based
on ERAS reanalysis data. The blue color indicates that the number has passed the 99% confidence test.

Precipitation anomaly percentage East boundary South boundary West boundary
East boundary -0.19 1.0 -0.17 -0.41
South boundary -0.10 -0.17 1.0 -0.79
West boundary 0.32 -0.41 -0.79 1.0
North boundary 0.09 -0.03 -0.24 0.18

4.2 Interdecadal variability

To analyze the contributions of remote moisture
transport and local evaporation to the interdecadal
variability of SPE, the regional average precipitation

anomaly percentage, the precipitation generated by
moisture transport at each boundary and the contribution
rate of local evaporation to the SPE from 1961 to 2020
are calculated based on ERAS reanalysis data (Table 5).
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As can be seen, the SPE is generally larger in the 1960s,
1980s and 1990s, especially in 1990s, but smaller in the
1970s, 2000s and 2010s. The south boundary contributes
the most moisture transport, followed by the west
boundary, while the east and north boundaries make
basically negligible contributions. The contribution rate
of local evaporation is about 7%. In terms of the
contributions of external input and local evaporation, the
years with more summer precipitation correspond to the
higher external input. The contribution rate of local

evaporation shows an opposite trend, with relatively
high contribution rate in the years with less precipitation
(above 7%). This result shows that when there is more
precipitation, there is usually relatively high contribution
rate of external input moisture and relatively low
contribution rate of local evaporation, and vice versa.
The reason may be that the increase of evaporation is
caused by limited rainfall and higher temperature in
summer.

Table 5. Average contribution rate of local evaporation and moisture flux inflow from the east, south, west and north boundaries to

the SPE (units: %).

Percentage of sum-

Decade mer precinitation East bound-  South bound- West bound- North bound- External in- Local evapora-
gno rrfa ly ary ary ary ary put tion
1961-1970 2.62% 0.19% 77.41% 16.19% 0.00% 93.79% 6.21%
1971-1980 -3.79% 0.00% 73.60% 18.68% 0.10% 92.38% 7.62%
1981-1990 7.03% 0.01% 72.48% 21.31% 0.01% 93.81% 6.19%
1991-2000 16.08% 1.84% 73.52% 18.07% 0.00% 94.06% 6.57%
2001-2010 -8.90% 0.00% 73.72% 18.78% 0.00% 92.50% 7.50%
2011-2020 -13.04% 1.96% 71.32% 19.52% 0.00% 92.80% 7.20%

4.3 Possible causes of the contributions of remote
moisture transport and local evaporation to the
interannual variability of SPE

The contributions of remote moisture transport and
local evaporation to the interannual variability of SPE is
mainly affected by atmospheric circulation and external
forcing. The ERAS reanalysis data from 1961 to 2020 is
used to calculate the regression coefficients of
standardized series of regional average precipitation
anomalies and the contribution rate series of local
evaporation against the vertically integrated moisture
flux, 700 hPa and 200 hPa vertical velocity, 850 hPa
wind, 500 hPa potential height and SST (Fig. 9). In the
years with more precipitation (with higher contribution
rate of remote moisture transport), there are obvious
anticyclonic circulation anomalies of moisture transport
in the ESWC and its vicinity, with considerably stronger
integrated moisture transport in the southwest-northeast
direction (Fig. 9a). At 850 hPa, obvious southwesterly
wind anomalies are observed (Fig. 9b). Updraft prevails
in the ESWC from 700 hPa (Fig. 9¢) to 200 hPa (Fig.
9d). In the 500 hPa height field, the "+ — +" anomaly
distribution appears prominently in East Asia, with a
more southerly western Pacific subtropical high and
double blocking highs in mid-high latitudes (Fig. 9e).

The above anomalous circulation configuration indicates
a possible cooperation between the mid-latitude Rossby
wave train-like teleconnection (e.g silk road pattern, Lu
et al. 8]) and the East Asia and Pacific pattern (Huang
and Li 7).

The years with more SPE correspond to relatively
high SST in the equatorial Middle East Pacific, the
South China Sea, the Bay of Bengal, the Arabian Sea
and other places (Fig. 9f). In case of higher contribution
rate of local evaporation (overly higher precipitation
recirculation rate), there are obvious cyclonic circulation
anomalies of moisture transport in the ESWC and its
vicinity, with considerably weaker integrated moisture
transport in a southwest-northeast orientation (Fig. 9g).
At 850 hPa, obvious northeasterly wind anomalies are
observed (Fig. 9h). From 700 hPa (Fig. 9i) to 200 hPa
(Fig. 9j), downward motion prevails. In the 500 hPa
height field, the " - + —" anomaly distributions are
obvious in East Asia, with a northerly western Pacific
subtropical high (Fig. 9k). In the equatorial Middle East
Pacific, the South China Sea, the Bay of Bengal and the
Arabian Sea the SST is relatively low (Fig. 91). Overall,
this is a typical circulation configuration for less summer
precipitation in Southwest China (Li et al. B%).



164 Journal of Tropical Meteorology Vol.29

60°N
45°NF
30°N
15°N 2
00
o Sk g o e lsos e
30° 180° 30°E 60°E
60°N 60°N |
450N = ; . : 45°N
30°N RN 2 . 3 30°N
15°N 23 L | 159N
0° N s 0° !

S . 15°S
30°E 60°E 90°E  120°E  150°E 180° 30°E 60°E 90°E  120°E  150°E 180°
-— e -— e

-04-02 0 0204 -04-02 0 0204
. : 90°N

60°N

o

S |
30°E 60°E  90°E  120°E  150°E 180°
R ——— 4

60°N 60°NT

45°N J45°N

30N 30°N

\» Y 7;'1/

: =2 ’-,

15 =

o .
15°S AU : RiH 15°S LN i ket et

180° 30°E 60°E 90°E

120°E  150°E 180°
60°N =

5°S ' S 1 ‘ e :
30°E 60°E___90°E_ 120°E  150°E  180° 30°E  60°E_ 90°E  120°E  150°E  180°

AT dEEN 00 T
-04-02 0 02 04 -04-02 0 02 04
90°N 1= s
75°N{(D) & ez o= = e, M
BN o o "‘%%T/o
45°N &
30°N "'k .
15°N &
00 ‘
15°S 3
30°S @
3 M
S 58 -
30°E 60°E  90°E  120°E  1S0°E  180°  0° 30°E 60°F S0°EI20°EISO°EIS0°S0°W 120°WO0 W60 W30°W
R ——— 4 R ———— g
-0.20-0.10 0 0.10 0.20 -0.6-04-02 0 0.2 0.4 0.6

Figure 9. Regression coefficients of standardized series of regional average precipitation anomalies and contribution rate series of
local evaporation against vertically integrated moisture flux (a, g), 850 hPa wind field (b, h), 200 hPa (c, i) and 700 hPa (d, j) vertical
velocity field, 500 hPa geopotential height field (e, k), and SST (f, 1). The dotted areas in the graph indicate that the regression
coefficients have passed the 90% confidence test, and the red, blue and green arrows in the wind vector graph indicate that the
results have passed the 90% confidence test in the uv direction, « direction and v direction.
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5 CONCLUSIONS AND DISCUSSION

The following conclusions are drawn from the
analyses of remote moisture transport, local evaporation
and their contributions to SPE.

In terms of the climatology, the SPE is mainly
contributed by the external transport (93.59%), while the
local evaporation contributes only 6.41%. In summer,
the moisture inflow from the south boundary contributes
the most (73.90%), followed by that from the west
boundary (19.24%), while the contribution of moisture
inflow from the east and north boundaries is basically
negligible.

There are five remote moisture channels for the
SPE, i.e., the Arabian Sea channel, the Bay of Bengal
channel, the western Pacific channel, the Northwest
channel 1 and channel 2. Among the five channels, the
western Pacific channel has the largest number of
trajectories (10644), and the Northwest channel 1 has
the least (2518). In terms of specific humidity
contribution rate, the Bay of Bengal channel contributes
the most (33.33%). In summer, the moisture in the
ESWC mainly comes from the Bay of Bengal, followed
by the western Pacific Ocean and the Arabian Sea.

The variation of precipitation recirculation rate is
opposite to that of regional average precipitation and the
precipitation caused by remote moisture transport, but
consistent with that of the precipitation caused by local
evaporation. When local evaporation increases
(decreases), the regional precipitation declines (rises).
The change of regional average precipitation is closely
related to the contribution rate of moisture transport
from the west boundary. When the latter increases, the
possibility of more precipitation rises, and vice versa.

A comparison of the contributions of external input
and local evaporation in different years shows that the
years with more SPE correspond to larger external
moisture input. The opposite trend is observed in local
evaporation. In a word, more precipitation corresponds
to larger contributions of external moisture input and
smaller contributions of local evaporation.

In the years with more SPE (higher contribution
rate of remote moisture transport), there is obvious
southwest-northeast oriented moisture transport and
deep updrafts in the ESWC. Meanwhile, there is a "+ - +
" height anomaly wave train in East Asia, a southerly
western Pacific subtropical high, double blocking in mid-
high latitudes, and high SST in the equatorial Middle
East Pacific and South China Sea. All the circulation
configuration is beneficial to the moisture transport from
southwest to the study area.

This study analyzes the moisture sources and their
contributions to the SPE and discusses the possible
causes of the interannual variation of the contribution
rate of remote moisture and local evaporation. Further
analysis is needed on predicting the summer
precipitation to explore the mechanism of how external

forcing factors such as preceding SST and plateau snow
cover impact the moisture transport and precipitation in
the ESWC.
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