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Abstract
Using observational data from 1979–2015 and a linear baroclinic model (LBM), the present study examined the impact of 
autumn snow cover (ASC) over the western Tibetan Plateau (WTP) on the subsequent spring precipitation over southern 
China (SPSC). Focus was placed on the interannual time scale of the snow-precipitation relationship. The ASC over the WTP 
is positively correlated with the SPSC, and this snow-precipitation relationship is independent of sea surface temperature 
anomalies over the tropical Indo-Pacific regions. When the ASC over the WTP is more extensive than normal, in the fol-
lowing spring, anomalous southerly winds over eastern China occur and transport water vapor northward from the tropical 
ocean to the interior of the continent, which is favorable for more SPSC. Further analysis of the energy budget shows that 
the anomalous ASC over the WTP persists to the following spring because of local positive snow-air feedback. Higher-
than-normal ASC over the WTP can cool the above atmosphere and is associated with pronounced negative geopotential 
height anomalies that dominate in the East Asian-western North Pacific region. These negative height anomalies lead to a 
weakened and northward-shifted spring East Asian subtropical jet (EASJ). The changes in the spring EASJ lead to diver-
gent anomalies at the upper level over the upstream as well as the central areas of the EASJ; therefore, anomalous low-level 
convergence and ascent motion dominate over coastal East Asia and in nearby regions, providing a favorable environment 
for positive SPSC anomalies.
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1  Introduction

Southern China is an important economic region and the 
most densely populated region in China. Flooding and 
drought exert strong influences on the daily lives of mil-
lions of people as well as on the economic growth of this 
region. Numerous works have been devoted to investigating 
the mechanisms and predictability of summer precipitation 
over southern China, as compared to other seasons, the sum-
mer has more precipitation in this region (e.g., Lau and Li 
1984; Chang et al. 2000; Wu et al. 2003; Chen et al. 2013, 

You and Jia 2018; Jia et al. 2019). As determined by previ-
ous work, the climatological mean spring precipitation can 
account for more than 30% of the annual total precipitation 
over southern China (e.g., Feng and Li 2011). Anomalous 
spring precipitation can also affect the agriculture, economy, 
transportation, communication and electricity transmission 
lines. Figure 1a shows that the climatological mean spring 
(April–May, AM) precipitation peaks over southern China 
and interannual variations exceeding 50 mm/month. Addi-
tionally, over southern China, spring precipitation accounts 
for at least 60% of the summer precipitation (Fig. 1b).

Many previous works have explored the influence of sea 
surface temperature (SST) anomalies (SSTAs) over the trop-
ical Indo-Pacific on the spring precipitation over southern 
China (SPSC) (e.g., Cai et al. 2002; Chen et al. 2003; Wu 
et al. 2003; Chen and Qian 2005; Feng and Li 2011; Chen 
et al. 2013; Gu et al. 2018). Wang et al. (2000) revealed 
that a lower-level anomalous anticyclone forms over the 
western North Pacific region that is related to the positive 
winter SSTAs over the central-eastern tropical Pacific and 

 *	 XiaoJing Jia 
	 jiaxiaojing@zju.edu.cn

1	 Key Laboratory of Geoscience Big Data and Deep Resource 
of Zhejiang Province, School of Earth Sciences, ZheJiang 
University, HangZhou, Zhejiang, China

2	 Department of Atmospheric and Oceanic Sciences 
and Institute of Atmospheric Sciences, Fudan University, 
Shanghai, China

http://orcid.org/0000-0001-8245-0782
http://crossmark.crossref.org/dialog/?doi=10.1007/s00382-020-05497-8&domain=pdf


	 X. Jia et al.

1 3

tropical Indian Ocean. Through local air-sea interactions or 
the capacitor effect of the Indian Ocean, the anomalous anti-
cyclone can persist to the subsequent summer (e.g., Wang 
et al. 2003; Xie et al. 2009). Along the western flank of 
this anticyclonic system, anomalous southerly winds can 

transport more water vapor northward from the tropical 
ocean to the interior of the continent and nearby regions. 
The SSTAs in the North Atlantic Ocean also promote vari-
ations of the SPSC (e.g., You and Jia 2018; Jia et al. 2019). 
For example, You and Jia (2018) recently revealed that the 
second empirical orthogonal function (EOF) mode of the 
SPSC displays a north–south mode that is closely related 
to the mid- to high-latitude North Atlantic SSTAs in Febru-
ary and March. They further showed that using the dipole 
SSTAs as a predictor can reasonably improve the seasonal 
forecast performance of the SPSC.

Other factors, such as snow, can also impact the varia-
tion in SPSC. The significant impact of snow on climate 
variability via the snow albedo effect or hydrological effects 
is well known (e.g., Dickson, 1984; Watanabe and Nitta, 
1998; Kripalani and Kulkarni 1999; Yim et al. 2010; Lin 
and Wu 2011, 2012; Zuo et al. 2012; Wu et al. 2012a, b; 
Ye et al. 2015; Cao et al. 2018; Dou et al. 2018). Changes 
in surface snow cover may modulate surface moisture and 
local energy fluxes and therefore significantly impact cli-
mate locally and surrounding regions (Barnett et al. 1989; 
Yang et al. 1996; Kripalani et al. 2002; Wu and Qian 2003; 
Singh and Oh 2005; Wu and Kirtman 2007; Wu et al. 2012a, 
b, 2016; Lyu et al. 2018; Wang et al. 2019a, b). Diabatic 
heating associated with anomalous snow cover can act as a 
driving forcing for the atmosphere and significantly impact 
climate variations over remote regions (e.g., Lin and Wu 
2011, 2012; Wu et al. 2011; Jin et al. 2018; Qian et al. 2019). 
The influence of extratropical Eurasian snow cover on SPSC 
variation has been investigated by previous studies (e.g., 
Wu and Kirtman 2007; Zuo et al. 2012; Jia et al. 2019). 
The Tibetan Plateau (TP) is the highest elevated plateau on 
Earth and has the largest amount of semipermanent snow 
and ice across the midlatitude Eurasian continent (Yeh and 
Gao 1979; Immerzeel et al. 2010). The processes underlying 
the impacts of TP thermal forcing on Asian monsoon varia-
tions have been extensively studied using both observational 
data and atmospheric models (e.g., Hahn and Shukla 1976; 
Khandekar 1991; Zhang and Li, 2004; Dash et al. 2005; 
Wang et al. 2017, 2018). However, most previous work 
has explored the influence of winter-spring TP forcing on 
summer precipitation over East Asia (EA) and nearby areas 
while the impact of TP forcing on spring precipitation over 
EA remains unclear. In the current work, we found that the 
anomalous SPSC is closely related to the changes in snow 
cover over the TP in the previous autumn. The possible 
mechanisms responsible for the autumn snow–SPSC rela-
tionship were explored via observational data analysis and 
an atmospheric model. The persistence of anomalous ASC 
over the WTP has also been examined. Furthermore, most 
previous work exploring the TP snow effect regards the TP 
as whole. In a recent work, Wang et al. (2018) revealed that 
snow cover over different regions of the TP has different 

Fig. 1   a Spatial distribution of the spring climatological mean 
(April–May, AM) precipitation (shading, unit: mm/month) and its 
standard deviation (contour, unit: mm/month) for the period 1979–
2015. b Ratio of AM precipitation to summer (June–July–August, 
JJA) precipitation represented by percentage (contour) and the stand-
ard deviation of the interannual components of the AM precipita-
tion (shading, unit: mm/mon). c Solid bars represent the normalized 
spring precipitation index (SPI) of southern China obtained by the 
area mean of the AM precipitation over the region denoted by the 
red rectangle box in a (105–122° E; 22–34° N), and transparent black 
bars represent the detrended SPI with the linear trend removed
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climate impacts. They showed that the anomalous summer 
snow over the western and southern TP have different cli-
mate impacts. In the current work, we also revealed that 
the TP snow cover that can impact SPSC variation is only 
limited over the western TP (WTP). In a previous work, 
Qian et al (2019) revealed that the autumn snow cover over 
TP has two centers, with one centered over the western TP 
(centered at 74° E, 36° N) and the other centered over the 
eastern TP (centered at 94° E, 32° N). Compared to the east-
ern TP, the climatological mean snow cover over the western 
TP has larger values. Furthermore, the snow cover over the 
western TP shows large variation. Therefore, in the current 
work, the focus is given to the climate impact of snow cover 
over WTP.

The organization of the remainder of the manuscript is 
as follows. The datasets, methodology and numerical model 
are described in Sect. 2. The relationship between the vari-
ation of the snow cover over the WTP and the SPSC is pre-
sented in Sect. 3. The possible reasons accounting for the 
persistence of snow over the WTP are investigated in Sect. 4. 
Finally, the conclusions and a discussion are presented in 
Sect. 5.

2 � Data, methods and numerical model

2.1 � Data

The datasets employed in the current work cover the period 
1979–2015:

(1)	 The Northern Hemisphere snow cover extent dataset 
employed in the current work is from the National Oce-
anic and Atmospheric Administration (NOAA) climate 
data record (Robinson et al. 2012). The original weekly 
snow dataset, which has a horizontal resolution of 
25 km for the period from October 1966 to the present, 
has been obtained from the Rutgers University Global 
Snow Lab. These snow data were converted to monthly 
mean data with a 2° × 2° latitude–longitude grid resolu-
tion.

(2)	 The monthly mean winds at 850 and 200 hPa, total 
cloud cover, snow depth, potential vorticity, surface 
net solar radiation, surface solar radiation downwards, 
surface net thermal radiation, surface thermal radiation 
downward and sensible heat flux, and vertical velocity 
at 500 hPa were obtained from ERA-Interim reanalysis 
data and gridded at a 0.75° × 0.75° resolution (Berris-
ford et al. 2011).

(3)	 The Hadley Centre sea ice and SST (HadISST) dataset 
has a spatial resolution of 1° × 1° (Rayner et al. 2003a, 
b) and is available at https​://www.metof​fi ce.gov.uk/
hadob​s/hadis​st/index​.html.

(4)	 The observed daily precipitation data at 824 stations 
across China were obtained from the China Mete-
orological Administration (CMA) and converted to 
monthly mean data.

The Niño 3.4 index was obtained from the Earth Sys-
tem Research Laboratory of NOAA (https​://www.esrl.noaa.
gov/psd/data/clima​teind​ices/list) and used to represent the El 
Niño–Southern Oscillation (ENSO) variability.

In a previous work, You and Jia (2018) revealed that the 
characteristics of precipitation in March in southern China 
bear more similarities to those in the previous February and 
January than the following April and May; therefore, in the 
current work, the April–May (AM) precipitation instead of 
the traditionally used March–April–May (MAM) precipita-
tion was used to represent the SPSC. In southern China, AM 
is also generally consistent with the time of the first rainy 
season (e.g., Feng and Li 2011; Gu et al. 2018). The linear 
trend was removed from the dataset through the regression 
method because the focus of this work was interannual varia-
tions. Pearson correlation analyses were carried out to derive 
the connection between the two variables. Both regression 
and composite analyses were used to obtain the spatial struc-
ture of a specific field related to an index. Student’s t test was 
applied to assess the significance level of the correlation 
coefficient.

2.2 � Methodology

A phase-independent wave activity flux (WAF), defined 
from stationary Rossby waves on a zonally asymmetric cli-
matological mean flow, was used to investigate the wave 
propagation dynamics. The fluxes are parallel to the local 
group velocity of the stationary Rossby wave. The horizon-
tal component of the WAF definition was given by Takaya 
and Nakamura (2001) and was calculated by the following 
equation:

where U = (U, V) represents the zonal and meridional wind 
velocity components of climatological mean flow, respec-
tively, and ψ denotes the stream function. The primes repre-
sent deviations from the time mean, and the subscripts are 
partial derivatives.

2.3 � Numerical model

A detailed introduction of the linear baroclinic model (LBM) 
used in the current work was provided by Watanabe and 
Kimoto (2000). Briefly, the spectral baroclinic atmospheric 
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model employed in the current work is based on primitive 
equations linearized about the observed climatological state. 
This atmospheric numerical model was constructed based on 
a dynamic core of an atmospheric general circulation model 
(AGCM) cooperatively developed at the Center for Climate 
System Research (CCSR), University of Tokyo, and the 
National Institute for Environmental Studies (NIES), Japan. 
The version of the LBM used in this study has a horizontal 
resolution of T42 and 20 vertical sigma levels. The LBM 
has both moisture and dry models, and the dry model was 
employed in this work.

3 � Relationship between the SPSC and ASC 
over the TP

3.1 � Characteristics of the anomalous SPSC‑related 
SCE over the TP

According to Fig. 1a, a spring precipitation index (SPI) 
is obtained by averaging the precipitation in spring over 
southern China (105–122° E, 22–34° N) (marked by the 
red rectangular boxes in Fig. 1a and b), which includes 

the region of maximum mean precipitation and year-to-
year variability. The SPI is normalized and is depicted 
in Fig.  1c as solid bars. The current work focuses on 
the interannual variation in the SPSC; therefore, linear 
trends have been removed. In the following analysis, the 
detrended SPI, which is presented as transparent bars in 
Fig. 1c, is used. To determine the region and season of 
the TP snow that can be related to the interannual vari-
ation in the SPSC, the temporal correlation coefficient 
(TCC) between the SPI and SCE over the TP is calculated 
from the previous summer to the current spring, and it 
is presented in Fig. 2. Simultaneous TCCs are generally 
not significant over the TP (Fig. 2a). In the previous win-
ter, significant positive TCCs are observed over the WTP 
and northern TP (Fig. 2b). The most significant TCCs are 
observed for the previous autumn, when a large area of 
the WTP is covered by positive TCCs (Fig. 2c). The TCCs 
over the WTP are generally quite weak and not significant 
in the previous summer (Fig. 2d). According to Fig. 2c, a 
snow index is constructed by averaging the SCE anomalies 
over 30–42° N, 72–80° E (Fig. 2, blue rectangular boxes) 
to quantitatively measure the variation in snow cover over 
the WTP that can be related to the SPSC changes.

Fig. 2   Correlation coefficient maps of the snow cover extent (SCE) 
in a spring (April–May, AM), b the previous winter (December-Jan-
uary–February, DJF), c the previous autumn (September–October–
November, SON) and d the previous summer (June–July–August, 

JJA) on the SPI. Correlation coefficients significant at the 95% con-
fidence level are denoted by a plus sign. The blue rectangular box 
denotes the key region of autumn snow cover over the western TP 
(72–80° E, 30–42° N)
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The lead-lag correlation between the SPI and the snow 
index is then calculated from the previous June–July–August 
(JJA) to the following December–January–February (DJF) 
and is presented in Fig. 3. These two time series are cor-
related at a confidence level above 90% from the previous 
autumn until the previous winter when the changes in the TP 
snow lead the SPSC, while the correlation is not significant 
during the simultaneous spring. The most significant TCC 
is observed in the previous autumn, which is consistent with 
Fig. 2c, with a TCC of 0.34, and is significant at the 95% 
confidence level. Figure 3 suggests that the variation in the 
ASC over the WTP is closely correlated with the SPSC and 
might be used as a predictor for the SPSC with a lead time 
up to nearly half a year.

Before we examine the snow-precipitation relationship, 
first, the characteristics of the autumn snow over the TP 
are examined. The spatial distribution of the climatologi-
cal mean ASC over the TP is indicated by the shading in 
Fig. 4a, and the standard deviation is overlaid as contours. 
The most expansive maximum ASC is located over the 
WTP and southern TP, both of which have high altitudes. 
Figure 4a suggests that the area that is most significantly 
correlated with the variations in SPSC is also the region 
with the maximum climatological snow cover and the larg-
est year-to-year variance over the TP. Another maximum 
center of the ASC can be observed over the central TP, 
which has also been reported in previous work (e.g., Wang 
et al. 2018; Qian et al. 2019). The normalized snow index, 
which is obtained by averaging the ASC in the area marked 
by the blue rectangular box in Fig. 4a, is displayed in Fig. 4b 
by solid bars. The snow index displays dominantly positive 
values before the late 1990s and more negative values dur-
ing the subsequent period. This trend indicates a decreas-
ing tendency of the snow in autumn over the WTP during 

the past 40 years, which is consistent with the findings of 
previous work (e.g., Ye et al. 2015; Wang et al. 2017). The 
normalized detrended autumn snow index (ASI, hereafter) 
is represented by transparent bars in Fig. 4b and used in the 
following analysis to represent the interannual variations in 
the ASC over the WTP.

Figure 5a presents the regression of the spring precipita-
tion on ASI. Significant anomalous positive spring precipita-
tion appears over southern China, and the largest precipita-
tion anomaly exceeds 30 mm/month. Thus, the result shown 
in Fig. 5a further confirms that when there is anomalous pos-
itive ASC over the WTP, the SPSC is greater than normal. 
A comparison of Figs. 1a and 5a suggests that the autumn 
TP snow-related SPSC anomalies account for up to 30% of 
the total amount of the SPSC, indicating that the ASC over 
the WTP can explain an important part of the variance in 
the SPSC. To further confirm the snow-precipitation rela-
tionship, we constructed composites of spring precipitation 
for strong anomalous autumn snow years. If the magnitude 
of the ASI departs from the corresponding climatology by 
one standard deviation or more, the year is considered to 

Fig. 3   Lead-lag temporal correlation coefficient between the SPI and 
snow index (SI) from the previous summer (June–July–August, JJA) 
to the following winter (December–January–February, DJF). The 
dashed lines represent the 90% and 95% confidence levels according 
to Student’s t test

Fig. 4   a Spatial distribution of the autumn climatological mean (Sep-
tember–October–November, SON) SCE (unit: %, shading) and its 
standard deviation (contour) for the period 1979–2015. b Solid bars 
represent the normalized autumn snow index obtained by the area 
mean of the SCE over the key snow region denoted by the blue rec-
tangular box in a (72–80° E, 30–42° N), and transparent black bars 
represent the detrended autumn snow index (ASI) with the linear 
trend removed
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be a strong anomalous snow year. According to this cri-
terion, there were a total of 13 excessive snow years and 
13 reduced snow years in the period 1979–2015 (Table 1). 
The remaining years are defined as normal years. The com-
posite spring precipitation, given in Fig. 5b, clearly shows 
that in excessive autumn snow years, pronounced anomalous 
higher-than-normal SPSC occurs. The similarities between 
Fig. 5a and b further suggest that the snow-precipitation 
relationship is statistically robust and does not depend on 
analytical methods.

Before we continue to examine how variations of the 
ASC over the WTP lead to changes in the SPSC, another 
issue that needs to be clarified is whether the tropical ocean 

contributes to the snow-precipitation relationship. As noted 
above, studies have suggested that tropical Indo-Pacific 
SSTAs can impact the SPSC via the western Pacific anti-
cyclone (WPAC) (e.g., Wang et al. 2000, 2003; Feng and 
Li 2011). The similarity between Fig. 5 and the anomalous 
precipitation related to WPAC as presented in previous work 
raises the question as to whether Fig. 5 is a manifestation 
of only the ENSO-related SPSC variability. To address this 
issue, tropical SST anomalies associated with the ASI from 
autumn to the following spring, obtained by regression, are 
presented in Fig. 6. In association with the positive WTP 
snow anomalies in autumn, noticeable positive SST anoma-
lies occur in the central-eastern tropical Pacific and with 
the magnitude peaking two months later (Fig. 6b) and per-
sist until spring (Fig. 6d). Pronounced anomalous positive 
SST can also be noticed in the southern Indian Ocean dur-
ing January–February–March (JFM) (Fig. 6c) and can even 
be observed in the following spring (Fig. 6d). The above 
results suggest that the evolution of anomalous ASC over 
the WTP is accompanied by changes in the tropical Indo-
Pacific SSTAs.

To exclude the influence of the SSTAs over the tropical 
Indo-Pacific Ocean on the snow-precipitation relationship, 
two SST indices are used to represent the SST variation over 
the eastern tropical Pacific and the Indian Ocean, e.g., the 
Niño 3.4 index in November–December–January (NDJ) 
and a Southern Indian Ocean SST index (SIO), which is 
obtained by averaging the JFM SSTAs over the areas repre-
sented by the blue rectangle in Fig. 6c. El Niño (La Niña) 
events are selected if the Niño 3.4 index is greater (less) 
than 0.8 (− 0.8) of a standard deviation. Similarly, warm 
(cold) Indian SST years are defined when the SIO is greater 
(less) than 0.8 (− 0.8) of a standard deviation. Composites of 

Fig. 5   Spatial distribution of a the linear regression map of AM pre-
cipitation (unit: mm/month) over southern China onto the ASI for the 
period 1979–2015. Dotted areas indicate where the correlation coeffi-
cients are significant at the 95% confidence level. b Composite differ-

ences in the AM precipitation over southern China between the high- 
and low-ASI years for the period 1979–2015. The years that were 
chosen for the composite are denoted in Table 1

Table 1   Selected years of high ASI and low ASI and their corre-
sponding indices. The selected ENSO and strong SIO years and their 
corresponding indices are marked by bold and italic fonts, respec-
tively

Year Snow Index Year Snow Index

High 1979 1.65 High 1979 1.65
1982 1.43 1982 1.43
1983 1.34 1983 1.34
1997 1.20 1997 1.20
2004 1.25 2004 − 1.25
2009 2.32 2009 2.32

Low 1988 − 1.05 Low 1988 − 1.05
1989 − 1.02 1989 − 1.02
1990 − 2.36 1990 − 2.36
1999 − 1.13 1999 − 1.13
2005 − 1.36 2005 1.36
– – 2006 − 1.22
2007 − 1.60 2007 − 1.60
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spring precipitation for strong snow years with both El Niño 
and La Niña years removed (Fig. 7a) or both warm and cold 
Indian SST years removed (Fig. 7b). Figure 7c presents the 
composite precipitation of strong snow years with both El 
Niño and La Niña years and warm and cold Indian SST years 
removed. A comparison between Figs. 5 and 7a–c shows 
many similarities in the spring precipitation anomaly pat-
terns, indicating that the TP snow-SPSC relationship is inde-
pendent of the SSTAs over the tropical Indo-Pacific region.

3.2 � Relationship between the atmospheric 
circulation anomalies and TP snow

To understand the link between the variation in the ASC 
over the WTP and the SPSC anomalies, the ASI-related 
changes in the low-level atmospheric circulation anoma-
lies in spring are depicted in Fig. 8. During years when the 
ASC over the WTP is greater than normal, in the follow-
ing spring, pronounced negative and positive geopotential 
height anomalies are observed over EA and the western 
North Pacific (Fig. 8a), indicating a weakened land–ocean 
pressure contrast during this season that can result in 
weaker northerly winds from the interior high-latitude 
regions. This is confirmed by anomalous southwesterly 
winds at 850 hPa over coastal EA, as shown in Fig. 8b. 
These anomalous southerly winds bring warm water vapor 
from the tropical ocean to the interior of the continent, 

causing a convergence of moisture over southern China, 
which is favorable for more spring precipitation (Fig. 8c).

The ASI-related atmospheric circulation anomalies 
are also significant in the mid-troposphere, where the 
two anomalous centers of geopotential height over the 
EA-western North Pacific can also be clearly noticed at 
500 hPa (not shown). In the upper troposphere, clima-
tologically, there is a maximum zonal wind band along 
30° N, which is referred to as the East Asian subtropi-
cal jet (EASJ), which attains wind speeds of 70 m/s at 
200 hPa in winter with its center located to the east of 
Japan. In spring, the maximum climatological zonal wind 
around the EASJ core is weaker than that in winter but 
still reaches 45  m/s (Fig.  9, yellow shading). Associ-
ated with positive anomalous snow cover over the WTP, 
there is a weakening and a northward shift of the EASJ. 
The entrance of the EASJ is an upper-level convergence 
zone (e.g., Yang et al. 2002). The weakening of the EASJ 
over this region can cause anomalous divergence in the 
upper troposphere. Anomalous convergence in the lower 
troposphere and anomalous upward motion will follow. 
The composite maps of the divergence at 850 hPa and the 
vertical velocity at 500 hPa are calculated and presented 
in Fig. 10. It can be seen that low-level anomalous conver-
gence (Fig. 10a) and anomalous upward motion (Fig. 10b) 
dominate eastern and southern China. The anomalous 
ascent motion, together with the anomalous southerly wind 

Fig. 6   a Spatial distribution of the linear regression maps of SST 
(unit: °C) onto the ASI for the period 1979–2015 for a SON, b NDJ, 
c JFM and d AM. Correlation coefficients significant at the 95% are 

dotted. The blue rectangular box denotes the key region of the SST 
anomalies over the southern Indian Ocean (50–110° E, 5–25° S)
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from the low-latitude ocean (Fig. 8c), forms a favorable 
condition for positive SPSC anomalies.

To further understand how snow forcing over the WTP 
impacts the SPSC, the LBM model is used in this section 
to conduct numerical experiments. The TP is the highest 
land mass on Earth, 4000 m above sea level on average. 

Anomalous snow cover at the TP surface acts as an atmos-
pheric diabatic cool forcing in the troposphere (e.g., Wang 
et al. 2019a, b; Qian et al. 2019). Following previous work 
(Wang et al. 2018), an idealized convergence forcing is set 
over the WTP (Fig. 11a). The idealized forcing has an ellip-
tical horizontal shape centered at 37° N, 75° E. The forcing 
has a uniform distribution in the vertical direction. This con-
vergence forcing is set to mimic the effect of the WTP snow 
forcing on the local atmosphere. The climatological autumn 
mean flow for the period of 1979–2015 is used in the model 
experiments. The idealized thermal forcing is switched on 
at the first day of the integration and persists throughout 
the model integration. The model response of the wind at 

Fig. 7   Composite differences in AM precipitation (unit: mm/month) 
between high and low ASI years for the period 1979–2015 a without 
strong ENSO years, b without strong SIO years and c without either 
strong SIO or ENSO years. The strong ENSO years and strong SIO 
years are marked with red and blue fonts, respectively, in Table  1. 
Dotted areas indicate where the precipitation anomalies are signifi-
cant at the 95% confidence level

Fig. 8   Composite differences between high- and low-ASI years for 
the period 1979–2015 for a Z850, b 850-hPa wind (mm/day) and c 
vertical integrated water vapor transport (vector, unit: kg/(ms) from 
surface to 300-hPa and divergence (shading, 10−1  mm/s) in AM. 
Shaded areas in (a) and dotted areas in (c) indicate the areas where 
the anomalies are significant at the 95% confidence level. The contour 
intervals are 6 m for (a). The dark black vectors in (b) represent wind 
anomalies that are significant at the 95% confidence level
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850 hPa (vectors) and the geopotential height at 150 hPa 
(shading) averaged over days 15–20 is depicted in Fig. 11b, 
and the zonal winds is depicted in Fig. 11c. They reflect a 
steady atmospheric response to the prescribed forcing.

Figure 11b shows that after 2 weeks of forcing, in the 
upper troposphere, the WTP is under the control of an 
anomalous low geopotential height system. Meanwhile, pro-
nounced anomalous low-level southerly winds dominating 

eastern EA can bring water vapor from the tropical ocean to 
the continent as well as nearby regions and might contribute 
to more precipitation over southern China. A comparison 
between Figs. 9 and 11c shows that the weakening of the 
EASJ is also clearly seen from the model output. In general, 
the spatial structure of the model circulation response bears 
reasonable similarities to that in the observations, suggest-
ing that although differences can be noticed, the numerical 
experiment results confirm that the TP autumn snow forc-
ing over the WTP may impact the SPSC variation through 
changing the atmospheric circulation around EA-western 
North Pacific areas.

4 � Persistent impact of ASC over the WTP

In the last section, we identified a cross-season relationship 
between the ASC over the WTP and the SPSC. However, the 
question that needs to be clarified is how the impact of the 
anomalous autumn snow could persist until the following 
spring. To shed light on the possible cross-season snow-
precipitation linkage, the time evolution of the snow anoma-
lies over the WTP from autumn to the subsequent spring is 
examined. Figure 12 shows the ASI-related snow cover and 

Fig. 9   Composite differences in zonal wind at 200  hPa (unit: m/s) 
in AM on the ASI for the period 1979–2015. The yellow shading 
denotes the climatological position of the jet core with a zonal wind 
greater than 43 m/s. The dotted regions represent anomalies signifi-
cant at the 95% confidence level

Fig. 10   The composite differ-
ences in a wind divergence at 
850 hPa (unit: 10–7 s−1) and 
b vertical velocity at 500 hPa 
(unit: 10–2 Pa/s) in AM on the 
ASI for the period 1979–2015. 
Dotted areas indicate where the 
anomalies are significant at the 
90% confidence level
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snow depth anomalies obtained by regressing these variables 
on the ASI. Pronounced positive snow cover and snow depth 
anomalies are observed over the WTP from autumn to the 
following spring.

It is known that autumn is the season for TP when 
snowfall starts and that the snow depth is not large in 
autumn. During this period, the SCE anomalies are large, 
while the snow depth anomalies are small (Fig. 12a, e). In 
the following winter, the snowfall accumulates, and the 
snow depth increases with time. In this case, snow depth 
anomalies could be large, while snow cover anomalies are 
small, as addition or removal of snow only changes the 
snow depth (Fig. 12b, f, c, g). In spring, the snow cover 
anomalies become large again as the snow depth reduces 

rapidly due to the increased temperature (Fig. 12d, h) (e.g., 
Wu et al. 2016). The persistence of these snow anomalies 
over the WTP suggests the continuous influence of snow 
on the above atmospheric circulations. In a previous study, 
Wang et al. (2019a, b) showed that the central-eastern TP 
snow cover anomalies have high month-to-month per-
sistence during October through April. Here, we further 
revealed that the anomalous snow over the WTP also has 
good persistence during the cold season. An examination 
of the temporal correlation coefficients of ASI and the 
snow index of the following seasons shows that the tem-
poral correlation coefficients are 0.35 and 0.28 for early 
winter and spring, significant at the 90% confidence level, 
consistent with previous work (Wang et al. 2018).

To understand the mechanisms of the persistence of WTP 
ASC during the cold season, the anomalous potential vorti-
city, vertical velocity and total cloud cover associated with 
the ASI are examined (Fig. 13). In summary, as revealed by 
previous work (e.g., Wang et al. 2018; Jia et al. 2018), the 
underlying anomalous snow can cool the overlying atmos-
phere, which will result in tropospheric anomalous negative 
geopotential height. On the other hand, Hoskins et al. (1985) 
indicated that upper-level anomalous negative height and 
cold temperatures may generate positive potential vorticity 
anomalies in the upper level, as shown in Fig. 13a–d. Then, 
anomalous vertical motions (Fig. 13e–h) and positive anom-
alous cloudiness (Fig. 13i–l) occur, which lead to increased 
snowfall over the WTP. This positive snow-air feedback per-
sists from autumn to the following spring and may help to 
maintain the excessive snow cover over the WTP.

The cross-section of the ASI-related winds and geopoten-
tial height anomalies along 32.5° N, obtained by regres-
sion on the ASI from autumn to the following winter are 
presented in Fig. 14 to show the evolution of the anoma-
lous atmospheric circulation related to ASC variations. In 
autumn, anomalous negative geopotential height appears 
over the plateau and extends to the upper troposphere. The 
most significant negative geopotential height anomalies are 
observed above the WTP (Fig. 14a), which is consistent with 
previous work (Wang et al. 2018; Jia et al. 2018; Qian et al. 
2019). The negative geopotential height anomalies increase 
in magnitude with increasing altitude and reach a maximum 
at 300 hPa. Ascending motion can also be observed in the 
WTP. In the following winter and spring, circulation anoma-
lies intensify in magnitude with time, forming a pronounced 
band of negative geopotential height anomalies that expands 
from the WTP to the western North Pacific (Fig. 14b, c). 
The cross-section of the ASI-related winds and geopotential 
height anomalies averaging between 22° N and 34° N is also 
examined (not shown). Significant ascending motion can be 
observed to the east of the TP in AM, favorable for more 
than normal precipitation over southern China, consistent 
with Fig. 10.

Fig. 11   a Spatial distribution of the convergence forcing for the 
numerical experiments b model response of geopotential height at 
150 hPa (unit: m, shadings) and the horizontal winds at 850 hPa (m/s; 
vectors) and c zonal winds at 150 hPa (unit: m/s, shadings) averaged 
over days 15–20. The scale for winds for (b) is shown at top-right 
corner
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Figure 15 presents the ASI-related geopotential height 
anomalies at 200 hPa from autumn to the following spring, 
and the corresponding WAF values are overlaid as vec-
tors. In association with the positive WTP snow cover, 
negative geopotential height anomalies appear (Fig. 15a). 
These negative geopotential height anomalies intensify 
and expand with time. Two months later, this anomalously 
low system is centered over the eastern TP (Fig. 15b). 
This anomalously low system strengthens with time and 
propagates northeastward. It combines with another neg-
ative geopotential height anomaly over the extratropical 
North Pacific and forms a wide band of significant nega-
tive geopotential height anomalies between 30° N and 60° 
N, dominating EA–western North Pacific regions in late 

winter (Fig. 15c). In the following spring, the band of sig-
nificant negative geopotential height anomalies weakens 
and is mostly confined north of 40° N (Fig. 15d). A branch 
of the WAF is also observed propagating southeastward 
from the negative geopotential height anomalies around 
southeastern Lake Baikal and reaching midlatitude coastal 
EA, contributing to the formation of a positive anoma-
lously high system centered over eastern Japan (Fig. 15d). 
The geopotential height anomalies over coastal EA and 
the western North Pacific cause weakening and northward 
changes in the EASJ, as shown in Fig. 9. The changes in 
the EASJ induce upper-level divergence and low-level con-
vergence together with the ascent motion around coastal 
EA, thus favoring a positive anomalous SPSC.

Fig. 12   Spatial distribution of the linear regression maps of a–d SCE (unit: %) and e–h snow depth (unit: m 10−5) on the ASI for the period 
1979–2015 for a, e SON, b, f NDJ, c, g JFM and d, h AM. Correlation coefficients significant at the 95% level are dotted
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5 � Conclusions

The western TP has large climatological snow amounts, 
and the largest snow variation occurs in autumn. The cur-
rent study revealed that the snow cover anomalies over the 
WTP in autumn can significantly impact variations in the 
SPSC. When more ASC occurs over the WTP, the precipi-
tation over southern China tends to be anomalously high 
in the following spring. The positive correlation between 
variations in the ASC and the SPSC is independent of the 
tropical Indo-Pacific SST influence. The analysis results 
show that when positive ASC anomalies occur over the 
WTP, pronounced negative and positive geopotential 
height anomalies dominate the eastern EA-western North 
Pacific region in the following spring. In southern China 
and nearby areas, anomalous southerly winds prevail, and 
they induce water vapor from the tropical ocean northward 
to the interior of the continent, which can cause moisture 
convergence and promote positive SPSC. Meanwhile, the 
EASJ is weakened and shifts northward; consequently, 
anomalous upper-level divergence and low-level conver-
gence patterns are observed along with anomalous ascend-
ing motion that dominates coastal EA and nearby regions, 

thereby promoting positive SPSC anomalies over these 
areas.

An analysis of the local energy budget reveals that local 
positive snow-air feedback helps maintain the snow anom-
alies over the WTP from autumn to the following spring. 
More specifically, when there is anomalous positive ASC 
over the WTP, the net impact of snow on the above atmos-
phere produces a cooling effect. Associated with this cool-
ing, low geopotential height anomalies appear above the 
plateau. The upper-level negative geopotential height anom-
alies and cold temperatures favor an increase in the upper 
potential vorticity. Anomalous ascent motions follow, which 
leads to increased snowfall over the WTP and is favorable 
for the persistence of snow. The current work revealed a 
cross-season snow-precipitation relationship, with changes 
in the autumn TP snow leading to variations in the SPSC for 
two seasons. This finding might provide useful information 
and an additional potential predictor for seasonal prediction 
of the SPSC.

In the current work, we focus on examining the forcing 
effect of the underlying autumn TP snow on the above 
atmosphere in the following winter and spring. The 
anomalous autumn TP snow itself is possibly influenced 

Fig. 13   a Spatial distribution of the linear regression maps of (a–d) 
potential vorticity (unit: 10–8 × K·m2/kg/s) at 200 hPa, e–h vertical 
velocity (unit: 10–4 × pa/s at 200 hPa and i–l total cloud cover (TCC) 

(unit: %) onto the ASI for the period 1979–2015 for a, e, i SON, b, f, 
j NDJ, c, g, k JFM and d, h, l AM. Correlation coefficients significant 
at the 95% level are dotted
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by remote atmospheric circulation (e.g., Qian et al. 2019). 
As shown by Fig. 15a, positive height anomalies occur 
upstream of the western TP. The anomalous North Atlan-
tic SST in the previous seasons associated with ASI is 
calculated using regression (not shown), and significant 
SSTAs can be observed in the North Atlantic, which can 
be tracked back to the previous summer. The results imply 

a possible link between North Atlantic summer SSTAs-
Eurasian atmospheric wave train-western TP autumn snow 
anomalies. In summary, the western TP snow anomalies 
may be first impacted by the North Atlantic SST anomalies 
from previous seasons through remote atmospheric circu-
lations. The western TP snow anomalies then positively 
feed back to the atmosphere and impact the SPSC in the 
following spring.

Fig. 14   Regression map of 
the geopotential height (unit: 
m, shading) and wind (vector, 
unit: m/s) on ASI for the period 
1979–2015 along 32.5° N for 
a SON, b NDJ and c JFM. The 
gray shading represents the 
topography. The dotted regions 
represent height anomalies 
significant at the 95% confi-
dence level
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