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ABSTRACT: Precipitation in the Three-River Headwater (TRH) region has undergone significant changes as a result of

global warming, which can affect water resources in downstream regions of Asia. However, the underlying mechanisms of

the precipitation variability during the cold season (October–April) are still not fully understood. In this study, the daily

China gridded precipitation product CN05.1 as well as the NCEP–NCAR reanalysis are used to investigate the charac-

teristics of the cold season precipitation variability over the TRH region and associated atmospheric mechanisms. The cold

season precipitation shows an increasing trend (5.5mm decade21) from 1961 to 2014, with a dry-to-wet shift in around the

late 1980s. The results indicate that the increased precipitation is associated with the enhanced easterly anomalies over

the Tibetan Plateau (TP) and enhanced southeasterly water vapor transport. The enhancedWalker circulations, caused by

the gradients of sea surface temperature between the equatorial central-eastern Pacific and Indo–western Pacific in tropical

oceans, resulted in strengthened easterly anomalies over the TP and the westward expansion of the anticyclone in the

western North Pacific. Meanwhile, the changed Walker circulation is accompanied by a strengthened local Hadley circu-

lation, which leads to enhanced meridional water vapor transport from tropical oceans and the South China Sea toward the

TRH region. Furthermore, the strengthened East Asia subtropical westerly jet may contribute to the enhanced divergence

at upper levels and anomalous ascending motion above the TRH region, leading to more precipitation.
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1. Introduction

It is acknowledged that the warming rate in high-mountain

regions is higher than that in lowland regions (Pepin et al. 2015;

Pepin andLundquist 2008;Rangwala andMiller 2012). Evidence

from observations and modeling studies over high-altitude

mountainous regions (Nijssen et al. 2001; Beniston 2003;

Rangwala et al. 2009) has shown that this rapid warming can

significantly accelerate changes of the hydrological cycle,

especially precipitation, and thereby canmodify water resources

and ecosystems in downstream regions (Liu et al. 2011; de

Oliveira et al. 2017; Xi et al. 2018). This is particularly the case

for the Three-RiverHeadwater (TRH) region (Jiang and Zhang

2016), which is located in the hinterland of the Earth’s ‘‘third

pole,’’ the Tibetan Plateau (TP) (Liu et al. 2009; Liu and Chen

2000; Qin et al. 2009).

The TRH region is the headwater region of three major

rivers in East Asia (i.e., the Yangtze River, the Yellow River,

and the Mekong River) with a mean annual runoff of about

5003 108m3 (Shao et al. 2017; Zhang et al. 2012). Precipitation

in this region plays an important role in sustaining water in

river systems (Jiang et al. 2017; Zhang et al. 2013) and main-

taining biodiversity in ecosystems (Jiang and Zhang 2016).

In particular, the high-altitude, mountainous TRH region is

dominated by glaciers, snow cover, permafrost, and wetlands

(L. Tong et al. 2014), which are highly vulnerable to global

warming (Liu et al. 2014; Yao et al. 2012; Zheng et al. 2018). It

has been reported that the warming rate (0.38C decade21) in

the TP including the TRH region from 1975 to 2010 is more than

twice as high as the globalmeanwarming rate (0.128Cdecade21)
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(Chen et al. 2014; Rangwala and Miller 2012). At the seasonal

scale, the 2-m air temperature in winter over this region has the

highest increase and the value reaches up to 0.68C decade21 for

the minimum temperatures (You et al. 2016). The amplified

warming climate has enhanced the variability and uncertainty

of the precipitation (Liang et al. 2013; Yi et al. 2013; K. Tong

et al. 2014). Consequently, the increased variability and un-

certainty in the precipitation has been propagated to various

hydrological components through their nonlinear interactions

in the study region (Jiang and Zhang 2016; Li et al. 2013;

L. Tong et al. 2014; Xu et al. 2016, 2018; Zhang et al. 2012; Zhu

et al. 2015)—for example, the expansion of wetlands, the

shrinking of desert, and the recovery of the ecosystem environ-

ment due to the warmer andwetter climate (Zhu et al. 2015; Jiang

and Zhang 2016). Therefore, the understanding of changed pre-

cipitation characteristics and underlying mechanisms over the

TRH region is fundamental for achieving the water-related sus-

tainable development goals of the country (Li et al. 2012).

Precipitation variability is usually affected by moisture

supply, large-scale atmospheric circulations, and some local

factors (Gustafsson et al. 2010; Chen and Avissar 1994).

Studies show that the water precipitated in the TRH region

originated mainly from the tropical Indian Ocean, the Bay of

Bengal, and the North Atlantic (Simmonds et al. 1999; X. Xu

et al. 2008). The variation of precipitation is impacted by

changes in large-scale atmospheric circulations (Cuo et al.

2013; Liu and Yin 2001; Ma et al. 2018; Wang et al. 2017).

For example, the precipitation variability in the southern TP

region is affected by the North Atlantic Oscillation (NAO)

(Wang et al. 2017) and El Niño–Southern Oscillation (ENSO)

(Shaman and Tziperman 2005). The sea surface temperature

(SST) anomalies in the Indian Ocean and the Atlantic Ocean

(Hu andDuan 2015; Gao et al. 2013) exert strong effects on the

precipitation variability over the TP. Moreover, the formation

of precipitation over the TP is generally related to convection

induced by thermodynamic and dynamic processes (Sugimoto

and Ueno 2010). Specifically, given the high elevation of the

TP, thermodynamic processes (e.g., surface sensible heating)

are enhanced by the larger amount of the incoming solar radia-

tion compared to those over lowland regions (Yanai and Tomita

1998; Boos andKuang 2010). The surfaceheating–induced ascent

of air lifts moisture from the low-level boundary layer up to the

high-level free troposphere and contributes to the formation of

convective precipitation (Sugimoto and Ueno 2010).

Previous studies have made significant progress in under-

standing the precipitation variability in the TP and indicate

that the climate of the TP has regional features and remarkable

seasonal changes (Yang et al. 2014; Liu and Yin 2001; Z. Xu

et al. 2008; Wang and Guo 2012; Guo and Wang 2014). The

precipitation over the TRH region in spring and winter in-

creased remarkably from 1961 onward (Shi et al. 2016; Yi et al.

2013; K. Tong et al. 2014). The main focus of research, how-

ever, was on the moisture budget and mechanisms of the

summer precipitation variation in this region during the recent

30 years (from 1979 onward) (Sun and Wang 2019; Wang et al.

2017; Sun andWang 2018; Dong et al. 2020). Nevertheless, few

studies shed light on the responsible water vapor transport and

atmospheric mechanisms for the changed precipitation in the

cold season (including spring and winter) from 1961 onward.

Besides, in the context of global warming, the cold season

precipitation variation is important as the strongest warming

occurs in cold season, which leads to changes in the energy and

water balance at the land surface (Wang et al. 2019; Zhao et al.

2007). Changes in soil moisture and snow cover have been

reported in numerous studies (e.g., Wang et al. 2002; Wu and

Zhang 2008; You et al. 2020; Bai et al. 2019). Furthermore, the

precipitation and the modified freeze-thaw processes in soils

during the cold season have strong impacts on the productivity

of plants during the upcoming growing season (such as in al-

pine meadow areas), which eventually affects the economic

development of the region (Fu et al. 2018; Kang et al. 2010;

Shen et al. 2011).

Therefore, this study aims to improve the understanding of

the variation of the cold season (October to April) precipita-

tion over the TRH region from 1961 to 2014 and the underling

atmospheric mechanisms. The research questions addressed

are the following:

1) What are the spatial and temporal variabilities of the cold

season precipitation over the TRH region?

2) What are the related water vapor transport and atmo-

spheric mechanisms responsible for the variability of the

cold season precipitation?

2. Datasets and methods

a. Datasets

In this study, the analyzed TRH region is defined as a rect-

angular area (308–358N, 908–102.58E; black rectangle in Fig. 1),

and the analyzed cold season is defined as the period from

October to next April (Yao et al. 2012) for the period from

1961 to 2014. To analyze the precipitation variability over the

TRH region, four long-term precipitation datasets are used in

this study: the daily CN05.1 data and station data from the

National Meteorological Information Center of the China

FIG. 1. Geographical overview of the Three River Headwater

(TRH) region. The area within the black box depicts the study

region. The red triangles denote the locations of themeteorological

stations. The blue solid lines indicate the rivers in the TRH and its

surrounding regions.
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Meteorological Administration, the monthly Global Precipitation

Climatology Center (GPCC) data (Schneider et al. 2016), and the

monthly Climatic Research Unit Time Series (CRU) data (Harris

et al. 2014). The long-term daily CN05.1 product is derived from

daily records of 2472 rain gauges in China at a resolution of 0.258 3
0.258 from 1961 to 2014 (Wu and Gao 2013). The station data

comprise 32 stations from 1961 to 2014 in the study area (Fig. 1).

The GPCC data provide gridded gauge-analysis products derived

from quality-controlled station data at a resolution 18 3 18. The
monthlyCRUdataset is interpolated frommore than 4000weather

stations over global land area with a resolution of 0.58 3 0.58.
The daily andmonthly reanalysis from theNationalCenters for

Environmental Prediction and National Center for Atmospheric

Research (NCEP–NCAR) with a horizontal resolution of 2.58 3
2.58 from 1961 to 2014 (Kalnay et al. 1996) is used to analyze the

water vapor transport and associated atmospheric circulations

responsible for the cold season precipitation variability. The

NCEP–NCARreanalysis is considered sufficient enough to assess

large-scale atmospheric features, since this dataset has been in-

tensively employed in numerous studies for understanding at-

mospheric processes in Asia (e.g., Han et al. 2017; Huang et al.

2015). In this study, the daily andmonthly zonal wind, meridional

wind, omega (vertical velocity), geopotential height, specific hu-

midity, and air temperature at 17 pressure levels are selected from

NCEP–NCAR for the analysis.

A monthly SST dataset with a horizontal resolution of 18 3
18 from 1961 to 2014 is extracted from the UK Met Office

Hadley Centre data (Rayner et al. 2003) to investigate the role

of the SST for the cold season precipitation variability. The

Niño-3.4 index is defined as the areal mean SST of the region

58N–58S, 1208–1708W in the tropical Pacific (Trenberth and

Stepaniak 2001), which is provided by the NOAA/ESRL

Physical Sciences Laboratory.

b. Methods

Different precipitation intensities over the TRH region were

identified based on the daily precipitation amount distribution

(the criteria of classifications are shown in section 3b). The

associated water vapor transport and atmospheric circulations

corresponding to different precipitation intensities are inves-

tigated by composite analysis. In addition, anomalies of re-

lated atmospheric variables are calculated by removing the

climatological mean from 1961 to 2014. Furthermore, to ex-

plore the response of the atmospheric circulation for the

changedWalker circulation, the linear regression analysis with a

method of least squares is used. This method is to regress one

FIG. 2. (a) Time series of the standardized cold season precipitation (nondimensional), averaged over the TRH

region. (b) Spatial pattern of the linear trend in the cold season precipitation (mm decade21) for the TRH and its

surrounding regions from 1961 to 2014. Superimposed red dots in (b) indicate that the areas where the linear trend

in the cold season precipitation is statistically significant at the 95% confidence level. The curved blue lines de-

lineate the 2000-m isohypses.

FIG. 3. Histogram of the cold season daily precipitation during

the dry period (1961–75; 15 years) (front solid bars) and wet period

(1995–2009; 15 years) (back hatched bars). The x axis gives the bins

of the daily precipitation amount (mm day21) and the y axis gives

the precipitation days (days) corresponding to different precipita-

tion intensities.
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space–time atmospheric variable y against one standardized

domain-averaged variable of interest x for a certain period by

employing the following linear regression model:

y5a1bx , (1)

where a and b denote the intercept and the slope (i.e., the

regression coefficient) of the fitted regression line, respec-

tively. The regression analysis is carried out at each grid cell in

order to derive the spatial pattern of the regression coefficient

b. Similar analyses can be found in numerous studies (Ao and

Sun 2016; He et al. 2017; Huang et al. 2015; Wang et al. 2017).

The Pearson’s correlation coefficient is used to estimate the

correlation between two continuous variables. The Student’s

t test is used to assess the statistical significance of correlation

coefficients and the results of the atmospheric circulation

analysis in this study.

3. Results and discussion

a. Spatiotemporal variations of the cold season precipitation

Figure 2a shows the CN05.1-derived temporal variation of

the standardized cold season precipitation averaged over the

TRH region from 1961 to 2014. The result displays a dry-to-wet

transitional shift of the cold season precipitation in around the

late 1980s. Within the investigated 54 years, largely negative

anomalies are found during the period from 1961 to 1975 and

largely positive anomalies from 1995 to 2014. Figure 2b further

shows the spatial pattern of trends in the cold season precipi-

tation. Generally, significant positive trends are found over the

entire study region. The positive trends from the northwest

toward the southeast increase and reach the maximal values up

to 10mm decade21 in the southeastern TRH region. Averaged

over the whole region, the cold season precipitation increases

with a mean value of about 5.5mm decade21. To examine the

robustness of the result of the precipitation variation in the

cold season, the station data in the study area, the GPCC and

the CRU datasets are additionally used to show the variability

of precipitation (see Fig. S1 in the online supplemental mate-

rial). The Pearson correlation coefficients among the stan-

dardized time series of cold season precipitation derived from

the four datasets are all above 0.85 and statistically significant

at the 99% confidence level. Our result is also consistent with

other studies that the cold season precipitation exhibits in-

creasing trend from 1961 onward (Shi et al. 2016; Yi et al. 2013;

Dong et al. 2020). The consistency between CN05.1 and the

other datasets indicates that CN05.1 can reasonably represent

the precipitation change over the TRH region (Shi et al. 2016;

Zhou et al. 2016). Hence, the subsequent analyses about

the associated atmospheric circulations of the precipitation

variation are based on the daily CN05.1 data exclusively. To

investigate the underlying mechanisms of the changed cold

season precipitation, in the following, two subperiods—the

wet period from 1995 to 2014 (with continuously positive

FIG. 4. Composite mean of water vapor transport (vectors; unit: kg m21 s21) and specific humidity (colors; unit: g kg21) at (a)–(c) 850,

(d)–(f) 700, and (g)–(i) 500 hPa corresponding to different categories of precipitation—(a),(d),(g) 0–0.1, (b),(e),(h) 0.1–0.5, and (c),(f),(i)

.0.5mm day21—for the total period of 1961–2014. Here q and wvt represent specific humidity and water vapor transport at a specific

level, respectively. The curved blue lines delineate the 2000-m isohypses.
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precipitation anomalies) and the dry period from 1961 to 1975

(with largely negative precipitation anomalies)—are selected

for the analysis.

To evaluate whether the increased precipitation from the

late 1980s is due to the increase of rainfall days or with inten-

sified strength in single rainfall events, the histograms of daily

precipitation from 1961 to 1975 and from 1995 to 2009 (15 years

of the dry period and wet period separately) are further shown

in Fig. 3. Figure 3 shows that moderate precipitation events

(.0.5mm day21) increased by 220 days and days with no or

virtually no precipitation (,0.1mmday21) decreased by 310 days

during the wet period in comparison to the receptive days

during the dry period. This indicates that the increased cold

season precipitation during the wet period is mainly attrib-

uted to the increase of rainfall days and the moderate

precipitation events.

b. Associated atmospheric circulations related to the cold
season precipitation variability

To understand how the water vapor transport affects the

intensity of cold-season precipitation in the study region, the pre-

cipitation amount shown in Fig. 3 is classified into three categories.

No precipitation, light precipitation, and moderate precipitation

events are defined as 0–0.1, 0.1–0.5, and .0.5mm day21, respec-

tively. Composite means of water vapor transport and specific hu-

midity at 850, 700, and 500 hPa corresponding to the classified three

categories of precipitation from 1961 to 2014 are shown in Fig. 4.

At 850 hPa (Figs. 4a–c), two water vapor transport pathways

toward the TRH region are found: southwesterly water vapor

transport along the southern edge of the TP conveying moisture

from the Arabian Sea and the Bay of Bengal (Simmonds et al.

1999) and southeasterly water vapor transport transporting

moisture from the South China Sea and tropical oceans. A

comparison of Figs. 4c and 4b indicates that the identified

southwesterly and southeasterly moisture transport processes

are both enhanced in case of enhanced cold season precipitation

(i.e., from light precipitation to moderate precipitation).

In association with the increased cold season precipitation

intensity over the TRH region, there is a stronger anticy-

clone (around 308N, 1508E) over the western North Pacific

that expands westward (Figs. 4a–c). Indeed, the increased

strength and westward expansion of the anticyclone over

the western North Pacific can contribute to enhanced water

vapor transport from the South China Sea and tropical

oceans toward the TRH region. The southwesterly water

vapor transport at the southern edge of the TP (at 700 hPa in

Figs. 4d–f) and midlatitude westerly water vapor transport

(at 500 hPa in Figs. 4g–i) are also more intense during en-

hanced cold season precipitation intensity.

Figure 3 reveals that moderate precipitation contributes the

most to the increased cold season precipitation. Composite

differences of water vapor transport and atmospheric circula-

tions corresponding to moderate precipitation events during

the wet period and the dry period are analyzed in Fig. 5.

Figure 5a shows that the southwesterly water vapor transport

at 850 hPa along the southern edge of the TP toward the TRH

region decreases during the wet period. An anomalous anti-

cyclone over the western North Pacific and an anomalous cy-

clone in Maritime Continent are observed, which enhance the

equatorial easterly water vapor transport from the moister

FIG. 5. (left) Difference of water vapor transport (vectors; unit: kg m21 s21) and specific humidity (colors; unit:

g kg21) at (a) 850 and (b) 500 hPa. (right) Differences of wind (vectors; unit: m s21) and its divergence (colors;

1025 s21) at (c) 500 and (d) 200 hPa corresponding to moderate precipitation events between the wet period (1995–

2009) and dry period (1961–75). The curved blue lines delineate the 2000-m isohypses. Superimposed dots indicate

that the differences are statistically significant at the 95% confidence level; q and wvt represent specific humidity

and water vapor transport at a specific level, respectively.
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tropical oceans and the South China Sea during the wet period.

Besides, strong northerly water vapor transport anomalies

appear over central China, which may suppress the eastward

turning of southeasterly moisture transport and more water

vapor is restrained in the south adjacent to the TRH region

during the wet period (Fig. S2).

Figure 5b shows anomalous easterly water vapor transport

and reduced specific humidity at 500 hPa in the study region

during the wet period. Anomalous easterlies over the whole TP

and enhanced convergence over the west of the TRH region at

500 hPa are shown (Fig. 5c). It also should be noted that

stronger anomalous easterlies are shown over the east of the

TP, but smaller anomalous easterlies are shown over the west

(Fig. 5c). The contrast of the wind anomalies over the east and

west of the TP is favorable for the convergence over the inner

TP (including the west of the TRH) and reduces the export

of water vapor from the eastern boundary as addressed in

other studies (Zhou et al. 2019; Lin et al. 2013; Sun et al. 2020).

FIG. 6. Climatology of the cold season 200-hPa zonal wind (m s21) during the period of

(a) 1961–75 and (b) 1995–2014 and (c) their differences. The curved blue lines delineate the

2000-m isohypses. Superimposed dots indicate that the anomalies are statistically significant

at the 95% confidence level. The curved blue lines delineate the 2000-m isohypses.
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Thismay be the reasonwhy the stronger the easterly anomalies

are at 500 hPa are, the more intense the cold season precipi-

tation events are in the TRH region (Fig. 5c; see also Fig. S3).

Also, the differences of 500-hPa winds between the wet period

and the dry period show an anomalous anticyclone over the

western North Pacific (Figs. 5c and 4c).

At 200 hPa, Fig. 5d shows enhanced westerlies and diver-

gence above the study region. The enhanced westerlies and

divergence at 200 hPa may be related to the change of East

Asian subtropical westerly jet (EASJ). The EASJ is one of the

most active circulation systems in the upper troposphere in

central Asia and East Asia and has important influence on the

variability of precipitation over East Asia (Yang et al. 2002). It

is located in the southern edge of the TP in winter and the

premonsoon season (Bao and You 2019; Huang et al. 2017).

The TRH region is located in the entrance region of the jet

stream and the weather and climate are considerably influ-

enced by the variability of the subtropical jet during the cold

season (Krishnamurti 1961). Figure 6 shows the climatology of

the cold season 200-hPa zonal winds during the wet and dry

periods and their corresponding difference. The jet core of the

EASJ for both periods is similarly located over southern Japan

(Bao and You 2019; Huang et al. 2017), whereas the jet core

during the wet period is strengthened and broadened than that

during the dry period (Figs. 6a,b). The difference of the 200-

hPa zonal winds between the wet period and the dry period

(Fig. 6c) shows a strengthened wind around 308–408N. As a

result, a pronounced acceleration of 200-hPa zonal wind in the

study region appears during the wet period. On the one hand,

the strengthened EASJ contributes to the divergence at upper

levels (Fig. 5d). On the other hand, the strengthened EASJ

may be conducive to the anomalous ascending motion above

the TRH region (Fig. 7) due to a secondary circulation over the

entrance of the jet stream (Bao and You 2019), which is ben-

eficial to the increased precipitation.

c. Teleconnections between the enhanced Walker
circulation and the increased cold season precipitation

The difference of vertical velocity at 500 hPa in the cold

season between the wet and the dry period not only shows

anomalous ascendingmotion (negative anomalies) in the study

region but also anomalous ascending motion over the tropical

FIG. 7. (a) Differences of the cold season 500-hPa vertical velocity (Pa s21) between the periods 1995–2014 and

1961–75. Time series of the standardized cold season vertical velocity index (nondimensional), averaged over

(b) area A and (c) area B from 1961 to 2014. Superimposed dots indicate that differences are statistically significant

at the 95% confidence level.
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Indo–western Pacific (referred to as area A) and anomalous

descending motion over the equatorial central-eastern Pacific

(referred to as area B), respectively (Fig. 7a). The result of the

changed vertical motions over the tropical ocean implies an

enhanced Walker circulation during the wet period (Bjerknes

1969; Ma and Zhou 2016; Sohn et al. 2013; England et al. 2014;

McGregor et al. 2014). Previous studies have demonstrated that

the anomalous ascending motions over the tropical oceans can

enhance convective activities at local scales, which have impacts

on midlatitude atmospheric circulations via teleconnections and

thereby influence precipitation regimes (Zhang and Webster

1989; Lau and Lim 1984). It is found that the temporal variations

of the standardized vertical velocity averaged over area A and

area B from 1961 to 2014 shows transitional shifts around the

late 1980s, which is consistent with the time of the identified shift

of the cold season precipitation in the study area (shown in

section 3a) (Figs. 7b,c). To examine the relationship between the

anomalous vertical motion over the tropical oceans and the cold

season precipitation variation in the study region, we analyzed

the correlations between the standardized cold season precipi-

tation and the omega index over area A and area B. Results

show that the variability of the cold season precipitation over the

FIG. 8. Pressure–latitude cross section of the

mean cold season meridional water vapor trans-

port (unit: 1023 kgm21 s21) for (a) 1961–90 and

(b) 1991–2014 and (c) their difference (1991–2014

minus 1961–90). (c) Superimposed dots indicate

that the differences are statistically significant at

the 95% confidence level. The black shaded area

shows the cross section of the terrain including the

TRH region (308–358N).

FIG. 9. Spatial pattern of the linear regression (gpm) of the cold season 500-hPa geopotential height against the

standardized area A–averaged, cold season 500-hPa omega index during the period of (a) 1961–75 and (b) 1995–

2014. (c),(d) As in (a) and (b), but for area B. Superimposed dots indicate that regression coefficients are statis-

tically significant at the 95% confidence level. The curved blue lines delineate the 2000-m isohypses.

8040 JOURNAL OF CL IMATE VOLUME 34

Brought to you by Institute of Tibetan Plateau Research,CAS | Unauthenticated | Downloaded 09/19/21 03:09 PM UTC



TRH region has a significant correlation with the anomalous

vertical motion over the tropical oceans (area A: R 5 20.454,

p, 0.01; areaB:R5 0.662, p, 0.01). Figure 8 further shows the

cross section ofmeridional water vapor transport averaged from

908 to 102.58E during 1961–90 and 1991–2014 and their corre-

sponding difference. It reveals an enhancement of the southerly

transport above 850 hPa due to the strengthening of the local

Hadley circulation (HC) (Hartmann 2016) in the cold season

(Fig. 8c). Thus, the changed Walker circulation is also accom-

panied by a change of localHC, which plays an important role in

enhancing meridional water vapor transport from tropical

oceans toward the TRH region (Hadley 1735; Webster 2004).

To further investigate how the enhanced Walker circulation

affects the cold season precipitation variability in the study

area via teleconnections, Fig. 9 depicts the regression patterns

of the 500-hPa geopotential height against the omega index

over area A and area B during the dry and wet periods.

Figures 9a and 9b show the regression patterns of the cold

season 500-hPa geopotential height against omega index over

area A for dry and wet periods. During the dry period

(Fig. 9a), a zonal pattern of the anomalous atmospheric cir-

culation from upstream to downstream is found over 358–608N

in Eurasia: positive anomalies of the 500-hPa geopotential

height over around the Ural Mountains and the Okhotsk Sea,

and negative anomalies over Mongolia. The negative anoma-

lies of geopotential height over Mongolia should suppress the

anomalous anticyclone to the north of the TRH region and

thereby weaken the anomalous easterlies in the TP (Fig. 5c).

Meanwhile, positive anomalies are found in the study region,

which suppresses the ascending motion and convergence

there during the dry period. In contrast, during the wet period

(Fig. 9b), the negative anomalies to the north of the TRH region

disappeared, while the study area is dominated by negative ge-

opotential height anomalies. In addition, the TRH region is lo-

cated ahead of the trough in Europe and behind the ridge in

northeastern China, which should cause enhanced ascending

motion above the TRH region (Figs. 5c and 8a) (Holton and

Staley 1973). Figures 9c and 9d show the regression patterns of

the cold season geopotential height at 500 hPa against the omega

index over area B during the dry and wet periods. It is shown

that a meridional dipole pattern exists over the North Pacific

(significantly negative anomalies) and the midlatitude region

around the Aleutian Islands (significantly positive anomalies),

which is characterized as a negative phase of the North Pacific

FIG. 10. Spatial pattern of the cold season SST anomalies (8C) during (a) the dry period

(1961–75) and (b) the wet period (1995–2014). The anomalies are derived based on the

corresponding cold season climatology for the period of 1961–2014. Superimposed dots in-

dicate that the anomalies are statistically significant at the 95% confidence level.
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Oscillation (NPO) pattern (Rogers 1981) during the dry pe-

riod. Such a negative NPO pattern found during the dry period

can suppress westward expansions of the anticyclone over the

western North Pacific (Han et al. 2020) (Fig. 4), and thus

weaken the water vapor transport from the South China Sea

and tropical oceans (Figs. 4 and 5). In contrast, during the wet

period the positive anomalies of geopotential height over the

Aleutian Islands disappeared and the negative anomalies in

the western North Pacific enhanced and exhibited westward

expansion.

d. Possible causes for the increased cold season
precipitation

The anomalies of the SST in the cold season during the dry

and wet periods are further examined as SST is a key factor

affecting atmospheric circulation. Figure 10a shows signifi-

cant negative SST anomalies over the tropical Indo–western

Pacific (El Niño–like SST pattern) during the dry period.

Corresponding to the wet period, significant positive SST

anomalies over the tropical Indo–western Pacific and nega-

tive anomalies over the equatorial central-eastern Pacific (a

La Niña–like SST pattern) are observed (Fig. 10b). The

cooling equatorial central-eastern Pacific may cause the

stronger anomalous anticyclone in the western North Pacific,

while the abnormal heating over the tropical Indo–western

Pacific results in the higher air temperature and specific hu-

midity here, and induces the anomalous cyclone in Maritime

Continent (Fig. 5a; see also Fig. S2). The anomalous cyclone in

Maritime Continent and the stronger anticyclone over the

western North Pacific leads to enhanced water vapor transport

from the tropical oceans and the SouthChina Sea (Figs. 5 and 6).

The regression pattern of the 500-hPa vertical velocity

against the sign-inversed standardized Niño-3.4 index indicates

that the convective ascending motion over the tropical western

Pacific is strengthened significantly during the wet period (Ma

and Zhou 2016; Sohn et al. 2013) (Fig. S4). Thus, the Walker

circulation is enhanced by the La Niña–like SST pattern. The

changed Walker circulation encourages the anomalous mid-

latitude atmospheric circulations, which is conducive to the

easterly anomalies in the study area and the westward expan-

sion of the anticyclone in the western North Pacific (Wu et al.

2020) (Figs. 5a,c). Meanwhile, the changed Walker circulation

is accompanied by a strengthened local HC (Nguyen et al.

2013; Guo and Tan 2018), which leads to the enhanced me-

ridional water vapor fluxes toward the TP. Furthermore, the

enhanced easterly anomalies in the TP and the strengthened

EASJ cause enhanced convergence and anomalous ascending

motion above the TRH region, and enhanced divergence at

upper levels. The abovementioned conditions jointly cause

more precipitation in the cold season over the TRH region

from the late 1980s. Finally, the role of SST and associated

atmospheric mechanisms for the increased cold season pre-

cipitation over the TRH region is summarized in Fig. 11.

4. Summary and conclusions

In this study, the spatiotemporal variations of the cold

season (October to April) precipitation over the TRH region

during the period of 1961–2014 have been investigated based

on the high-resolution daily China gridded precipitation

dataset CN05.1. The results show an increasing trend of the

cold season precipitation from 1961 to 2014 and with a dry-to-

wet shift in around the late 1980s. Using the daily and monthly

reanalysis of NCEP–NCAR, underlying atmospheric mecha-

nisms for the change of the cold season precipitation are ex-

plored by comparing the related atmospheric circulations

FIG. 11. Schematic diagram of the associated atmospheric mechanisms of the increased cold season precipitation

over the TRH region from the late 1980s. The curved blue lines delineate the 2000-m isohypses. AC5 anomalous

anticyclone, C 5 anomalous cyclone, HC 5 Hadley circulation. The red up arrows indicate enhancement of the

EASJ, the Walker circulation, the Hadley circulation, and ascending motion.
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during a dry period (1961–75) and a wet period (1995–2014).

Our results show that the cold season precipitation variability

over the TRH region is associated with the southwesterly and

southeasterly water vapor transport at low level (850 hPa) and

midlatitude westerly water vapor transport at middle level

(500 hPa). The increased precipitation is possibly related to the

anomalous cyclone in the Maritime Continent and anomalous

anticyclone in the western North Pacific, which lead to the

enhanced water vapor transport from the South China Sea and

tropical oceans. The stronger easterly anomalies over the east

of the TP can be favorable for the convergence above the study

area and reduce the export of water vapor from the eastern

boundary. In addition, the strengthenedEASJ possibly leads to

enhanced divergence at upper levels (200 hPa) and anomalous

ascending motion above the TRH region.

We further found that the SST may be a key factor influ-

encing the change of the cold season precipitation over the

TRH region. The abnormal warming of the tropical Indo–

western Pacific causes strengthened HC, which plays a vital

role in the meridional moisture transport toward the study

area. The SST gradients between the tropical Indo–western

Pacific and the equatorial central-eastern Pacific drive the

enhanced Walker circulation from the late 1980s, which pos-

sibly encourages the anomalous midlatitude atmospheric cir-

culations via teleconnections. Corresponding to the anomalous

vertical motions over tropical oceans during the dry period, a

zonal teleconnection pattern of anomalous atmospheric cir-

culations from upstream to downstream around 358–608N in

Eurasia depicts positive anomalies of the 500-hPa geopotential

height in around theUral Mountains and the Okhotsk Sea, and

negative anomalies in Mongolia, which should suppress the

easterly anomalies over the TP. In addition, a negative phase of

NPO pattern is found, which can suppress the westward ex-

pansions of the anticyclone in the western North Pacific.

During the wet period, the TRH region is dominated by neg-

ative anomalies of geopotential height and negative anomalies

inMongolia are observed, while the negative phase of theNPO

pattern disappeared.

Our results are based on one reanalysis (i.e., NCEP–NCAR)

because of the long timespan (Wu et al. 2005). In the future, an

ensemble analysis with multiple data sources (Li et al. 2018)

could be applied in other cases to narrow down uncertainties in

the choice of reanalysis. Moreover, it should be acknowledged

that our large-scale atmospheric circulation analysis is only

able to explore the possible linkage and relations of the at-

mosphere associated with the increased cold season pre-

cipitation. The land surface also can significantly affect the

atmospheric branch of the hydrological cycle (Seneviratne

et al. 2010, 2006). Regional climate models are a tool that

has been extensively used to explore land–atmosphere inter-

actions (Wei et al. 2015; Zhang et al. 2019; Arnault et al. 2016).

High spatial and temporal resolution modeling at regional

scales is needed to depict the role of land–atmosphere inter-

actions for the cold season precipitation change over the TRH

region in the future.
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