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Abstract
Using gauge data during 1979–2013, the spatial and temporal characteristics of winter clear-sky days (CSDs) in China are 
investigated. The frequency of winter CSDs in China has two independent and significant modes, which account for 41% 
and 10% of the total variance, respectively. Based on evidence from observational analysis and numerical experiments, the 
formation mechanisms of these two leading modes are unraveled. The first mode is a homogenous mode with coherent year-
to-year variation of CSDs over most parts of China, and is closely related to a large-scale cyclonic/anticyclonic anomaly over 
the Asian continent. Anomalous Indian Ocean SST and Arctic sea ice are responsible for the associated large-scale circulation 
anomalies via inducing a mid-to-high latitude Rossby wave train. The Indian Ocean SST warming can induce wave energy 
propagation upwards to the stratosphere and then northwards to the polar region, where it moves down to the troposphere and 
then travels southeastwards from the polar region to East Asia. Meanwhile, the decreased Arctic sea ice can directly induce 
a Rossby wave train emanating from the polar region that travels southeastwards into East Asia. These two factors jointly 
lead to a dominant equivalent barotropic cyclonic/anticyclonic anomaly over China, and in turn the homogenous pattern of 
winter CSDs in the region. The second mode is a seesaw mode with out-of-phase variations of CSDs between northern and 
southern China. This mode is closely related to a meridional dipole circulation anomaly pattern over the East Asian sector, 
which is generated by the so-called ‘Mega-ENSO’ SST anomaly over the Pacific Ocean. This Mega-ENSO SSTA pattern can 
induce convective heating/cooling over the tropical western Pacific, which further leads to the meridional dipole circulation 
anomaly pattern over the East Asian sector, resulting in the south-to-north seesaw mode of winter CSDs in China.

Keywords Winter clear-sky days · Indian Ocean warming · Arctic sea ice decline · Stratosphere · Mid-to-high latitude 
Rossby wave train

1 Introduction

Cloud is considered as one of the most useful meteorologi-
cal parameters for monitoring climate change. A clear-sky 
day (CSD) is defined as a day with very little cloud. A sky 
condition with more or less cloud is physically associated 

with the surface radiation budget, surface sunshine, and 
diurnal temperature range (Betts et al. 2013; Karl et al. 
1987), and further influences the large-scale circulation and 
precipitation (Hofer et al. 2017; Warren et al. 2007). The 
frequency of CSDs is a useful indicator for climate change 
and its variability provides clues for understanding climate 
change. Considering the significant influences of changes 
in the frequency of CSDs on both climate and society, it is 
important to investigate the variabilities of CSDs and their 
underlying physical mechanisms.

CSDs are usually associated with descending motion and 
a lower-level tropospheric anticyclonic circulation anomaly, 
which is an unfavorable meteorological condition for the 
formation of precipitation. CSDs are rarely observed where 
cloudiness or precipitation is sufficient. For example, CSDs 
are markedly less common in the intertropical convergence 
zone and the mid-latitude storm belts over the North Pacific 
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and Atlantic. On the contrary, over regions controlled by 
the subtropical high (e.g., the subtropical Pacific and sub-
tropical deserts), the frequency of CSDs is extremely high 
(Wylie et al. 2005; Pincus et al. 2012; King et al. 2013; 
Eguchi and Yokota 2008). Previous studies have documented 
the variabilities of cloud cover on both global and regional 
scales. However, the linear trends of cloudiness from dif-
ferent studies show large disparities. For instance, Wylie 
(2005) and Ding (2005) suggested that global total cloud 
cover is decreasing, whereas Warren (2007) illustrated the 
linear trend of global cloud amount is not significant. Tang 
and Leng (2013) found that total cloud cover decreased in 
the western United States during the period 1982–2009, 
while Dai et al. (2006) claimed that the total cloud amount 
in the United States increased slightly during 1976–2004. 
To explain these controversial conclusions, Warren (2007) 
suggested that the linear trend is sensitive to the period of 
the data employed. Udelhofen and Cess (2001) proposed that 
the uncertainty of the cloudiness trend could be caused by its 
natural interdecadal variability, although this too has been 

questioned as highlighted by inconsistent data obtained from 
an increasing number of ship-based observation campaigns 
over the tropical oceans (Bajuk and Leovy 1998; Norris 
2005; Eastman and Warren 2011).

Most previous studies have focused on the variability of 
total cloud cover, cloud types, and their relationship with 
surface air temperature, humidity, and diurnal temperature 
range. Kaiser (1998, 2000) and Qian et al. (2006) suggested 
that the decreasing trend of cloud cover over China may be 
attributable to the increasing atmospheric concentrations of 
man-made aerosols, whereas Xia (2010, 2012) and Warren 
(2007) claimed that the relationship between aerosols and 
cloud cover is not significant. The variation of cloud cover 
has also been suggested to depend highly on local moisture 
convergence (Liu et al. 2007), the North Atlantic Oscillation 
and ENSO (Warren 2007). However, the underlying physi-
cal mechanism of the variability of cloud cover over China, 
particularly for CSDs, remains unclear.

Figure 1 shows the climatology of the spatial distri-
bution of CSDs over China season by season. It can be 

Fig. 1  Spatial distribution of the seasonal mean frequency of clear-
sky days (shading, days) during the period 1961–2012: a spring 
(March, April, May); b summer (June, July, August); c autumn (Sep-

tember, October, November); d winter (December, January, Feb-
ruary). The number of total averaged clear-sky days over China is 
shown in the upper right of each panel
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clearly seen that CSDs in China show large spatial dis-
parity and significant seasonal evolution. Dramatic con-
trast is observed between northern and southern China. 
CSDs over northern China are much more frequent than 
over southern China. Note that the Sichuan basin (around 
25°–32° N, 103°–112° E) shows the lowest CSD frequency 
of fewer than 10 days in every season. Meanwhile, the 
average frequency of CSDs is highest in winter and lowest 
in summer, with a 15-day contrast. The maximum CSD 
frequency in spring occurs in northeast China with around 
25–30 days and in Yunnan Province (southwest China) 
with around 20–25 days, whereas in summer the maxi-
mum appears over northwestern China with 20–25 days. 
In autumn, the CSD frequency is higher than 35 days over 
north and northwestern China. During winter, the maxi-
mum CSD frequency exceeds 50 days in north and north-
east China, and over the southeast and southern rim of the 
Tibetan Plateau. Note that the minimum CSD frequency 
over the Sichuan basin can be lower than 5 days in a sea-
son, suggesting a rare occurrence of CSDs in three suc-
cessive months. In spring and summer, the minimum CSD 
frequency is mainly located over southern China (south 

of 35° N), whereas in autumn and winter the minimum is 
mainly confined to the Sichuan basin.

Figure 2 shows the standard deviation distributions of 
CSDs over China in the four seasons. Corresponding to the 
relatively high frequency of CSDs, CSDs in winter also 
present the strongest variabilities (Fig. 2d). The averaged 
standard deviation of the CSD frequency in winter (7.29) is 
approximately 60% larger than that during spring (4.55) or 
summer (4.36). Particularly, in the winter of 2018/19, most 
parts of China, especially eastern and southeastern China, 
experienced a period of 45 consecutive days of cloudy and 
rainy weather, which is the longest rainy-day period in win-
ter since records began in 1961 (figure not shown).

Overall, the CSDs have both largest frequency and vari-
ability in winter comparing with other three seasons. The 
maximum frequency of winter mean CSD appears in north 
and northeast China, and the southeast and southern rim of 
the Tibetan Plateau, while the minimum CSD appears in 
Sichuan basin and southeast China (Fig. 1d). The difference 
between the maximum and minimum center can reach up to 
50 days. CSDs in winter shows the largest standard devia-
tion over west, north, northeast and eastern China, with a 

Fig. 2  As in Fig. 1 but for the standard deviation of the seasonal mean frequency of clear-sky days
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maximum in south coast of China (Fig. 2d). The large fluc-
tuation of winter CSDs frequency reflects the uncertainty 
and difficulty in its climate prediction.

Previous studies have paid extensive attention to win-
ter climates in China, which mainly focused on the role of 
westerly jet stream (Xiao et al. 2018), tropospheric warming 
and Arctic Oscillation (Gong et al. 2001), stationary Rossby 
wave (Lim and Kim 2013), sea surface temperature such as, 
El Niño–Southern Oscillation (Wang and He 2012; Chen 
et al. 2013) and North Atlantic SST anomaly (Li and Bates 
2007; Liu et al. 2012; Zhou and Wu 2015). However, the 
variation and dynamic origins of the winter CSD frequency 
in China remains elusive.

Motivated by the large fluctuation of CSDs and the plau-
sible trend of increasing long-lasting cloudy/rainy events 
during winter over China, the objectives of the present 
study are to unravel the leading modes of the variation in 
winter CSDs in China and the mechanisms underlying their 
formation. The remainder of this paper is organized as fol-
lows. The data, methods, and model used in this study are 
described in Sect. 2. The leading modes of winter CSDs 
in China and their physical mechanisms are illustrated in 
Sect. 3. Section 4 provides some discussion of unresolved 
issues and summarizes the study’s main conclusions.

2  Data, methods, and model

The daily cloud cover data are originally collected by 
the China Meteorological Administration from the 2700 
weather gauge stations over China. After removing the 
station which has more than 10 days missing value in any 
specific season, the data from more than 2000 stations are 
retained. This dataset has been quality-controlled before it 
was finally released to the public. A CSD is defined as a day 
with cloud cover less than 20%. Other datasets used in this 
study include: (1) the Hadley Centre Sea Ice and Sea Sur-
face Temperature reanalysis at a 1° × 1° resolution (Rayner 
et al. 2003); (2) the atmospheric field dataset with a 0.75° 
× 0.75° horizontal resolution from the European Centre for 
Medium-Range Weather Forecasts ERA-Interim reanalysis 
datasets (Simmons et al. 2006); and (3) the global monthly 

precipitation data with a 2.5° × 2.5° resolution from the 
GPCP Version 2.3 Combined Precipitation Dataset (Adler 
et al. 2003). All the datasets cover the period from 1961 to 
2012.

An empirical orthogonal function (EOF) analysis (Lorenz 
1956) is conducted to examine the leading modes of winter 
CSDs over China. The winter denotes the mean of December 
and the following January and February. Correlation analysis 
is employed to investigate the SST and circulation anomaly 
field associated with the observed variability of winter CSDs 
in China. The Student’s t-test is applied to evaluate the sta-
tistical significance of the correlation analysis.

The phase-independent wave activity flux (WAF) is cal-
culated based on the following formula by Takaya and Naka-
mura (2001):

where a prime denotes the anomaly; z = − Hlnp, in which 
p = (pressure/1000 hPa) and H is a constant scale height; 
N2 = (Rpk∕H)

��

�z
 is the buoyancy frequency squared, where 

� denotes potential temperature, R is the gas constant of dry 
air, and k is defined as R normalized by the specific heat of 
air for constant pressure; f = f 0 + �y is the Coriolis param-
eter; a is the Earth’s radius; ψ and U = (U, V) indicate the 
stream function and the wind, respectively; and W represents 
the Rossby WAF.

A dynamical atmospheric general circulation model, 
ECHAM version 4.6 (hereafter ECHAM4.6), is employed 
to investigate the mechanism underlying the formation of 
the large-scale atmospheric circulation anomaly associated 
with the two leading CSDs modes. ECHAM4.6 was devel-
oped by the Max Plank Institute for Meteorology (Roeckner 
et al. 1996), which has a horizontal resolution of around  
2.88° × 2.88° (T42), and 19 vertical levels extending from 
the surface to 10 hPa. In the present study, the control and 
sensitivity experiments are integrated for 15 years with 
slightly different initial conditions for each year, and the 
last 10 years’ model outputs are used for diagnosis. The 
composite differences between the sensitivity run and con-
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the specified SST or atmospheric heating. This model can 
successfully reproduce the tropical (Zhu et al. 2014) and 
extratropical atmospheric response to the SST anomalies and 
atmospheric heating (Zhu and Li 2016), and it outperforms 
most models in its simulation of the circulation over East 
Asia (Li et al. 2020).
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3  Leading modes of winter CSDs over China

Figure 3 illustrates the spatial pattern and the principle 
components (PCs) of the first two EOF modes of the win-
ter CSDs for the period 1961–2012. Based on North’s rule 
(North et al. 1982), the first two modes are separated from 
others and statistically significant (Fig. 3e). The first (EOF1) 
and the second (EOF2) modes explain 41% and 10% of the 
total variance of winter CSDs, respectively. EOF1 shows 
a near uniform pattern in most parts of China, except for 
small regions over northeast and southwest China (Fig. 3a). 
Therefore, it can be considered as a homogenous mode, indi-
cating that winter CSDs over most of China present coherent 
year-to-year variability. Larger negative loadings occur at the 
east coast, whereas smaller negative loadings appear inland. 
The time series of PC1 shows strong interannual variability 
with a significant increasing trend in the last two decades, 
suggesting the decreasing frequency of CSDs with reference 
to the spatial pattern of EOF1. EOF2 shows a north–south 

seesaw dipole pattern with negative loadings to the north 
of 35° N and positive loadings to the south 35° N. Note 
that PC2 shows significant interdecadal variability. Positive 
values of PC2 appear after 2000, whilst during the 1990s 
negative values are dominant. Combining the variations 
of the two leading modes, the frequency of CSDs in North 
China has been decreasing in the last few decades (particular 
after 2000), which is opposite to the increasing trend during 
1971–1996 as revealed by Endo and Yasunari (2006).

To examine the atmospheric circulation anomalies associ-
ated with winter CSDs over China and the underlying mech-
anisms, the following two subsections investigate the two 
leading EOF modes of winter CSDs through observational 
diagnosis and numerical simulations.

3.1  Homogenous mode of CSDs

A correlation analysis of SST, precipitation, geopotential 
height, and horizontal wind field with respect to PC1 is con-
ducted. Figure 4 shows the SST and precipitation anomalies 

Fig. 3  Spatial pattern of the a first and b second EOF modes, and their corresponding principle components [c for PC1 and d for PC2] of winter 
clear-sky days over China for the period 1961–2012. e Fractional variance (dots, %) explained by the first six modes and their errors (bars)
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associated with PC1. Corresponding to positive PC1, sig-
nificant warming in the Indian Ocean (Fig. 4a) is observed. 
Meanwhile, the most pronounced negative precipitation 
anomalies are situated over central Siberia along 60°N while 
positive precipitation lies over central/eastern Asia (Fig. 4b).

Figure 5 shows the correlation coefficients of geopoten-
tial height and wind fields at different tropospheric levels 
against PC1. It can be seen that, with respect to positive 
PC1, China is mainly controlled by an equivalent baro-
tropic cyclonic circulation anomaly. The cyclonic and 
negative geopotential height anomaly weaken the clima-
tological Siberia High, which usually dominates the Eura-
sian continent in boreal winter and favors cold surges and 
clear skies over China. Most parts of China are dominated 
by southerly winds and a cyclonic anomaly in the lower 
troposphere. The southerly winds and cyclonic anomalies 
favor the northward transportation of warm and moist air 
from the tropical ocean to China, leading to rainy/cloudy 
conditions, and therefore the homogenous negative pattern 
of CSDs over China in winter (Fig. 3a).

The cyclonic circulation anomaly is part of an equiva-
lent barotropic Rossby train from the Arctic polar region 
to the western Pacific (Fig. 5a and b). To further confirm 
the propagation pathway of the Rossby wave train, Fig. 6 
plots the WAF based on the abnormal years of PC1 (larger 
than one standard deviation). Figure 6a clearly shows that 
the WAF emanates from the Arctic (around the Barents 
Sea) and travels southeastwards across central Siberia to 
the East Asian sector. Therefore, we can conclude that the 
first mode of winter CSDs over China is closely associated 
with a Rossby wave train emanating from the polar region 
to the East Asian sector with three pronounced anomalous 
equivalent barotropic circulation systems.

But how does this Rossby wave train form? After careful 
examination of the associated anomalous SST, precipitation, 
and upper-tropospheric circulation fields (Figs. 4 and 5), 
we speculate that the anomalous teleconnection pattern may 
stem from the tropical Indian Ocean. A significant positive 
Indian Ocean SST anomaly (SSTA) corresponds to positive 
rainfall anomalies over the equatorial western Indian Ocean 

Fig. 4  Correlation coefficients of a sea surface temperature and b precipitation against the principle component of the first EOF mode (PC1). 
The dotted areas mark where the correlation coefficients pass the 95% significance level
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(Fig. 4b) and upper-level positive geopotential height anom-
alies over the northern Indian Ocean (Fig. 5a). Therefore, it 
is expected that this teleconnection may be related to tropical 
Indian Ocean SST warming. To validate this speculation, 
the longitude–vertical profile of three-dimensional WAF and 
stream function averaged along 60°–120°E is calculated and 

presented in Fig. 6b. The results clearly show a structure of 
three large-scale circulation anomaly systems in the tropo-
sphere, with positive stream function anomalies in the Arctic 
and tropical regions and negative one in the mid-latitudes. 
The WAF vectors indicate that the wave energy of the tropi-
cal region in the stratosphere travels northwards to the polar 

Fig. 5  Correlation coefficients of the geopotential height (shading) and wind field (vectors) at a 300 hPa, b 500 hPa and c 850 hPa with respect 
to the principle component of the first EOF mode (PC1). Only those correlation coefficients passing the 95% significance level are plotted
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region and then propagates downwards and southeastwards 
back to the subtropical region in the upper troposphere. 
Meanwhile, in the lower troposphere, WAF also emanates 
from the polar region, and travels upwards and southwards 
to subtropical Eurasia, suggesting that the Arctic region 

(i.e., Arctic sea ice) is also a potential origin of the baro-
tropic Rossby wave train, or an amplifier. Thus, besides the 
anomalous tropical Indian Ocean SST, the change of Arctic 
sea ice is also a potential forcing for the barotropic Rossby 
wave train.

Fig. 6  a Quasi-geostrophic streamfunction (shading,  106  m2  s− 1) and wave activity flux at 300 hPa (shading,  m2  s− 2; only magnitudes larger than 
0.5 are shown). b Latitude–vertical profile of wave activity flux and quasi-geostrophic stream-function anomaly averaged over 60°–120°E

Fig. 7  Correlation coefficients 
of sea-ice area fraction against 
the principle component of the 
first EOF mode (PC1)
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To further examine the relation of the first CSD mode 
with the Arctic sea ice, a correlation coefficient map of 
sea-ice area fraction against PC1 is plotted in Fig. 7. It is 
clear that the sea ice over the north and northeast of Novaya 
Zemlya is negatively correlated with PC1 at the 99% sig-
nificance level, suggesting that the decreased regional sea 
ice may also link to the homogenous mode of winter CSDs 
over China.

To investigate whether the Indian Ocean SSTA warming 
and the decreased Arctic sea ice can indeed induce the mid-
to-high latitude Rossby wave train, three sensitivity experi-
ments (Exp_IOBM, Exp_PW, and Exp_IOBM + PW) are 
conducted. Exp_IOBM is run with a prescribed additional 
positive Indian Ocean SSTA (correlation coefficients in 
Fig. 4a within the domain 30°S–30°N, 40°–120°E). Exp_PW 

is run with prescribed additional idealized atmospheric 
heating (maximum heating rate of 1 K per day at 1000 hPa 
and gradually decaying with altitude) over the polar region 
(75°–90°N, 30°–90°E), which represents the local thermal 
effect of the decreased sea ice. Exp_IOBM + PW is run 
with both prescribed additional Indian Ocean SST warm-
ing and polar atmospheric warming as in the former two 
experiments.

Figure 8 shows the 300-hPa geopotential height and wind 
field response to the positive Indian Ocean SSTA. It can be 
clearly seen that the 300-hPa geopotential height and wind 
anomaly pattern are consistent with observations, with a 
positive geopotential height (anticyclonic) anomaly over 
the south of the Barents Sea and western Pacific region and 
a negative geopotential height (cyclonic) anomaly over the 

Fig. 8  The 300-hPa a wind (vectors, m  s− 1) and geopotential height 
(contours, gpm) response to the Indian Ocean basin SST warming 
(shading, °C) within (30°S–30°N, 40°E–120°E) and the correspond-

ing b stream function (shading,  m2  s− 1) and wave activity flux (vec-
tors,  m2  s− 2; magnitudes larger than 1.0 are shown)
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Asian continent. The pattern correlation coefficient (PCC) 
between the observed (Fig. 5a) and simulated (Fig. 8a) 
geopotential anomaly pattern is 0.49 over the whole North-
ern Hemisphere, whilst it is 0.72 (passing the 99% sig-
nificant confidence) over Eurasian Continent (20°–90°N, 
60°–120°E), suggesting that the model can well simulate 
the anomalous Rossby wave train response. The WAF in 
Fig. 8b also indicates that the Rossby wave energy propa-
gates southeastwards from the polar region to the East Asia/
western Pacific sector, which is quite consistent with the 
observations, as shown in Fig. 6a. Therefore, this simulation 
confirms our speculation that the first leading mode of win-
ter CSDs in China can be remotely influenced by the SSTA 
over the Indian Ocean via inducing a mid-to-high latitude 
Rossby wave train.

Figure 9a shows that the response of the 300-hPa geo-
potential height and wind anomaly pattern to atmospheric 
heating over the polar region resembles the observational 
circulation anomalies (Figs. 5a and 6a), with a positive geo-
potential height (anticyclonic) anomaly over the south of 
the Barents Sea and western north Pacific, and a negative 
geopotential height (cyclonic) anomaly over the subtropical 
Asian continent. The PCC between the observed (Fig. 5a) 
and simulated (Fig. 9a) geopotential anomaly pattern is 0.49 
over the northern hemisphere, and 0.85 over the Eurasian 
Continent (20°–90°N, 60°–120°E), which is more consist-
ent with observation than that in Exp_IOBM, suggesting the 
important role of the polar warming. The WAF in Fig. 9b 
also indicates that the Rossby wave energy propagates south-
eastwards from the polar region to the East Asia/western 

Fig. 9  The 300-hPa a wind (vectors, m  s− 1) and geopotential height 
(contours, gpm) response to the polar warming (dashed contours, °C 
 day− 1) within (75°N–90°N, 10°E–90°E) and the corresponding b 

stream function (shading,  m2  s− 1) and wave activity flux (vectors,  m2 
 s− 2; magnitudes larger than 1.0 are shown)
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Pacific sector, which is quite consistent with the observation 
as shown in Fig. 6a. Therefore, this simulation confirms that 
the first leading mode of winter CSDs in China can also be 
remotely influenced by Arctic sea ice via inducing a mid-
latitude Rossby wave train over the Eurasian continent.

When the Indian Ocean basin-wide warming and the 
polar warming are both at play (i.e., Exp_IOBM + PW), 
the response of the 300-hPa geopotential height and wind 
anomaly pattern are consistent to the observation (Fig. 10), 
with a positive geopotential height (anticyclonic) anomaly 
over the south of the Barents Sea and western Pacific region, 
and a negative geopotential height (cyclonic) anomaly 
over the Asian continent. The PCC between the observed 
(Fig. 5a) and simulated (Fig. 10a) geopotential anomaly pat-
tern is 0.52 over the Northern Hemisphere and 0.85 over the 

Eurasian Continent (20°–90°N, 60°–120°E), which exceeds 
the PCC between observation and that in Exp_IOBM/ Exp_
PW, suggesting that both Indian Ocean SSTA and Arctic sea 
ice play roles in the formation of the first mode of winter 
CSDs. Note, however, that with the additional effect of the 
polar warming, a more realistic global circulation anomaly 
pattern is induced, with a positive stream function anomaly 
appearing around Greenland and a negative one over the 
subtropical North Atlantic, resembling the observation as 
shown in Fig. 6a. The model cannot reproduce the realistic 
circulation anomaly over the North America/North Atlantic 
sector when running only with the additional Indian Ocean 
SST warming (Exp_IOBM) (see difference between Figs. 6a 
and 8b), although it can nicely capture the Rossby wave train 
over the Eurasian continent, which causes the homogenous 

Fig. 10  The 300-hPa a wind (vectors, m  s− 1) and geopotential height 
(contours, gpm) response to the combination of Indian Ocean SST 
warming (shading, °C) and polar warming (dashed contours, °C 

 day− 1) and the corresponding b stream function (shading,  m2  s− 1) 
and wave activity flux (vectors,  m2  s− 2;  magnitudes larger than 1.0 
are shown)
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mode of CSDs. Note that the polar warming may influ-
ence the Arctic Oscillation (AO)/North Atlantic Oscillation 
(NAO) and the corresponding tripole SSTA pattern over 
Northern Atlantic, whilst the Indian Ocean warming cannot 
affect the NAO and SSTA over Atlantic Ocean, which possi-
bly leads to the failure of simulating the circulation anomaly 
over the North America/North Atlantic sector.

To quantitatively measure the relative contribution of the 
Indian Ocean heating and polar warming on winter CSDs in 
China, an index defined by the geopotential height anomaly 
averaged over the domain of (30°–60°N, 60°–120°E) was 
calculated based on the simulated circulation anomalies 
responses. The index in Exp_IOBM and Exp_PW are − 23.4 
gpm and − 76.2 gpm, respectively, which indicates that the 
polar warming may have more important role (about three 
times contribution) in driving the anomalous cyclone over 
Eurasian Continent than that of the Indian Ocean warming.

To summarize, the origin of the first EOF mode of winter 
CSDs over China can be tracked to the anomalous tropical 
Indian Ocean SST and the Arctic sea ice. The former has an 
impact on the stratosphere through emitting WAF upwards, 

and it propagates northwards to the polar region before then 
moving downwards and southeastwards in the troposphere. 
The latter influences the troposphere directly over the polar 
region through emitting WAF upwards and then southeast-
wards in the troposphere. The two pathways both induce a 
negative geopotential height (cyclonic) anomaly over the 
Asian continent, leading to the homogenous distribution of 
fewer CSDs over China. Therefore, the anomalous tropi-
cal Indian Ocean SST and Arctic sea ice are both potential 
forcing for the barotropic Rossby wave train from the polar 
region to the East Asia/western Pacific sector, as based on 
evidence both from observation and simulation. The contri-
bution of polar warming is more important than of the Indian 
Ocean heating. Note, however, that although the atmosphere 
variability over mid-to-high latitudes can be induced or 
amplified by the forcing from the tropical SST and the polar 
boundary thermal condition, the internal variability over 
mid-latitude is also strong in winter considering the cor-
related SSTA pattern over North Pacific and North Atlantic.

Fig. 11  As in Fig. 4 but for the second mode of winter CSDs in China
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3.2  Meridional seesaw mode of CSDs

For the meridional dipole mode of CSDs in China, the cor-
relation of the SST field (Fig. 11a) against PC2 shows a 
significant K-shaped warming in the western Pacific and 
a triangle cooling with marked negative anomalies in the 

tropical central/eastern Pacific. This pattern resembles the 
‘Mega-ENSO’ mode proposed by Wang et al. (2013), which 
has intrinsic interdecadal variabilities that correspond to the 
interdecadal variation of this meridional dipole mode (PC2). 
Consistent with the “north-cloudy south-clear” dipole pat-
tern of CSDs over China, the correlated precipitation 

Fig. 12  As in Fig. 5 but for the PC2 of winter CSDs in China
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anomaly also shows a meridional dipole pattern, with 
enhanced rainfall over northern China and suppressed rain-
fall over southern China.

Associated with the meridional dipole mode of CSDs is 
a pronounced dipole circulation anomaly that appears in the 
middle and upper troposphere with a cyclonic (low pressure) 
anomaly to the north of 35°N and an anticyclonic (high pres-
sure) anomaly to the south of 35°N (Fig. 12a, b), which is 
consistent with the dipole pattern of the precipitation anom-
alies (Fig. 11b). At the lower level (Fig. 12c), a cyclonic 
(low-pressure) anomaly appears over the South China Sea 
and western Pacific. The configuration with the cyclonic 
anomaly in the western Pacific in the lower troposphere 
and anticyclonic anomaly in the mid-to-upper troposphere 
is a typical Matsuno–Gill-type (Gill 1980) response to the 
convective heating (induced by the Mega-ENSO-like SSTA 
pattern as in Fig. 11b) over the tropical western Pacific. The 
lower-level cyclonic anomaly in the tropical western Pacific 
reduces the water vapor originally transported by the south-
westerly monsoon flow from the northern Indian Ocean to 

the East Asian continent, leading to suppressed precipita-
tion (Fig. 11b) and a greater frequency of CSDs in southern 
China (Fig. 3b).

To further confirm that the Mega-ENSO SSTA over the 
Pacific Ocean can excite a meridional seesaw dipole cir-
culation anomaly pattern, a sensitivity experiment (Exp_
ENSO) is performed with an additional SSTA over the 
Pacific Ocean (Fig. 8a within the domain of 60°S–60°N 
and 120°E–80°W). Figure 13a shows the response of the 
300-hPa upper-level geopotential height and wind fields to 
the Pacific Mega-ENSO SSTA pattern. It can be seen that 
a Gill-type response in terms of an upper-level anticyclonic 
(high-pressure) anomaly appears to the northwest of the con-
vective divergence. To the north of the anticyclonic anomaly, 
a cyclonic (low pressure) anomaly is induced to the north 
of 35°N, forming a meridional dipole circulation anomaly 
pattern over East Asia. As shown in Fig. 13b, the WAF also 
suggests that the meridional circulation anomaly dipole orig-
inates from the western tropical Pacific, although some wave 
energy also derives from the upstream mid-latitude Eurasian 

Fig. 13  The 300-hPa geopotential height (contours, gpm, interval of 5 gpm) and wind anomalies (vectors, m  s− 1) response to the Mega-ENSO 
SSTA pattern in the Pacific (shading, °C) within (60°S–60°N, 120°E–80°W)
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continent. The PCC between the observed (Fig. 12a) and 
simulated (Fig. 13a) geopotential pattern is 0.28 over the 
Northern Hemisphere and it is 0.72 (passing the 99% sig-
nificant level) over the key region of East Asia (10°–80°N, 
70°–150°E). In general, the atmospheric response is consist-
ent to the observation, with a meridional dipole circulation 
anomaly pattern as shown in Fig. 12a, although the model 
fails to simulate the circulation anomaly over the northern 
Pacific region. The failure simulation of the circulation 
response over northern Pacific may be attributed to the 
neglect of the climate impacts of the uniform SSTA warming 

over northern Atlantic (Fig. 11a) in the model. Neverthe-
less, the simulation outputs suggest that the Mega-ENSO 
SSTA pattern plays an essential role in forming the meridi-
onal seesaw dipole circulation anomalies pattern over East 
Asia, which is closely associated with the second meridional 
dipole mode of winter CSDs in China.

To summarize, as illustrated by Fig. 14, the formation 
of the first leading mode of winter CSDs in China is attrib-
utable to the anomalous SSTA over the Indian Ocean and 
Arctic sea ice over the polar region, whereas the formation 
of the second mode of winter CSDs in China is due to the 

Fig. 14  Schematic illustration of the formation mechanism of a 
the homogenous mode and b the meridional seesaw mode of win-
ter CSDs in China. Red (blue) shading denotes positive (negative) 
SSTAs and “A” (“C”) denotes anticyclonic (cyclonic) circulation. 

The blue (yellow) arrow represents the direction of the wave activity 
flux in the troposphere (stratosphere), and the tropical convection is 
denoted by the cloud with rain below
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Mega-ENSO SSTA pattern over the Pacific Ocean. For the 
first homogenous mode (Fig. 14a), the Indian Ocean SST 
warming and polar atmospheric warming could jointly 
induce a Rossby wave train from the Arctic polar region to 
subtropical East Asia, resulting in a cyclonic (low-pressure) 
anomaly and homogenous CSDs over most parts of China. 
For the second meridional seesaw mode (Fig. 14b), the 
Mega ENSO pattern could induce diabatic heating over the 
tropical western Pacific, which further results in the meridi-
onal dipole circulation anomaly pattern over East Asia, lead-
ing to the out-of-phase relationship of winter CSDs between 
northern and southern China.

4  Conclusions and discussion

The observed frequency of winter CSDs in China during 
the 34-yr period of 1979–2012 shows two significant and 
independent modes, which account for 41% and 10% of the 
total variance, respectively. The first mode is a homogenous 
mode with coherent variation of CSDs over most parts of 
China. The second mode is a meridional dipole mode with 
out-of-phase variation of CSDs between northern and south-
ern China. The formation of the first mode of winter CSDs 
in China is closely related with a large-scale cyclonic/anticy-
clonic anomaly over the Asian continent. The observational 
and simulation evidence demonstrates that the Indian Ocean 
SSTA and Arctic sea ice are both responsible for this asso-
ciated large-scale circulation anomaly. The Indian Ocean 
SST warming can produce wave activity energy that is trans-
ported upwards and northwards to the polar region, and then 
the wave activity emanating from the polar region travels 
downwards and southeastwards into the East Asia/western 
Pacific sector. Whereas, the polar atmospheric warming 
induced by decreased Arctic sea ice could directly transport 
wave activity energy upwards and southeastwards to the East 
Asia/western Pacific sector. Both pathways lead to a cyclonic 
circulation anomaly over the Asian continent and in turn the 
uniform distribution of fewer winter CSDs in China.

The formation of the second mode of winter CSDs in 
China is associated with the meridional dipole circulation 
anomaly pattern over East Asia, with one pole to the north 
of 35°N and another south of 35°N. The Mega-ENSO SSTA 
pattern could cause tropical western Pacific diabatic heat-
ing, which further excites the meridional dipole circulation 
anomaly pattern in the region.

Note that the two leading modes of the winter CSDs in 
China as revealed in the present study are quite robust. The 
leading modes are consistent when we only use the cloud 
cover data over the eastern China (15°–55°N, 105°–140°E, 
covering 1624 stations where shows the large CSDs 

variations) to conduct the EOF analysis (figure not shown), 
therefore, the two leading modes of the winter CSDs in 
China are not region-dependent. In the present study, the 
role of the Atlantic Ocean SSTA in the formation of the 
two leading modes of CSDs in China has not been clarified. 
It seems that the first mode corresponds to a tripole SSTA 
pattern over the northern Atlantic, whereas the second mode 
correlates with the uniform SSTA pattern over the northern 
Atlantic. However, given that the positive Atlantic SSTAs 
associated with these two modes all present locally weak or 
negative precipitation anomalies, whether the SSTA over the 
Atlantic plays an active role is debatable.

Note that PC1 shows a long-term increasing trend, sug-
gesting a decrease in the frequency of winter CSDs over 
China. Is this decreasing frequency of CSDs related to global 
warming? If so, how fast will the frequency of winter CSDs 
decrease in the future in a warming world? These aspects are 
deserving of further exploration with climate model simu-
lations such as CMIP6 outputs. The present study focuses 
only on the simultaneous relationship between the SSTA and 
variations of CSDs over China. Precursors and persistent 
SSTA signals should be detected for developing a statistical 
seasonal prediction model for winter CSDs over China.
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