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ABSTRACT: The Tibetan Plateau (TP), the so-called water tower of Asia, plays an important role in the water
cycle. However, few studies have linked the TP’s water vapor supply with the climate over North China. In this
study, we found that changes in the subtropical westerly jet (SWJ) dynamically induce drought in North China,
and the TP plays an important role in this relationship. During July—August for the period of 1981-2019, the SWJ
center between 75° and 105°E obviously shifted northward at a rate of 0.04° per year. Correspondingly, the zonal
winds in the southern subtropics were incredibly weakened, causing the outflow of water vapor from the TP to
decrease dramatically. Combined with numerical simulations, we discovered that a reduction in water vapor
transport from the TP can obviously decrease the precipitation over North China. Sensitivity experiments dem-
onstrated that if the water vapor outflow from the eastern border of the TP decreases by 52.74%, the precipitation
in North China will decrease by 12.69% due to a decrease in the local cloud fraction caused by a diminished water
vapor content in the atmosphere. Therefore, although less water vapor transport occurs in the upper troposphere
than in the lower troposphere, the impact of transport from the TP in the former on the downstream precipitation
cannot be ignored.
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1. Introduction convective activity is also an important factor influencing the
SWIJ (Yang and Webster 1990). Moreover, the SW1 is indica-
tive of weather and climate: the northward jump and southward
retreat of the SWJ are the most significant signals of the sea-
sonal transformation in the upper tropospheric circulation (Ye
et al. 1957); additionally, because the monsoon can affect the
position of the SWJ, changes in the SWJ position can also re-
flect the beginning and end of the monsoon rainy season (Li
and Wang 2005; Schiemann et al. 2009). The interdecadal
variation of summer precipitation in East Asia is also related to
the movement of the SWIJ (Liao et al. 2004; Lin and Lu 2005).
Therefore, for weather forecasting and climate prediction re-
search, the changes in the SWJ and its impacts are important
considerations.

The Tibetan Plateau (TP), with an average altitude of
4500 m, plays an important role in adjusting both the atmo-
spheric circulation and the hydrological cycle (An et al. 2001;
Boos and Kuang 2010; Lu et al. 2005; Xu et al. 2008) and
strongly affects the surrounding climate. Some studies have
reported that the TP exerts a significant impact on the
position of the Asian SWIJ center (Li et al. 2004; Duan and
Wu 2009; Wu et al. 2009). Due to its “‘elevated heat pump”’
effect (Ye et al. 1957; Flohn 1957; Wu et al. 2007; Wu and Liu
2016), the TP can be attributable to the abrupt movement of
the wintertime and summertime SWJ centers (Kuang and
Zhang 2005; Kuang et al. 2007), located respectively over the
southern and northern parts of the TP (Schiemann et al.
2009). In addition, the TP is often considered a ‘“wet pool”
and ‘‘transfer station” of East Asian moisture during summer
(Zhao and Zhou 2020), providing water vapor to the down-
Corresponding author: Yuzhi Liu, liuyzh@lzu.edu.cn stream region (Xu et al. 2014). Despite these findings,

The subtropical westerly jet (SWJ), which appears as a
narrow and strong westerly belt in the subtropical region at
200 hPa with large horizontal and vertical wind shear, is an
important planetary-scale atmospheric circulation over
the Northern Hemisphere (Kuang and Zhang 2005; Zhang
et al. 2006; Liu et al. 2018). Terrain and tropical convective
heating could influence the formation and evolution of the
SWIJ (Krishnamurti 1979; Yang and Webster 1990; Dong
etal.2001). Likewise, the intensity and location of the SWJ
can be affected by many factors (Zhang et al. 2006). On the
one hand, some studies have found that the movement of
the SWI is related to the strength of monsoons (Zhang
1980; Wu et al. 2008). For example, Dong et al. (1999) re-
ported that the variation in the Asian SWJ is associated
with changes in tropical monsoonal heating; in this context,
the meridional movement of the Asian SWJ can reflect the
occurrence and withdrawal of the Asian summer monsoon
(Li and Wang 2005; Zhang et al. 2006). On the other hand,
some studies have discovered a relationship between pe-
riodic changes in the ocean and the movement of the SWJ
(Liao et al. 2006; Xuan et al. 2011); for example, Zhao et al.
(2014) reported that the interannual variability of the SWJ
location is closely related to the Arctic Oscillation, and Du
et al. (2016) further noted that the interannual variability
of the Asian summertime SW1J is associated with sea surface
temperature anomalies. In addition, large-scale interhemispheric

DOI: 10.1175/JCLI-D-20-0799.1

© 2021 American Meteorological Society. For information regarding reuse of this content and general copyright information, consult the AMS Copyright
Policy (www.ametsoc.org/PUBSReuseLicenses).
Brought to you by Lanzhou University | Unauthenticated | Downloaded 01/13/22 10:34 AM UTC


mailto:liuyzh@lzu.edu.cn
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses

4956 JOURNAL OF CLIMATE VOLUME 34

TABLE 1. Detailed configurations and options of WRF simulations.

Version WREF 4.0
Map and grids
Number of vertical layers 40
Horizontal grid spacing 30 and 10 km
Domain dimensions 243 X 168 and 241 X 226
Nesting strategy
Nesting One-way nesting by the ndown method
Physics options
Microphysics scheme Purdue-Lin
Cumulus parameterization scheme Kain-Fritsch
Shortwave radiation scheme Dudhia
Longwave radiation scheme RRTM
Surface layer scheme Revised MMS5 Monin—-Obukhov
Land surface scheme Unified Noah land surface model
Planetary boundary layer scheme YSU
Experimental design
Sensitivity experiment 1 (SEN_E1) Zonal water vapor flux over the TP reduced by 75%
Sensitivity experiment 2 (SEN_E2) Zonal water vapor flux over the TP reduced by 50%
Sensitivity experiment 3 (SEN_E3) Zonal water vapor flux over the TP increased by 50%
Sensitivity experiment 4 (SEN_E4) Zonal water vapor flux over the TP increased by 100%

however, the role of the TP in the downstream climate water vapor transport over North China, and its impact on the
variations induced by shifts in the SWJ remains unknown. precipitation therein.

Accordingly, this study performs a comprehensive investiga- The structure of this paper is organized as follows. Following
tion linking the changes in the SWJ, the role of the TP in  the introduction of section 1, sections 2 and 3 present the data,
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FIG. 1. (a) Distribution of the average zonal wind (shading; m s~ !) and wind vectors (vectors; m s~ 1) at 200 hPa over East Asia
in July-August from 1981 to 2019. The green line indicates the area where the SW1 is located (U = 30ms ™). (b) Anomalies of
the SWJ’s center over the region between 75° and 105°E. An asterisk (*) indicates the trend is significant at the 95% confidence
level. The linear correlation coefficient is indicated by R. (c) Distribution of the anomaly field of the zonal wind speed (shading;
ms 1), with the northern position of the SWJ at 200 hPa, relative to the average field during the period of 1981-2019. (d) Asin (c),
but for the southern position of the SWJ. The area enclosed by the purple bold curve in (a), (c), and (d) indicates the main body of
the TP. The dots in (c) and (d) indicate differences are significant above the 95% confidence level.
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TABLE 2. The selected years in the analysis.

ZHU ET AL.

Position of SWJ Years

2010, 2016, 2017, 2018, 1995, 1996, 2013,
1997, 1985, 2019, 2006, 1994, 2002,
2000, 2015

1999, 1987, 1984, 1998, 1983, 1993, 2003,
1988, 2004, 2007, 2009, 1982, 2008,
2011, 1990

Northern latitudes

Southern latitudes

model, and methods used in this study. The results obtained by
reanalysis data, including the changes in the SWJ center and in
the zonal winds and water vapor flux over the subtropics of East
Asia, are assessed in section 4a; then, the relationship between
the water vapor flux from the TP and precipitation over the
downstream region and the possible responsible mechanisms
are discussed in section 4b. Finally, section 5 briefly summarizes
the conclusions.

2. Datasets and analysis methodology
a. Datasets

The European Centre for Medium-Range Weather Forecasts
(ECMWF) ERAS reanalysis data (Hersbach et al. 2020) with a

a) Trend_U
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horizontal resolution of 0.25° X 0.25° and a vertical resolution
of 50 hPa for the period of 1981-2019 are used in this study.
The 6-h U component of the wind field during July—August is
used to analyze the distributions of and changes in subtropical
winds and the SWJ center. Likewise, the 6-h specific humidity
combined U and V components of the wind fields in July-
August are used to analyze the distributions and changes of
specific humidity and water vapor flux. In addition, Climatic
Research Unit (CRU) data with a resolution of 0.5° X 0.5°
(version TS 4.04 for 1901-2019) provided by the University of
East Anglia (Harris et al. 2014) are used to analyze the varia-
tion in precipitation with the zonal water vapor flux during
July—-August for the period of 1981-2019. Furthermore,
the Tropical Rainfall Measuring Mission (TRMM) 3-hourly
product (3B42RT v7) with a resolution of 0.25° X 0.25° is used
to evaluate the simulated spatial distribution of precipitation,
and the daily Moderate Resolution Imaging Spectroradiometer
(MODIS) product (MODO08_D3) with a resolution of 1° X 1°
(Platnick et al. 2003; Zhao et al. 2019) is used to evaluate the
simulated spatial distribution of cloud fraction (CF) in July—
August of 2015.

b. Analysis methodology

To quantify the downstream transport of water vapor from
the TP, the vertically integrated and single-level water vapor
fluxes are investigated. The single-level water vapor flux gu and
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FIG. 2. (a) Latitude-height cross section of the zonal wind speed trend (m s ! decade 1) averaged over 70°~120°E
in July—August from 1981 to 2019. (b) Trend distribution of zonal wind at 200 hPa (m s ! decade ). (c) As in (b),
but for zonal wind at 500 hPa. The dots indicate trends are significant above the 95% confidence level.
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FIG. 3. Distribution of the (a) total specific humidity (g kg™ '), (b) vertically integrated zonal water vapor flux
(g m~'s™") between 500 and 200 hPa, and (c) trend of the vertically integrated zonal water vapor flux
(gm~'s™! decade ") in July—August for the period of 1981-2019. The dots in (c) indicate trends are significant above
the 95% confidence level. The blue line in (b) indicates the eastern border of the TP (30°-42°N, 103°E).

the vertically integrated water vapor flux QU are calculated
separately as follows:

qu=q Xu,

M

1(P?
ov=_| axudp, ©)
8 pl
where ¢ is the specific humidity, « is the zonal wind speed, g is
the acceleration due to gravity, and pl and p2 are the bottom
pressure and top pressure, respectively.
Additionally, the statistical significance of the correlation coef-
ficients and regression coefficients is calculated by Student’s ¢ test.

3. Model description
a. Weather Research and Forecasting Model

In this study, Weather Research and Forecasting (WRF)
Model simulations are performed through one-way nesting
approach by the ‘““ndown” method: two domains are simu-
lated separately, where the simulation results of the coarse-
resolution (30 km) domain (outer domain, d01) provide the
lateral boundary conditions for the fine-resolution (10 km)
domain (inner domain, d02). Thus, according to the ndown
method, the water vapor flux in the boundary conditions of
d02 can be altered by changing the water vapor flux in the
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dO1 output. Here, 6-h National Centers for Environmental
Prediction (NCEP) Final Analysis (FNL) data with a spatial
resolution of 1° X 1° are used for the initial conditions of d01
and d02 and the boundary conditions of d01. Then, the high-
temporal-resolution (hourly) output of d01 is used as the
lateral boundary conditions to run the simulation of d02. All
simulations cover a 78-day period from 15 June 2015 to
31 August 2015 without nudging. The first 16 days are dis-
carded as the “‘spinup’’ period to reduce the impact of initial
conditions, and the analysis focuses on the period from
1 July 2015 to 31 August 2015. The Purdue-Lin microphysics
scheme (Chen and Sun 2002), Kain-Fritsch cumulus pa-
rameterization scheme (Kain 2004), Yonsei University
planetary boundary layer (PBL) scheme (Hong et al. 2006),
and Noah land surface model (Chen and Dudhia 2001) are
used for both domains. These setups, along with other de-
tailed configurations and options for the model in this study,
are listed in Table 1. Due to the coarse resolution and the
simplification of the atmospheric equations, there are some
simulation uncertainties of the PBL in the WRF Model,
including the PBL height (Zhao et al. 2009) and the PBL
mixing process (Du et al. 2020). In this study, the deviation
of the PBL simulation may affect the mixing of water vapor
in the vertical, but these simulation deviations are inevitable
in the current PBL parameterization schemes used in the
WRF Model (Du et al. 2020).
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FIG. 4. (a) Time series of zonal water vapor flux anomalies (g m ™ *s 1)
at the eastern border of the TP. An asterisk (*) indicates the trend is
significant at the 95% confidence level. The linear correlation coefficient
is indicated by R. (b) Distribution of regression coefficient between
anomalies of zonal water vapor flux (g m ™~ s~ ') at the eastern border of
the TP and precipitation (mm) in July-August from 1981 to 2019. The
dots in (b) indicate trends are significant above the 95% confidence level.
The green rectangle indicates the North China (34°~44°N, 105°-120°E).

b. Experimental setup

The CONT_E experiment is the control run, in which the
simulation in d01 is driven by FNL data and the simulation in d02
is driven by the hourly dO1 output. In addition, by altering the
zonal water vapor flux over the TP in the d01 output obtained
from CONT_E, four sensitivity experiments with different water
vapor fluxes through the eastern border of the TP are performed.
In sensitivity experiment 1 (SEN_E1) and sensitivity experiment 2
(SEN_E2), the zonal water vapor fluxes from 500 to 200 hPa over
the TP in the d01 output obtained from CONT_E are reduced by
75% and 50%, respectively, to drive the d02 runs. Similarly, for
sensitivity experiment 3 (SEN_E3) and sensitivity experiment 4
(SEN_E4), the zonal water vapor fluxes from 500 to 200 hPa over
the TP in the dO1 output obtained from CONT_E are increased by
50% and 100%, respectively, to drive the d02 runs. The simula-
tions from the d02 output in the control experiment and four
sensitivity experiments are used to analyze the impacts of water
vapor transport from the TP on the precipitation in North China.

4. Results and analyses

a. Change in the Asian SWJ and the impact on zonal water
vapor flux

The average zonal winds at 200 hPa over East Asia in July—
August during 1981-2019 are presented in Fig. 1a. A significant
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high wind speed region (U = 15ms™ ") is found in the middle
of the subtropical region, and the strongest wind speeds (U =
30ms~ ') appear north of the TP where the SWJ is located
(the area enclosed by the green line, between 75° and 105°E).
For the SWIJ center during this period, we take the latitude
where the zonal wind speed averaged over July—August
during the period of 1981-2019 reaches the maximum.
Then, by comparing the locations of the SWJ center, the
north-south movement of the SWJ center is determined.
Figure 1b shows the SWJ center anomalies in July—August
during 1981-2019 over the region between 75° and 105°E,
indicating that the Asian SWJ obviously shifts northward
at a rate of 0.04° per year over the period of 1981-2019.
Furthermore, the anomaly field of the zonal wind speed is
calculated for the northern SWJ position at 200 hPa relative
to the average field during the period of 1981-2019, as shown
in Fig. 1c. Similarly, the anomaly field is also computed for
the southern SW1J position at 200 hPa relative to the average
field for the period of 1981-2019 (Fig. 1d). The years with the
northern/southern positions of the SW1J are listed in Table 2.
Asshown in Figs. 1c and 1d, the zonal winds present a distinct
anomaly with a “positive—negative” pattern over the sub-
tropics. As the SWJ centers are located at more northerly
latitudes, abnormally strong westerly winds are found be-
tween 40° and 60°N; however, abnormally weak westerly
winds appear between 30° and 40°N (Fig. 1c). In contrast,
when the SWJ centers are located at more southerly lati-
tudes, abnormally weak westerly winds are found between
40° and 60°N, and abnormally strong westerly winds appear
between 30° and 40°N (Fig. 1d). The zonal wind anomalies
caused by the different positions of the SWJ center indicate
that northward movement of the SWJ will induce stronger
westerlies in the northern subtropics but weaker westerlies in
the southern subtropics.

The trends of the zonal winds confirm the above results. As
shown in Fig. 2a, the average zonal winds between 70° and
120°E during July—August from 1981 to 2019 significantly in-
tensify over the northern subtropics and show a weakening
trend over the southern subtropics. Moreover, these trends
show a similar phenomenon: the weakening of zonal winds is
detected mainly over the southern subtropics, especially from
the TP to its downstream areas (Figs. 2b,c). In addition, the
changes in zonal winds are more obvious in the middle and
upper troposphere (Fig. 2a).

The TP is the highest and largest plateau in the world and
contains many glaciers, rivers, and lakes (Xu et al. 2008). Due
to the TP’s special terrain and abundant water resources, the
water vapor in the atmosphere over the TP is the highest in the
middle and upper troposphere (Fig. 3a). Hence, the transfer of
water vapor downstream from the TP is profoundly affected by
the zonal winds in the middle and upper troposphere. Similar
to the westerly wind belt, the zonal water vapor flux in the
middle and upper troposphere is also zonally distributed
throughout the subtropical region, as shown in Fig. 3b. High
values of the zonal water vapor flux are concentrated over the
northern portion of the TP except the ocean (Fig. 3b). The
trend of the zonal water vapor flux shows a similar distribution
to the trend of the zonal winds, increasing over the northern
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FIG. 5. Time series of (al) meridional water vapor flux (g m~'s™!) from surface to 200 hPa, (a2) zonal water

vapor flux (g m s~ ') from the surface to 200 hPa, and (a3) zonal water vapor flux (g m ™~ 's™!) from the surface to
500 hPa at the eastern border of the TP. An asterisk (*) indicates the trend is significant at the 95% confidence level.
The linear correlation coefficient is indicated by R. (b1),(b2),(b3) The distributions of regression coefficients be-
tween the water vapor flux (g m™~'s™ ') of (al), (a2), and (a3) and precipitation (mm), respectively, in July—August
from 1981 to 2019. The dots in (b1)-(b3) indicate the trends are significant above the 95% confidence level. The

green rectangle indicates North China (34°-44°N, 105°-120°E).

subtropics but decreasing over the southern subtropics, espe-
cially from the TP to its downstream areas (Fig. 3c).

b. Role of the TP in the precipitation changes over
North China

Furthermore, we define a cross section along 103°E averaged
between 30° and 42°N as the eastern border of the TP (the blue
line in Fig. 3b) to quantify the changes in water vapor transport
from the TP to North China. The zonal water vapor flux
anomalies at the eastern border of the TP indicate a significant
decreasing trend during July-August from 1981 to 2019
(Fig. 4a), implying a decline in downstream water vapor
transport from the TP. Furthermore, the spatial correlation
between the zonal water vapor flux at the eastern border of the
TP and the local precipitation is depicted in Fig. 4b. A positive
correlation is found between the water vapor flux at the eastern
border of the TP and the downstream precipitation, namely, in
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the Sichuan Basin, North China (green rectangle in Fig. 4b),
and Northeast China. This correlation implies that when the
water vapor flowing out from the TP decreases, the precipita-
tion over the regions downstream of the TP will correspond-
ingly decrease.

Due to the definition of SWI center that is based on the
zonal winds, here we only analyze the zonal water vapor flux.
Meanwhile, considering the nonsignificance of the trend of
meridional water vapor flux at the eastern border of the TP and
weak correlation with precipitation [Figs. 5a(1) and 5b(1)], the
meridional water vapor flux is not discussed in this study. There
also exists zonal water vapor transport in the atmosphere from
the surface to 500 hPa over the TP; however, the correlations
between the zonal water vapor flux from surface to 200 hPa and
the surface to 500 hPa and precipitation are weak and insig-
nificant [Figs. 5b(2) and 5b(3)]. Besides, as shown by the neg-
ative values in Fig. 5a(3), there exists water vapor transport
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FIG. 6. (a) WRF Model domains and distribution of the simulated average zonal water vapor flux between
500 and 200 hPa (m s~ ' gkg ') under the control experiment in July—August of 2015. (b)~(e) As in (a), but for
average zonal water vapor flux used in different sensitivity experiments. (f) Changes (%) of daily average zonal
water vapor flux at the eastern border of the TP in different sensitivity experiments relative to control ex-
periment. The purple line in (a)—(e) indicates the main body of the TP. The blue line in (a)(e), as in Fig. 3b,
indicates the eastern border of the TP.
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FIG. 7. (a) Distribution of simulated cumulative precipitation (mm) in July-August of 2015. (b) As in (a), but for
cumulative precipitation observed by TRMM satellite. (c),(d) As in (a), but for CF simulated by WRF model and

observed by MODIS, respectively.

from the east region to the TP instead of from the TP to the
downstream region in the lower layer (from the surface to 500
hPa) at the eastern border of the TP. In the middle and upper
levels (500200 hPa), strong westerly winds drive the water
vapor from the TP to the North China (Fig. 3b). In addition,
from the atmospheric perspective, the TP is defined as the
“world water tower” above 500 hPa (Xu et al. 2008).
Therefore, it is more reasonable to get the feature of water
vapor transport from TP to the downstream region by using the
zonal water vapor flux from 500 to 200 hPa.

Using reanalysis data alone makes it difficult to quantify
the contribution of the zonal water vapor flux changes from
the TP to the precipitation over North China. In the follow-
ing, five groups of WRF Model experiments are performed
(the details of these experiments are described in section 3b).
Figure 6a shows the zonal water vapor flux (shading) over d01
under the WRF control experiment, and Figs. 6b—e show the
zonal water vapor fluxes over d01 used in the different sen-
sitivity experiments. Figure 6f shows the changes in water
vapor transport at the eastern border of the TP (blue lines in
Figs. 6a—e, same as in Fig. 3b) in the four sensitivity experi-
ments. Due to the variation in zonal water vapor flux over the
TP, the downstream transport of water vapor from the TP
decreases by 52.74% and 35.12% in SEN_E1 and SEN_E2,
respectively, whereas the downstream transport of water
vapor from the TP in SEN_E3 and SEN_E4 increases by
35.12% and 70.23%, respectively.

The distributions of the cumulative precipitation and CF
simulated by CONT_E agree well with the spatial distribution
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of satellite observations; they all show the distribution charac-
teristics of decreasing from south to north (Fig. 7). Focusing on
the simulations in d02, we analyze the changes in precipitation
under the different sensitivity experiments relative to the
control experiment over North China (the area enclosed by the
green rectangle in Fig. 4b). The distribution of cumulative
precipitation over July-August of 2015 from CONT_E is pre-
sented in Fig. 8a. The changes in precipitation in each of the
sensitivity experiments relative to the control experiment are
shown in Figs. 8b—e. The simulation results of SEN_E1 and
SEN_E2 indicate that, with the 52.74% and 35.12% reductions,
respectively, in water vapor transport from the TP, the pre-
cipitation over North China decreases by 25.17 and 15.84 mm,
respectively (Figs. 8b,c). These results quantitatively confirm
that when the water vapor flowing out from the TP decreases,
the precipitation over North China will correspondingly de-
crease. In contrast, when the water vapor flowing out from the
TP increases by 35.12% and 70.23%, the precipitation over
North China will increase by 3.55 and 12.52 mm, respectively
(Figs. 8d,e). These simulations further prove the positive cor-
relation between water vapor transport from the TP and the
downstream precipitation (Fig. 4b).

Next, the mechanism responsible for the reduced precipita-
tion over North China is analyzed. Figure 9a shows the changes
in the daily average relative humidity (RH) at different levels
over North China under each sensitivity experiment relative to
the control experiment. As shown in Fig. 9a, when the water
vapor transport from the TP is weakened, the RH over North
China will correspondingly decrease. Compared with that of
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FIG. 8. (a) Distribution of the cumulative precipitation (mm) in July-August of 2015 in the control experiment.
(b)-(e) Difference of cumulative precipitation (mm) between different sensitivity experiments and the control
experiment. The number in the upper-right corner represents the regional average cumulative precipitation in each

experiment.

SEN_E2, the decrease in the RH of SEN_EI1 is more obvious
due to the less water vapor transport from the TP in SEN_EL1.
The changes in the RH in the middle and upper troposphere
(above 600 hPa) are more severe than that in the lower tro-
posphere, which is attributable to the variations in water vapor
transport from the TP in the middle and upper troposphere.
Consequently, the mixing ratios of rainwater (QR) under the
four different sensitivity experiments exhibit similar changes
(Fig. 9b), implying that changes in water vapor conditions are
reflected in the formation of clouds.
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Figure 10 presents the change in the low CF under each
sensitivity experiment. As shown in Fig. 10a, under the control
experiment, high values of the low CF are concentrated mainly
over the eastern and central parts of North China. The changes
in the low CF under the sensitivity experiments relative to the
control experiment are shown in Figs. 10b—e. In SEN_EI1,
which features the greatest reduction in water vapor outflow
from the TP, the decrease in the low CF over North China is the
largest among all the sensitivity experiments (Fig. 10b).
Similarly, with the largest increase in water vapor outflow from
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FIG. 9. (a) Profiles of the regional average RH changes over
North China under different sensitivity experiments relative to
control experiment. (b) As in (a), but for QR.

the TP, the increase in the low CF over North China is the most
substantial (Fig. 10e). These findings reveal an obvious positive
correlation between the changes in water vapor transport from
the TP and the variation in the CF of low clouds over North
China. Additionally, the changes in the CFs of middle and high
clouds are similar to those in the CF of low clouds (figures
omitted).

In addition to affecting the water vapor condition in North
China, the changes in water vapor outflowing from the TP can
simultaneously influence the atmospheric circulation over
North China. When the water vapor transport from the TP is
weakened, the vertical velocity over North China will corre-
spondingly decrease (Figs. 11b,c), which could inhibit the
precipitation. On the contrary, when the water vapor transport
from the TP is increased, the vertical velocity over North China
will correspondingly increase (Figs. 11d,e), which could pro-
mote the precipitation. Compared with the results of SEN_E2
(SEN_E3), the decrease (increase) in the vertical velocity of
SEN_E1 (SEN_E4) is more obvious due to the less (more)
water vapor transport from the TP.

Overall, the weakening of water vapor transport from the TP
causes a decrease in the water vapor content over North China,
which then affects the formation of clouds and ultimately
reduces local precipitation. Figure 12 summarizes the changes in
water vapor, clouds, and precipitation over North China in the
different sensitivity experiments. When the water vapor transport
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from the TP is reduced by 52.74%, the RH, QR, and CF of low
clouds over North China decrease by 5.01%, 33.81%, and 8.90%,
respectively; consequently, the precipitation decreases by 12.69%
over North China. In contrast, when the water vapor transport from
the TP is increased by 70.23%, the RH, QR, and CF of low clouds
over North China increase by 1.81%, 16.93%, and 4.83%, respec-
tively, and the precipitation increases by 6.31%. Hence, the changes
in the RH, CF, and precipitation in North China are positively
correlated with the changes in water vapor transport from the TP.

5. Conclusions

In this study, the relationship among changes in the Asian
SW1J position, water vapor transport from the TP, and precip-
itation in North China is comprehensively investigated. Using
reanalysis data and the WRF model, it is evident that there is a
positive response of the precipitation in North China to
changes in water vapor transport from the TP. Over the past
40 years, the water vapor transport from the TP has weakened
due to the weakening of zonal winds in the southern subtropics
over East Asia, which has been caused by the northward
movement of the SWJ center.

Regression analysis reveals a positive correlation between
the water vapor transport from the TP and precipitation in
North China. By using a one-way nesting approach in the WRF
Model and altering the zonal water vapor flux over the TP, the
response of precipitation in North China to water vapor
transport from the TP is quantified. With 52.74% and 35.12%
reductions in water vapor transport from the TP, the precipi-
tation in North China decreases by 12.69% and 7.98%, re-
spectively; conversely, when the water vapor transport from
the TP is increased by 35.12% and 70.23%, the precipitation
over North China increases by 1.79% and 6.31%, respectively.
This relationship between water vapor transport from the TP
and precipitation in the WRF Model confirms the positive
correlation obtained by reanalysis data.

The mechanism responsible for this relationship is as fol-
lows: northward movement of the Asian SWJ center weakens
the zonal winds in the southern subtropics over East Asia,
decreasing the water vapor transport from the TP to North
China; consequently, the reduction in water vapor transport
from the TP diminishes the water vapor content in North
China, affecting the formation of clouds and ultimately reduc-
ing the regional precipitation.

There are many factors affecting the precipitation, such as
monsoons, the subtropical high, the South Asia high, and sea
surface temperatures (Fan et al. 2016; Ning et al. 2017; Shi et al.
2020; Xu et al. 2020). Without a doubt, each of these factors
greatly influences the water vapor and precipitation in North
China. A host of previous studies also believe that the TP
generally affects regional precipitation by altering the atmo-
spheric circulation (Ye and Wu 1998; Wu et al. 2007; Wang
et al. 2008; Wu et al. 2012). Our research presents some
evidence that in the middle and upper troposphere, the trans-
port of water vapor from the TP to North China will also have
an important impact on local precipitation due to the existence
of the TP. Although the magnitude of water vapor transport in
the middle and upper troposphere is less than that in the lower
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FIG. 10. As in Fig. 8, but for daily average CF of low clouds.

troposphere, the contribution of the former to regional pre-
cipitation cannot be ignored. Moreover, because the TP is
highly sensitive to climate change, we need to pay more
attention to the relationship between the TP and downstream
precipitation.

Besides water vapor, aerosols, which can serve as cloud
condensation/ice nuclei, could also impact the cloud formation
and precipitation (Liu et al. 2019, 2020a,b; Zhao et al. 2018,
2020). Actually, in the real atmosphere, it is very difficult to
separate the effects of aerosol along with the global warming
from the water vapor effect. Aerosol can affect atmospheric
circulation through its radiation effects (Huang et al. 2014; Jia
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et al. 2018; Liu et al. 2011), and then affect water vapor
transport (Luo et al. 2020). In addition, some absorbing aero-
sols can affect the phase transformation of water vapor by
heating effect (Huang et al. 2006, 2010), some hygroscopic
aerosols (Eichler et al. 2008; Massling et al. 2009) could interact
with the water vapor, which affects the formation of cloud
condensation nuclei and finally affect the precipitation. The
combination of these effects is very complex. The purpose of
this study is to explore the impacts of water vapor transport on
the precipitation; consequently, the chemical module has not
been included. So, the aerosol effects on the precipitation are
not included in this study. In the future, a comprehensive
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FIG. 11. (a) Latitude-height cross section of the vertical velocity (cm s~ ') averaged between 105° and 120°E in
July—August of 2015 in control experiment. (b)—(e) Difference of the vertical velocity (cm s~ ') between dif-
ferent sensitivity experiments and control experiment. The number in the upper-right corner represents the
regional average vertical velocity in each experiment.
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different sensitivity experiments relative to the control experiment.

analysis of the impacts of atmospheric circulation, water vapor,
aerosols, and other factors on the precipitation in North China
is urgently needed.
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