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Abstract This study investigates the interannual variability of winter precipitation over 

the Three River Source (TRS) region in China based on precipitation observations col-

lected at stations in the TRS region and reanalysis datasets for the period of 1980–2015. 

The results suggest that the TRS winter precipitation has distinct interannual variability 

with discordant trends in different months, i.e., an increasing trend is found in Novem-

ber and February, a decreasing trend is found in other winter months, and interannual 

variations in precipitation are different in different months. The mechanisms for the 

interannual variation in monthly precipitation over the TRS region are significantly dif-

ferent in different winter months.  

The interannual variability of TRS precipitation in November is modulated by an 

anomalous westerly water vapor transport (WVT) branch. This anomalous WVT 

branch is related to a North Atlantic-Europe-Tibetan Plateau (NA-E-TP) wave-train 

that originates in the North Atlantic due to the ocean-atmosphere interaction. In De-

cember, a circum-global teleconnection (CGT) wave-train can induce anomalous west-

erly WVT in the TRS region, resulting in increased precipitation there. This CGT wave-

train is triggered by warm SST anomalies in the central-eastern tropical Pacific associ-

ated with the El Niño-Southern Oscillation (ENSO). The interannual variability of TRS 

precipitation in January and February is affected by southwesterly WVT anomalies 

over the TRS region, which are associated with a southeastward propagating wave-train 

over Eurasia caused by the North Atlantic Oscillation (NAO). In March, the interannual 

variability of TRS precipitation is modulated by the leading mode of the Eurasian cir-

culation that resembles the Scandinavian (EU1) pattern, which can cause anomalous 

southwesterly WVT in the TRS region. In winter, the characteristics of sea surface tem-

perature anomalies, weather systems, and atmospheric circulations associated with in-

terannual variations of monthly precipitation in the TRS region are different for indi-

vidual winter months. 

Keywords Three River Source, Interannual variation, Winter precipitation, Atmos-

pheric teleconnection, Water vapor transport 
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1. Introduction 

The Three River Source (TRS) region is located in the south of Qinghai Province, 

China, which is also the heartland of the Tibetan Plateau (TP). The headwaters of the 

Yangtze River, Yellow River and Lantsang River connect in this region, where the ge-

ographic environment and climatic condition are unique. With a mean average eleva-

tion of 4000 m, combined with many rivers and lakes, topography is complex in the 

TRS region (Su et al., 2013; Tong et al., 2014). The TRS region provides water to 

natural ecosystems and more than one billion people in China and Southeast Asia. It 

plays an irreplaceable role in water conservation, runoff regulation, and ecological se-

curity (Liu et al., 2008; Jiang and Zhang, 2016). The vulnerability of the ecological 

environment in the TRS region is due to the special geographic location and unique 

environment of this region. As the TRS region is a national nature reserve, the under-

lying surface is almost unaffected by human activities. Climate change has become the 

most important factor affecting the ecological environment (Immerzeel et al., 2010; Hu 

et al., 2013). Previous studies have indicated that climate anomalies have affected the 

ecological balance and ecosystem in the TRS region (Zhang et al., 2011; Jiang et al., 

2016). Many factors have affected local ecological security, such as changes in lake 

area (Liu et al., 2018), glacier shrinkage (Jiang and Zhang, 2015), permafrost degrada-

tion (Liu et al., 2018), and soil desertification (Liu et al., 2008; Xue et al., 2009), etc. 

Precipitation is an important meteorological factor that can influence biological, 

hydrological, and ecological processes, and thus plays a far-reaching role in the energy 

balance, water cycle, and sustainability of terrestrial ecosystems. A detailed analysis of 

precipitation variation in the TRS region is of great significance not only for local eco-

logical protection and sustainable economic development, but also for hydrological 

processes and agricultural production in the valleys of the lower reaches of the three 

rivers. Previous studies have shown that precipitation in the TP is closely related to 

atmospheric circulation, such as the North Atlantic Oscillation (NAO), the Arctic Os-

cillation, and the westerly jet over East Asia (Ju et al., 2005; Yao et al., 2012; Gao et 

al., 2013; Wang et al., 2018; Bao and You, 2019; He et al., 2019). Liu and Yin (2001) 
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indicated that the variation of the upstream zonal flow related to the NAO is the fore-

most mechanism that links regional precipitation fluctuation over the TP in summer 

with large-scale circulation conditions. The interannual variation in summer precipita-

tion is influenced by water vapor transport (WVT). The NAO influences the meridional 

location of the Asian jet, weakens moisture transport at the western edge of the southern 

TP region, and eventually induces less precipitation in summer (Wang et al., 2017a). 

The above analyses on the precipitation mechanism all are focused on the TP. The TP 

is a vast area with complex land surface and different spatial distribution patterns of 

precipitation. The precipitation trend in the TP demonstrates noticeable regional char-

acteristics (Lin and Zhao, 1996; Wu et al., 2007; Guo et al., 2018). Therefore, the pre-

cipitation mechanism in the TRS region needs further investigation. Some studies have 

suggested that the TRS region has been experiencing a significant increasing trend of 

annual precipitation since the 1960s (Liang et al., 2013; Yi et al., 2013; Shi et al., 2016). 

Recent studies have shown that interannual changes in the springtime precipitation in 

the TRS region are basically affected by easterly WVT anomalies related to the domi-

nant mode of the Eurasian circulation; moreover, the interannual variability of summer 

precipitation in the TRS region is largely affected by southwesterly WVT anomalies, 

which are associated with a wave-train over Eurasia that is connected with the concur-

rent NAO mode (Sun and Wang, 2018). It is found that the interannual variation in 

summer precipitation in the TRS region is increasingly closely related to the NAO mode 

(Sun and Wang, 2019). 

However, the atmospheric circulation anomalies associated with the interannual 

variation of winter precipitation over the TRS region still remain unclear. Snowfall dur-

ing winter can affect winter climate in the TRS region and Asia via albedo feedback 

(Qian et al., 2003; Shi et al., 2011), and also affect the hydrological cycle in the TRS 

region as well as entire China (Räisänen, 2008; Deng et al., 2017). Winter precipitation 

is kept in the form of snow, and snowpack is a potential source of river runoff in summer 

and can behave as a buffer zone in the hydrological system to control the flow of rivers 

(Räisänen, 2008). In addition, snow cover over the TRS region can affect the East Asian 
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summer monsoon through affecting the transfer of heat from the ground to the atmos-

phere over the TP (Zhang et al., 2004; Xiao and Duan, 2016) and subsequently influ-

ences summer precipitation downstream of the TP (Si and Ding, 2013; Wang et al., 

2017b). Remarkably, the East Asian climate anomalies and related mechanisms can be 

significantly different in the winter months (He and Wang, 2013; Xu et al., 2018a; Sun 

et al., 2019). For example, surface air temperature and circulation anomalies associated 

with the Siberian high over East Asia are different between November and December–

January during 1979–2015 (Lü et al., 2019). In December 2014, the cold surface tem-

perature anomalies occurred in East Asia, while the warm anomalies prevailed in Jan-

uary and February 2015 (Xu et al., 2018b). 

Thus, the present study is focused on the following two issues: 

(1) What is the interannual variability of TRS precipitation in different winter 

months? 

(2) What are the mechanisms for the interannual variability of TRS precipitation 

in different winter months? 

The outline of this paper is as follows. Section 2 introduces the data and methods 

used in this work. The interannual variability of monthly precipitation over the TRS 

region in winter is discussed in Section 3. Section 4 is focused on the mechanisms for 

the interannual variability of monthly precipitation in winter over the TRS region. A 

discussion and summary are provided in Sections 5 and 6, respectively. Supporting in-

formation comprises Figures S1–S7. 

2. Data and methods 

Daily precipitation observational dataset for the period of 1980 to 2015 are pro-

vided by the China Meteorological Administration. The dataset consists of observations 

collected at 50 stations in the TRS region (denoted by red dots in Figure 1). The atmos-

pheric circulation fields are extracted from the ERA-Interim dataset (Dee et al., 2011), 

which has a resolution of 2.0°×2.0°. Variables include the u and v wind components, 

geopotential height (hereafter Z), vertical velocity, and specific humidity at 23 pressure 



 
 

levels from 1000 to 200 hPa, 10-meter u and v wind components, surface pressure, and 

surface latent heat flux. The monthly Niño 3 SST index, the North Atlantic Oscillation 

(NAO) index, and the Scandinavian index produced by the National Oceanic and At-

mospheric Administration (NOAA) Climate Prediction Center are also used 

(https://www.esrl.noaa.gov/psd/data/climateindices/list/). The Niño 3 index is defined 

as the areal mean sea surface temperature (SST) over the eastern tropical Pacific (5°N–

5°S, 90°–150°W). The NAO and Scandinavian indices are defined as the time series of 

the first and ninth modes of rotated principal component analysis of Z500 over the 

Northern Hemisphere (20°–90°N), respectively 

(http://www.cpc.ncep.noaa.gov/data/teledoc/teleindcalc.shtml). The Scandinavia  

pattern previously has been referred to as the Eurasia 1 (EU1) pattern by Barnston and 

Livezey (1987). The monthly SST data used in this study are extracted from the Ex-

tended Reconstructed Sea Surface Temperature (ERSST) v5 produced by NOAA. The 

horizontal resolution of the ERSST is 2.0°×2.0° (Huang et al., 2017). 

Considering that the snow season in the TRS region mainly spans from November 

to subsequent March, the winter season in the TRS region is defined as November–

March in this study, while early winter is defined as November–December and late 

winter is defined as January–March. The domain of the TRS region is defined as a 

rectangular region over (31.5°–36.5°N, 89.5°–102.5°E) denoted by the blue rectangle 

in Figure 1. 

Time series of monthly precipitation averaged over 50 stations in the TRS region 

in winter are referred to as the time series of TRS precipitation in this study. Linear 

regression analysis is performed to reveal climatic anomalies associated with the TRS 

precipitation in this study. In addition, the method of Empirical Orthogonal Function 

(EOF) analysis is employed to analyze the atmospheric internal processes. The wave 

activity flux (WAF) indicates wave activity propagation. To avoid confusion, the paper 

of Takaya and Nakamura (2001) has been cited as the reference for WAF in the manu-

script. The algorithm for the calculation of WAF is as follows. 
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In algorithm (1), p = (pressure / 1000hPa); U = (U, V, 0)T; φ denotes the latitude; 

λ denotes the longitude; a  is the average radius of the earth; ψ is the geostrophic 

streamfunction; z = -H ln p, where H denotes a constant scale height; 

( )2 / ( / )kN R p H zα θ= ∂ ∂  is the squared buoyancy frequency, in which Rα is the gas 
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denotes the propagation in the U direction; 
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 denotes the 

wave-activity pseudo-momentum.     

In this study, the Pearson correlation coefficient is calculated to characterize the 

correlation between time series, and the statistical significance is obtained using Stu-

dent’s t-test. To analyze the interannual variation, the linear trends are removed from 

the data before all analyses.  

The water vapor flux crossing the southern, eastern, northern, and western bound-

aries of the TRS region is calculated using the method developed by Sun et al, (2011). 

In the present study, the SST tendency index is used to represent the development of 

ENSO, which is calculated by subtracting the November Niño 3 index from the De-

cember Niño 3 index. The dispersion coefficient, which is defined as the ratio of the 

standard deviation to the mean, is used to compare the dispersion degree of monthly 

precipitation in winter over the TRS region.  

Note that the same analyses have been performed for all the winter months from 

November to March. In the following sections, only those results associated with the 



 
 

main mechanisms and factors that influence precipitation over the TRS region during 

different months in winter are shown and discussed.  

To make a clear comparison of the climate anomalies associated with precipitation 

over the TRS region during different months in winter, all the figures of SST and geo-

potential height in this paper are plotted over the region within the same latitudinal and 

longitudinal ranges. For example, the SST anomalies are shown over a spatial range of 

20°S–80°N and 180°W–180°E in all the figures.  

3. Interannual variability of winter precipitation in the TRS region 

The TRS precipitation averages (variances) in November, December, January, 

February, and March are 3.6 mm (3.1 mm2), 1.9 mm (1.3 mm2), 3.1 mm (3.9 mm2), 4.1 

mm (3.1 mm2), and 9.1 mm (9.7 mm2), respectively, with the most precipitation in 

March and the least precipitation in December. The linear trends of TRS precipitation 

in different months of winter are 0.13 mm (10 yr)-1, -0.33 mm (10 yr)-1, -0.05 mm (10 

yr)-1, 0.03 mm (10 yr)-1, and -0.64 mm (10 yr)-1, respectively. The trend of December 

precipitation is significant at the 95% confidence level. From November to subsequent 

March, the percentages of total precipitation in winter accounted for by precipitation in 

individual months are approximately 17%, 9%, 14%, 19%, and 41%, respectively, 

which increase gradually from December to March (Figure 2a). The interannual varia-

tions in the TRS precipitation during different months of winter are significant and 

fluctuate around their climatic averages from 1980–2015 (Figure 2b–f). The dispersion 

coefficients of winter precipitation also demonstrate the same feature (Table 1), and the 

interannual variations of the TRS precipitation in December and January are the most 

significant (Table 1).  

Noticeably, different interannual variations are observed in the time series of TRS 

precipitation during different months of winter (Figure 2b–f), which is manifested in 

mostly small correlation coefficients for pairs of randomly combined time series of 

monthly precipitation during winter (Table 1). For instance, the precipitation was 1.6 



 
 

mm less than normal (Figure 2b) and 1.3 mm more than normal (Figure 2c) in Novem-

ber and December 1987, respectively; the variations of precipitation anomaly in Janu-

ary and March are in opposite phase during 2001–2005 (Figure 2d, f). These results 

imply that the interannual variability of TRS precipitation is influenced by different 

mechanisms during different months of winter. 

4. Regimes of the interannual variability of TRS winter precipitation 

4.1. Early winter 

a)  November 

Figure 3a shows vertically integrated WVT anomalies regressed on the detrended 

and standardized time series of TRS precipitation in November. The interannual varia-

tion in November precipitation is influenced by anomalous westerly moisture transport 

over the TRS region. The correlation coefficient between the detrended time series of 

November precipitation and anomalies of westerly moisture transport is 0.4, which is 

significant at the 95% confidence level. The anomalous westerly WVT transport is af-

fected by an anomalous cyclone located over the TRS region, which is related to the 

low pressure anomaly extending from the Middle East to the TP (Figure 3b). The low 

pressure anomaly is a node of the wave-train over the North Atlantic-Europe-TP (NA-

E-TP). This wave-train is characterized by an anomalous low over the North Atlantic, 

an anomalous high over Europe, and an anomalous low centered in central Asia and 

extends toward the TP (see Z500 anomalies in Figure 3b). To understand the mechanism 

of the NA-E-TP wave-train, WAF and divergence of WAF are computed. Significant 

divergence of WAF can be found in the mid- to high-latitudes of the North Atlantic 

(Figure 3c), indicating that the NA-E-TP wave-train originates from the mid- to high-

latitudes of North Atlantic and propagates eastward (see WAF in Figure 3d). The de-

velopment and propagation of the NA-E-TP wave-train may be associated with the 

ocean-atmosphere interaction over the North Atlantic. 

In order to better understand the NA-E-TP wave-train, SST anomalies in Novem-

ber are regressed on the detrended and standardized time series of TRS precipitation in 
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November (Figure 4b). The NA-E-TP wave-train is associated with cold SST anomalies 

in the mid- to high-latitudes of North Atlantic and warm SST anomalies along the west 

coast of Europe (Figure 4b). The positive and negative SST anomalies can cause up-

ward and downward motions over the mid- to high-latitude North Atlantic, where 

anomalous cyclones and anticyclones form (Figure 4a). The anomalous anticyclone 

(cyclone) strengthens (weakens) westerly winds in the surface of the middle North At-

lantic (the western coast of Europe; Figure 4c), resulting in increased (weakened) re-

lease of latent heat to the atmosphere over the sea (Figure 4d) and negative (positive) 

SST anomalies. The ocean-atmosphere interaction can trigger atmospheric circulation 

anomalies and wave-trains over the Atlantic and Europe, which then propagate east-

ward and affect the TRS region.   

In addition, the present study also found that the SST anomalies over the mid- to 

high-latitude North Atlantic that are associated with the TRS precipitation may initially 

occur during September and persist to November (Figure S1 and Figure 4b), and influ-

ence the TRS precipitation in November. An understanding of this teleconnection is 

conducive to a better prediction of the TRS precipitation in November. 

In order to understand the internal process of atmospheric variability in November, 

the leading EOF mode of Z500 over Eurasia (10°–60°N, 20°W–130°E) in November 

is computed. The correlation coefficient between the detrended time series of the lead-

ing EOF mode of Eurasian Z500 and the TRS precipitation in November is 0.11, which 

is not significant at the 80% confidence level, suggesting that the leading EOF mode of 

Eurasian Z500 in November has an insignificant influence on the synchronous TRS 

precipitation.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  

b) December 

The interannual variability of TRS precipitation in December is influenced by an 

anomalous westerly WVT branch that crosses the western boundary of the TRS region 

and an anomalous southerly WVT branch that crosses the southern boundary of the 

TRS region (Figure 5a). The anomalous westerly WVT branch is mainly derived from 

an anomalous cyclone that is associated with an anomalous low extending from the 



 
 

Ural Mountains to western Asia, while the anomalous southerly WVT branch is resulted 

from joint effects of the abovementioned anomalous cyclone and an anomalous anticy-

clone that is associated with a high pressure anomaly located over Northeast China 

(Figure 5b). The anomalous high and low correspond to two nodes of a zonal wave-

train in the Northern Hemisphere. The circum-global zonal wave-train consists of three 

anomalous highs and three anomalous lows. The three anomalous highs are centered in 

North America, the Western Europe, and from Northeast China to the western Pacific 

coast; the centers of the three anomalous lows are located in the Aleutian Islands, the 

mid- to high-latitude North Atlantic, and the Ural Mountains (see Z500 anomalies 

shown in Figure 5b).  

Based on Z500 anomalies in the Western Europe (35°–55°N, 0°–25°E), the Ural 

Mountains (40°–80°N, 40°–90°E) and from Northeast China to the western Pacific 

coast (35°–50°N, 100°–140°E), as well as that over the Aleutian Islands (45°–70°N, 

150°E–150°W), North America (45°–65°N, 80°–120°W) and the mid- to high-latitude 

North Atlantic (40°–60°N, 30°–60°W), the circum-global teleconnection (CGT) index 

is defined to further investigate the influence of the circum-global teleconnection on 

December precipitation in the TRS region. The CGT index is calculated by: 

CGT index = Z500 (35°–55°N, 0°–25°E) - Z500 (40°–80°N, 40°–90°E) + Z500 

(35°–50°N, 100°–140°E) - Z500 (45°–70°N, 150°E–150°W) + Z500 (45°–65°N, 80°–

120°W) - Z500 (40°–60°N, 30°–60°W). 

As shown in Figure 5c, WAF of the circum-global zonal wave-train indicates that 

this wave-train partially originates from the tropical Pacific during December and prop-

agates northeastward towards the North Pacific. Meanwhile, the SST anomalies asso-

ciated with the TRS precipitation in December exhibit an El Niño pattern in the tropical 

Pacific (Figure 5d), suggesting that the circum-global zonal wave-train may be partially 

attributed to ENSO. In addition, the characteristics of the WAF associated with the cir-

cum-global zonal wave-train and the linear regression of SST with regard to the CGT 

index also suggests that the circum-global zonal wave-train partially originates from 



 
 

the central-eastern tropical Pacific (Figure S2). Previous studies (Hoerling 2001; Toni-

azzo and Scaife 2006; Zhou et al. 2014; Sun et al. 2019) have documented that during 

winter, the atmospheric convective anomalies induced by the central-eastern tropical 

Pacific SST anomalies can trigger northward-propagating Rossby waves and subse-

quently influence the circum-global atmospheric teleconnection in the Northern Hemi-

sphere. The results of the present study mentioned above are consistent with results of 

the previous studies. During the propagation process, the path of the circum-global 

zonal wave-train splits into two routes over the Western Europe (see the WAF in Figure 

5c): a northern route passing the Ural Mountains and a southern route passing the Mid-

dle East. The northern and southern routes are merged into one path over Northeast 

China, and the wave-train continues to propagate eastward along this path (see WAF in 

Figure 5c). 

Moreover, the present study shows that the warm SST anomalies in the central-

eastern tropical Pacific that are associated with the TRS precipitation in December may 

be related to the developing El Nino that can be observed in the preceding summer and 

autumn (Figure S3). This feature may facilitate prediction of the TRS precipitation in 

December. It should be noted that the correlation coefficients between the detrended 

time series of December precipitation over the TRS region and the Niño 3 index in the 

months of July, August, September, October, and November are 0.26, 0.25, 0.27, 0.37, 

and 0.27, respectively, which are mostly significant below the 95% confidence level. 

By contrast, the TRS precipitation in December has a high correlation with synchronous 

SSTs in the central-eastern tropical Pacific with a correlation coefficient of 0.42 that is 

significant at the 99% confidence level. The result suggests that the SSTs in the central-

eastern tropical Pacific may affect the TRS precipitation in December via synchronous 

teleconnection. 

The calculation shows that the detrended time series of leading EOF mode of Z500 

over Eurasia (10°–60°N, 20°W–130°E) in December is significantly correlated with the 

detrended time series of synchronous TRS precipitation, with a correlation coefficient 

of 0.46 significant at the 99% confidence level. For December, the Z500 anomalies 



 
 

associated with the leading EOF mode of Eurasian Z500 exhibit a zonal wave-train 

pattern (Figure S4b) resembling the circum-global teleconnection (Figure 5b). The 

anomalous low over the Urals induces an anomalous westerly WVT branch across the 

western boundary of the TRS region (Figure S4a), while a zonal wave-train originates 

from the tropical Pacific in response to the warm SST anomalies in the central-eastern 

tropical Pacific (Figure S4c, d). For December, the influence mechanism of the leading 

mode of Eurasian Z500 resembles the modulation of the CGT pattern on TRS precipi-

tation. The correlation coefficient between the detrended time series of the leading EOF 

mode of Eurasian Z500 and the CGT index in December is 0.72, which is significant at 

the 99% confidence level. Thus, the leading EOF mode of Eurasian Z500 can be con-

sidered a component of the CGT pattern. 

The above analyses reveal several differences in the mechanisms for the interan-

nual variability of TRS precipitation between November and December, including 

anomalous SST, atmospheric circulation pattern, wave-train propagation path, and 

WVT related to synchronous precipitation. The NA-E-TP wave-train can be largely 

triggered by the ocean-atmosphere interaction over the North Atlantic, influencing the 

interannual variability of November precipitation over the TRS region via the westerly 

WVT anomalies crossing the western boundary of the TRS region. However, the inter-

annual variability of TRS precipitation in December is affected by anomalous westerly 

WVT and southerly WVT, which can be associated with the CGT pattern and anoma-

lous warm SSTs in the tropical Pacific. 

4.2. Late winter 

a) January and February 

The interannual variability of TRS precipitation in January is related to abnormal 

WVT in the southern boundary of the TRS region (Figure 6a). In January, the correla-

tion coefficient between the detrended time series of TRS precipitation and water vapor 

flux crossing the southern boundary of the TRS region is 0.68, which is significant at 

the 99% confidence level. As shown in Figure 6c, the interannual variability of TRS 

precipitation in January is closely related to an anomalous low over the TRS region and 



 
 

to its west, which is associated with a northwest-southeast propagating wave-train orig-

inating from the mid-latitudes of the North Atlantic and reaching the TRS region (Fig-

ure 6e). The wave-train is characterized by an anomalous low centered in the Greenland, 

an anomalous high centered in the Urals, and an anomalous low centered in the TP (see 

the Z500 anomalies in Figure 6c). The wave source is located in the mid-latitude North 

Atlantic, and the wave propagation follows a northern path that passes through West 

Siberia and a southern path that crosses West Asia (see the WAF in Figure 6e). 

The WVT anomalies associated with the TRS precipitation in February are mainly 

characterized by southwesterly WVT anomalies over the TRS region (Figure 6b). These 

southwesterly WVT anomalies are induced by an anomalous cyclone that is associated 

with an anomalous low over the TP (Figure 6d). This anomalous low is related to an 

anomalous southeastward propagating wave-train (Figure 6f), which is characterized 

by negative geopotential height anomalies over the Norwegian Sea, positive geopoten-

tial height anomalies over the Western Europe, and negative geopotential height anom-

alies over the TP (see Z500 anomalies in Figure 6d). The wave source is located in the 

mid-latitudes of the North Atlantic, and the wave propagates eastward across West Asia, 

reaching the TRS region (see the WAF in Figure 6f). Based on the analysis of the inter-

annual variation in TRS precipitation in November, the spatial distribution of the anom-

alous high and low centers over the North Atlantic and Europe in January–February is 

different from that in November. The anomalous high and low centers over the North 

Atlantic and Europe in January–February are longitudinally distributed and mainly as-

sociated with a meridional wave-train (Figure 6e, f), whereas the anomalous centers in 

November are mainly associated with a zonal wave-train (Figure 3d). In addition, the 

anomalous low centers affecting the synchronous WVT anomalies are respectively lo-

cated over the TP (Figure 6c, d) and central Asia (Figure 3b) in January–February and 

November. 

As shown in Figure 6c, d, the anomalous wave-train is associated with a meridio-

nal see-saw pattern over the North Atlantic that resembles the positive NAO mode 

(Trigo et al., 2002; Osborn, 2006), and the SST anomalies associated with the TRS 



 
 

precipitation in January and February exhibit a tripole pattern over the North Atlantic 

(Fig 6g, h; Pan, 2005; Hurrell and Deser, 2010). Furthermore, different from the mech-

anism for the interannual variation of the TRS precipitation in December, the interan-

nual variations of the TRS precipitation in January and February are not significantly 

correlated with the synchronous SST anomalies in the tropical Pacific (Figure 6g, h). 

Hence, the atmospheric circulation wave-train affecting the TRS precipitation in Janu-

ary and February may be related to a positive NAO mode. The influences of the NAO 

mode on the interannual variability of TRS precipitation in January and February are 

explained below. 

In January, the Z500 anomalies associated with a positive NAO exhibit a north-

west-southeast propagating wave-train over the North Atlantic and Eurasia (see Z500 

anomalies in Figure 7c), which resembles the Z500 anomalies associated with the TRS 

precipitation in January (Figure 6c). The source of the wave-train associated with the 

January NAO is located in the mid-latitudes of the North Atlantic and the wave propa-

gates southeastward, reaching the TRS region (see WAF in Figure 7c). The abnormal 

cyclone caused by the anomalous low induces southwesterly WVT anomalies, which 

cross the southern boundary and enter the TRS region (Figure 7a), leading to increased 

precipitation there. The influence of the NAO mode in February resembles that in Jan-

uary. Corresponding to the positive phase of NAO (Figure 7b), an anomalous cyclone 

over the TRS region induces southwesterly WVT anomalies, which cross the southern 

boundary and enter the TRS region. This abnormal cyclone is induced by an anomalous 

low, which is attributed to a northwest-southeast propagating wave-train associated 

with the NAO (see Z500 anomalies in Figure 7d). The source of the wave-train associ-

ated with the NAO in February is located in the mid-latitudes of the North Atlantic and 

the wave propagates southeastward, reaching the TRS region (see WAF in Figure 7d). 

The increased WTV in the southern boundary of the TRS region leads to precipitation 

increases over the TRS in February. In addition, Figure 7e shows the detrended and 

standardized time series of the TRS precipitation and NAO index in January. Their in-

terannual variations are highly consistent, and the correlation coefficient between them 



 
 

is 0.43, which is significant at the 99% confidence level. The detrended and standard-

ized time series of the TRS precipitation in February and synchronous NAO index also 

show good consistency (Figure 7f) with a correlation coefficient of 0.38 that is signifi-

cant at the 95% confidence level. The above analysis suggests that the synchronous 

NAO is an important factor influencing interannual variation of the TRS precipitation 

in January and February. The signal associated with January NAO can be observed in 

the preceding December, which has certain implications for forecasting the TRS pre-

cipitation anomalies in January (Figure not shown). However, the early signals associ-

ated with February NAO are not found (Figure not shown). 

The leading EOF mode of Z500 over Eurasia (10°–60°N, 20°W–130°E) in January 

and February is also computed. In January, the correlation coefficient between the 

detrended time series of the leading EOF mode of Eurasian Z500 and TRS precipitation 

is 0.09, which is not significant at the 80% confidence level. This result suggests that 

the influence on the synchronous TRS precipitation imposed by the leading EOF mode 

of Eurasian Z500 in January is not significant. The leading EOF mode of Eurasian Z500 

in February causes an anomalous easterly WVT branch, which crosses the eastern 

boundary and enters the TRS region (Figure S5a). This anomalous easterly WVT 

branch is related to an abnormal low over Southwest China and an abnormal high over 

Northeast China (Figure S5b). The correlation coefficient between the detrended time 

series of the leading EOF mode of Eurasian Z500 in February and synchronous TRS 

precipitation is 0.29, which is significant at the 90% confidence level. The result sug-

gests that the leading mode of Eurasian Z500 to a certain degree affects interannual 

variability of the TRS precipitation in February. 

b) March 

Figure 8a shows anomalies of vertically integrated WVT regressed on the 

detrended and standardized time series of TRS precipitation in March. The interannual 

variability of TRS precipitation is closely related to the anomalous southwesterly WVT 

branch that crosses the southern boundary of the TRS region (Figure 8a). In March, the 

correlation coefficient of detrended time series of TRS precipitation and water vapor 



 
 

flux crossing the southern boundary of the TRS region is 0.61, which is significant at 

the 99% confidence level. This result suggests that the southwesterly WVT anomalies 

have an important impact on interannual variability of the TRS precipitation in March. 

The southwesterly WVT anomalies are caused by an anomalous low over the TP that is 

related to a zonal wave-train in Eurasia (Figure 8b). This wave-train is characterized by 

high-pressure anomalies over the east coast of North Atlantic, low-pressure anomalies 

extending from the Eastern Europe to North Africa and the TP, and high-pressure anom-

alies in Siberia and Northeast China (Figure 8b). It is different from the wave-train over 

Eurasia that is associated with the TRS precipitation in December (Figure 5b). Unlike 

their impact on the TRS precipitation in December, the impact of the central-eastern 

tropical Pacific SST anomalies on interannual variation of the TRS precipitation in 

March is not significant (Figure S6).   

To understand the anomalous zonal wave-train mentioned above, the leading EOF 

mode of Z500 over Eurasia (10°–60°N, 20°W–130°E) is computed (Figure 8d). The 

result shows that the leading EOF mode of Eurasian Z500 accounts for 26.9% of the 

total variance. Its spatial pattern resembles the anomalous Eurasian wave-train that af-

fects the TRS precipitation in March, which is characterized by an anomalous high 

center over the west coast of Europe, an anomalous low center over north of the Black 

Sea and the Caspian Sea, and an anomalous high center near the Lake Baikal (Figure 

8d). The leading EOF mode of Eurasian Z500 resembles the EU1 pattern. The EU1 

consists of a foremost circulation center located over the Scandinavian Peninsula and 

several other weaker centers located over the Northeast Atlantic Ocean and Siberia 

(Zhu and Chen, 2019). The detrended time series of the leading EOF mode of Eurasian 

Z500 is significantly correlated with the detrended EU1 index, and the correlation co-

efficient is -0.46, which is significant at the 99% confidence level. After detrending and 

standardization, the time series of the leading EOF mode of Eurasian Z500 shows a 

good consistency with the time series of the TRS precipitation in March. The correla-

tion coefficient between them is 0.61, which is significant at the 99% confidence level. 



 
 

(Figure 8c). This result suggests a dominant influence of the leading mode of atmos-

pheric circulation over Eurasia on the interannual variability of TRS precipitation in 

March. 

The WAF and the divergence of the WAF are computed to study the mechanism 

for the leading EOF mode of Z500 over Eurasia. The significant divergence of the WAF 

over the mid-latitude North Atlantic (Figure 9a) suggests that the wave-train associated 

with the leading EOF mode of Eurasian Z500 originates from the west of the North 

Atlantic (see WAF in Figure 9b), which may be related to the ocean-atmosphere inter-

action over the North Atlantic. Warm SST anomalies in the west of North Atlantic as-

sociated with the leading EOF mode of Eurasian Z500 (Figure 9d) can contribute to 

abnormal ascending motions (Figure 9c), resulting in strengthened convection over the 

west of the North Atlantic and triggering the wave-train over Eurasia (see Z200 anom-

alies in Figure 9b).  

For the preceding February, the Z500 anomalies associated with March precipita-

tion over the TRS region resemble a positive NAO mode over North Atlantic (Figure 

S7), and the correlation coefficient between the time series of March precipitation over 

the TRS region and February NAO index is 0.22, which is significant at the 80% con-

fidence level. This suggests that the zonal wave-train associated with the TRS precipi-

tation in March may partially stem from a positive NAO mode during the preceding 

February, which also is a possible reason for the high correlation between interannual 

variations of the TRS precipitation in February and March (Table 1). 

The above analysis reveals different mechanisms for the interannual variability of 

TRS precipitation in January, February, and March. The interannual variations of the 

TRS precipitation in January and February are influenced by the synchronous NAO, 

whereas the interannual variation of TRS precipitation in March is influenced by the 

leading mode of Eurasian Z500. Although the precipitation in January and February are 

influenced by the NAO, the paths of the wave-trains associated with the NAO are dif-

ferent between January and February, i.e., two separate paths are found in January and 

only one path is found in February.  



 
 

5. Discussion 

Two questions arise from the above results: (1) considering that the NAO is a key 

influencing factor for the concurrent precipitation over the TRS region during January 

and February, why are the time series of precipitation during January and February in-

significantly correlated (Table 1)? (2) the mechanisms for the interannual variability of 

precipitation during November and December are different, why are the time series of 

precipitation during November and December significantly correlated (Table 1)?  

For the first question, the possible answer is that although the precipitation during 

January and February over the TRS region is primarily modulated by synchronous 

NAO, there are differences in the variation of NAO between different months of winter 

(Watanabe, 2004; Hurrell and Deser, 2010). The correlation coefficient between the 

detrended NAO indexes in January and February is 0.26, which is not significant at the 

90% confidence level, indicating an insignificant relationship between the NAO in Jan-

uary and February. Therefore, there is an insignificant correlation between the TRS 

precipitation in January and February. 

For the second question, previous studies have shown that ENSO in its developing 

stage has an important impact on the climate of East Asia (Wu et al., 2003; Chen et al., 

2012; Lee et al., 2013; Luo and Wang, 2017). Thus, the significant correlation between 

the TRS precipitation in November and December may be linked to the developing 

ENSO. To verify this point, the anomalies of Z500 and SST in November and Decem-

ber are regressed onto the detrended and standardized SST tendency index (subtract the 

November Niño 3 index from the December Niño 3 index). Results are displayed in 

Figure 10, which shows that the anomalies of Z500 and SST associated with the SST 

tendency in November (Figure 10a, b) and December (Figure 10c, d) are respectively 

similar to the anomalies of Z500 and SST associated with the TRS precipitation in No-

vember (Figure 3b and Figure 4b) and December (Figure 5b, d). In addition, there is a 

significant correlation between the time series of November/December precipitation 

over the TRS region and SST tendency index. The correlation coefficients are 0.38 and 

0.34 for November and December, respectively, and both are significant at the 95% 



 
 

confidence level. These results indicate that the TRS precipitation in November and 

December is related to ENSO in its developing stage. Consequently, there is a signifi-

cant correlation between time series of the TRS precipitation in November and Decem-

ber. 

6. Summary 

In this study, the interannual variation in precipitation over the TRS region and the 

mechanisms for the variation are analyzed for different months of winter over the period 

of 1980–2015. Different interannual variations are observed in monthly precipitation 

from November to March, which can be attributed to different mechanisms.  

The interannual variations of the TRS precipitation in November and December 

are mainly affected by an anomalous westerly WVT branch that crosses the western 

boundary of the TRS region, whereas the interannual variations of the TRS precipita-

tion in January, February, and March are mainly affected by an anomalous southwest-

erly WVT branch that crosses the southern boundary of the TRS region.  

In November, SST anomalies in the mid- to high-latitudes of the North Atlantic 

can trigger a NA-E-TP wave-train via the ocean-atmosphere interaction, which subse-

quently induces an anomalous low over the TRS region. The anomalous low causes 

westerly WVT anomalies and modulates the interannual variation of precipitation over 

the TRS region. The interannual variation of the TRS precipitation in December is 

mainly modulated by the CGT pattern associated with warm SST anomalies in the cen-

tral-eastern tropical Pacific. During its propagation, the path of the CGT wave-train 

splits into two separate paths in the Western Europe, and the two paths merge in north-

east China to form a single path again. The mechanisms for the interannual variations 

of the TRS precipitation in January and February are similar, which are mainly under 

the influence of the synchronous NAO. However, the propagation paths of the wave-

train associated with the TRS precipitation are different in January and February. The 



 
 

wave-train propagates via two paths in January, whereas it follows a single path in Feb-

ruary. The interannual variation of precipitation in March is modulated by the leading 

EOF mode of Eurasian Z500 that resembles the EU1 pattern.  

The above analysis shows that the main factors associated with the interannual 

variation of monthly precipitation over the TRS region are different in winter (Table 2), 

which is the reasons why the interannual variation of monthly precipitation over the 

TRS region is different in individual winter months. 
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Figure captions 

TABLE 1 Correlation coefficient of TRS precipitation during different months in win-

terfrom November to March, dispersion coefficient (DC), and Variance. 

TABLE 2 Correlation coefficients between the detrended time series of TRS precipi-

tation (Pr) and time series of the leading EOF mode of Z500 over Eurasia (EOF1; 

10°–60°N, 20°W–130°E), NAO index, Niño 3 index in November, December, 

January, February, and March, correspondingly. 

FIGURE 1 Topography of the TRS area (color shading; unit: m). The blue rectangle 

(31.5°–36.5°N, 89.5°–102.5°E) represents the scope of the TRS area. Red dots 

denote the locations of stations used in this study. 

FIGURE 2 (a) Climatological monthly mean precipitation (unit: mm) based on all sta-

tions over the TRS region during 1980–2015. Time series of monthly precipitation 

anomalies (unit: mm) averaged over the TRS region in (b) November, (c) Decem-

ber, (d) January, (e) February, and (f) March with respect to the base period of 

1980/81–2014/15. 

FIGURE 3 Anomalies of (a) vertically integrated WVT (unit: kg m-1 s-1), (b) 500-hPa 

geopotential height (Z500, unit: gpm), (d) 200-hPa geopotential height (Z200, col-

ored shading, unit: gpm) regressed on the detrended and standardized time series 

of TRS precipitation in November, (c) divergence of wave activity flux (DWAF, 

unit: 105 m s-2). Vectors in (d) represent wave activity flux (WAF, unit: m2 s-2) 

associated with Z200 anomalies. Dark-gray and light-gray shadings represent the 



 
 

significance level at 90% and 80% confidence levels, respectively. Stippling in (b) 

and red contour lines in (d) denote the 90% confidence level using Student’s t-test. 

FIGURE 4 Anomalies of (a) 10-meter wind (sfcwind, unit: m s-1), (b) SST (unit: 

10 ℃), (d) surface latent heat flux (slhf, unit: W m-2, positive denote upward) 

regressed on the detrended and standardized time series of TRS precipitation in 

November, (c) climatology of 10-meter wind (sfcwind climatology, unit: m s-1) in 

November during 1980–2014. Gray shading in (a) and stippling in (b, d) represent 

the significance level at the 90% confidence level using Student’s t-test. 

FIGURE 5 Anomalies of (a) vertically integrated WVT (unit: kg m-1 s-1), (b) Z500 

(unit: gpm), (c) Z200 (colored shading, unit: gpm), (d) SST (unit: 10 ℃) regressed 

on the detrended and standardized time series of TRS precipitation in December. 

Vectors in (c) represent the WAF (unit: m2 s-2) associated with Z200 anomalies. 

Dark-gray and light-gray shadings in (a) represent the significance level at 90% 

and 80% confidence levels, respectively. Stippling in (b, d) and red contour lines 

in (c) denote the 90% confidence level using Student’s t-test. 

FIGURE 6 Anomalies of (a, b) vertically integrated WVT (unit: kg m-1 s-1), (c, d) Z500 

(unit: gpm), (e, f) Z200 (colored shading, unit: gpm), (g, h) SST (unit: 10 ℃) 

regressed on the detrended and standardized time series of TRS precipitation in (a, 

c, e, g) January and (b, d, f, h) February. Vectors in (e, f) represent the WAF (unit: 

m2 s-2) associated with Z200 anomalies in (e) January and (f) February. Dark-gray 

and light-gray shadings in (a, b) represent the significance level at 90% and 80% 

confidence levels, respectively. Stippling in (c–h) and red contour lines in (e, f) 

denote the 90% confidence level using Student’s t-test. 

FIGURE 7 Anomalies of (a, b) vertically integrated WVT (unit: kg m-1 s-1), (c, d) Z500 

(colored shading, unit: gpm) regressed on the detrended and standardized NAO 

index in (a, c) January and (b, d) February, (e, f) shows detrended and standardized 

time series of TRS precipitation (Pr; red) and NAO index (blue) in (e) January and 

(f) February, with the correlation coefficient labeled in the top-right corner. Vectors 

in (c, d) represent the WAF (unit: m2 s-2) associated with Z500 anomalies in (c) 



 
 

January and (d) February. Gray shadings in (a, b) and stippling in (c, d) denote the 

90% confidence level using Student’s t-test. 

FIGURE 8 Anomalies of (a) vertically integrated WVT (unit: kg m-1 s-1), (b) Z500 

(unit: gpm) regressed on the detrended and standardized time series of TRS pre-

cipitation in March, (c) shows the detrended and standardized time series of TRS 

precipitation (Pr; red) and time series of the leading EOF mode of Z500 over Eur-

asia (EOF1; 10°–60°N, 20°W–130°E; blue) in March, with the correlation coeffi-

cient labeled in the top-right corner, (d) Leading EOF mode of Z500 over Eurasia 

(10°–60°N, 20°W–130°E) in March, with the explained variance labeled in the 

top-right corner. Dark-gray and light-gray shadings in (a) represent the signifi-

cance level at 90% and 80% confidence levels, respectively. Stippling in (b) de-

notes the 90% confidence level using Student’s t-test. 

FIGURE 9 (a) Divergence of wave activity flux (DWAF, unit: 105 m s-2), anomalies 

of (b) Z200 (colored shading, unit: gpm), (c) 500-hPa vertical velocity (ω500, unit: 

102 Pa s-1, negative values represent upward motion and vice versa), (d) SST (unit: 

10 ℃) regressed on the detrended and standardized time series of the leading EOF 

mode of Z500 over Eurasia (EOF1; 10°–60°N, 20°W–130°E) in March. Vectors 

in (b) represent the WAF (unit: m2 s-2) associated with Z200 anomalies. Stippling 

in (c, d) and red contour lines in (b) denote the 90% confidence level using Stu-

dent’s t-test. 

FIGURE 10 Anomalies of (a, c) Z500 (unit: gpm), (b, d) SST (unit: 10 ℃) in (a, b) 

November and (c, d) December regressed on the detrended and standardized time 

series of the SST tendency (SSTTE) index (subtract the November Niño 3 index 

from the December Niño 3 index). Stippling denotes the 90% confidence level 

using the Student’s t-test. 



 

TABLE 1 Correlation coefficient of TRS precipitation during different months in winter from November to 
March, dispersion coefficient (DC), and Variance. 
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TABLE 2 Correlation coefficients between the detrended time series of TRS precipitation (Pr) and time series 
of the leading EOF mode of Z500 over Eurasia (EOF1; 10°–60°N, 20°W–130°E), NAO index, Niño 3 index in 

November, December, January, February, and March, correspondingly. 
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FIGURE 1 Topography of the TRS area (color shading; unit: m). The blue rectangle (31.5°–36.5°N, 89.5°–
102.5°E) represents the scope of the TRS area. Red dots denote the locations of stations used in this study. 
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FIGURE 2 (a) Climatological monthly mean precipitation (unit: mm) based on all stations over the TRS 
region during 1980–2015. Time series of monthly precipitation anomalies (unit: mm) averaged over the TRS 

region in (b) November, (c) December, (d) January, (e) February, and (f) March with respect to the base 
period of 1980/81–2014/15. 
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FIGURE 3 Anomalies of (a) vertically integrated WVT (unit: kg m-1 s-1), (b) 500-hPa geopotential height 
(Z500, unit: gpm), (d) 200-hPa geopotential height (Z200, colored shading, unit: gpm) regressed on the 
detrended and standardized time series of TRS precipitation in November, (c) divergence of wave activity 

flux (DWAF, unit: 105 m s-2). Vectors in (d) represent wave activity flux (WAF, unit: m2 s-2) associated with 
Z200 anomalies. Dark-gray and light-gray shadings represent the significance level at 90% and 80% 

confidence levels, respectively. Stippling in (b) and red contour lines in (d) denote the 90% confidence level 
using Student’s t-test. 
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FIGURE 4 Anomalies of (a) 10-meter wind (sfcwind, unit: m s-1), (b) SST (unit: 10 ℃), (d) surface latent 
heat flux (slhf, unit: W m-2, positive denote upward) regressed on the detrended and standardized time 

series of TRS precipitation in November, (c) climatology of 10-meter wind (sfcwind climatology, unit: m s-1) 
in November during 1980–2014. Gray shading in (a) and stippling in (b, d) represent the significance level 

at the 90% confidence level using Student’s t-test. 
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FIGURE 5 Anomalies of (a) vertically integrated WVT (unit: kg m-1 s-1), (b) Z500 (unit: gpm), (c) Z200 
(colored shading, unit: gpm), (d) SST (unit: 10 ℃) regressed on the detrended and standardized time series 

of TRS precipitation in December. Vectors in (c) represent the WAF (unit: m2 s-2) associated with Z200 
anomalies. Dark-gray and light-gray shadings in (a) represent the significance level at 90% and 80% 

confidence levels, respectively. Stippling in (b, d) and red contour lines in (c) denote the 90% confidence 
level using Student’s t-test. 
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FIGURE 6 Anomalies of (a, b) vertically integrated WVT (unit: kg m-1 s-1), (c, d) Z500 (unit: gpm), (e, f) 
Z200 (colored shading, unit: gpm), (g, h) SST (unit: 10 ℃) regressed on the detrended and standardized 
time series of TRS precipitation in (a, c, e, g) January and (b, d, f, h) February. Vectors in (e, f) represent 

the WAF (unit: m2 s-2) associated with Z200 anomalies in (e) January and (f) February. Dark-gray and light-
gray shadings in (a, b) represent the significance level at 90% and 80% confidence levels, respectively. 
Stippling in (c–h) and red contour lines in (e, f) denote the 90% confidence level using Student’s t-test. 
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FIGURE 7 Anomalies of (a, b) vertically integrated WVT (unit: kg m-1 s-1), (c, d) Z500 (colored shading, 
unit: gpm) regressed on the detrended and standardized NAO index in (a, c) January and (b, d) February, 
(e, f) shows detrended and standardized time series of TRS precipitation (Pr; red) and NAO index (blue) in 

(e) January and (f) February, with the correlation coefficient labeled in the top-right corner. Vectors in (c, d) 
represent the WAF (unit: m2 s-2) associated with Z500 anomalies in (c) January and (d) February. Gray 

shadings in (a, b) and stippling in (c, d) denote the 90% confidence level using Student’s t-test. 
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FIGURE 8 Anomalies of (a) vertically integrated WVT (unit: kg m-1 s-1), (b) Z500 (unit: gpm) regressed on 
the detrended and standardized time series of TRS precipitation in March, (c) shows the detrended and 

standardized time series of TRS precipitation (Pr; red) and time series of the leading EOF mode of Z500 over 
Eurasia (EOF1; 10°–60°N, 20°W–130°E; blue) in March, with the correlation coefficient labeled in the top-

right corner, (d) Leading EOF mode of Z500 over Eurasia (10°–60°N, 20°W–130°E) in March, with the 
explained variance labeled in the top-right corner. Dark-gray and light-gray shadings in (a) represent the 

significance level at 90% and 80% confidence levels, respectively. Stippling in (b) denotes the 90% 
confidence level using Student’s t-test. 
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FIGURE 9 (a) Divergence of wave activity flux (DWAF, unit: 105 m s-2), anomalies of (b) Z200 (colored 
shading, unit: gpm), (c) 500-hPa vertical velocity (ω500, unit: 102 Pa s-1, negative values represent upward 

motion and vice versa), (d) SST (unit: 10 ℃) regressed on the detrended and standardized time series of 
the leading EOF mode of Z500 over Eurasia (EOF1; 10°–60°N, 20°W–130°E) in March. Vectors in (b) 

represent the WAF (unit: m2 s-2) associated with Z200 anomalies. Stippling in (c, d) and red contour lines in 
(b) denote the 90% confidence level using Student’s t-test. 
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FIGURE 10 Anomalies of (a, c) Z500 (unit: gpm), (b, d) SST (unit: 10 ℃) in (a, b) November and (c, d) 
December regressed on the detrended and standardized time series of the SST tendency (SSTTE) index 

(subtract the November Niño 3 index from the December Niño 3 index). Stippling denotes the 90% 
confidence level using the Student’s t-test. 
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