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southwest side of the anomalous low pressure, the abnor-
mal northerly wind may bring large volumes of dry cold air 
with little moisture to the Yellow River region, leading to 
the anomalous drought there. During the La Niña develop-
ing summer, the situation tends to be opposite. As such, the 
ENSO associated influence is tied to the interannual varia-
tions of the following summer Yellow River precipitation, 
with the development of ENSO from spring.

1 Introduction

As the dominant interannual mode of tropical oceans, it is 
demonstrated that El Niño-Southern Oscillation (ENSO) 
may seriously impact the Asian summer monsoon (ASM) 
precipitation (Shukla and Paolino 1983; Huang and Wu 
1989; Webster and Yang 1992; Wang et al. 2000, 2003 ; 
Ropelewski and Halpert 1987; Chang et al. 2000; Xie et al. 
2009; Feng et al. 2016; Li 2009). Hence, ENSO has been 
regarded as a crucial predictability source for the interan-
nual variations of the summer rainfall in the Asian mon-
soon regions, including Southeast China, the Yangtze 
River, Korean Peninsula and Japan (Kawamura 1998; Wang 
et al. 2000, 2003; Ju and Slingo 1995). Nevertheless, for 
the monsoon/arid transition area in the Yellow River, such 
ENSO associated effect may not be quite clear. In summer 
(June−September), the Yellow River rainfall takes up more 
than 70% of the annual total (Huang et al. 2011), making it 
a crucial stage for the agricultural industry there. Precise 
forecast of the Yellow River summer rainfall is then obvi-
ously of great societal and scientific value. Thus, a critical 
open question is that to what extent this interannual variation 
of the Yellow River summer precipitation can be attributed 
to ENSO and what is the physical mechanism.

Abstract It is well recognized that El Niño-Southern 
Oscillation (ENSO) may exert a direct impact on the East 
Asian summer monsoon rainfall through modulating the 
Philippine Sea anticyclone variability. Such ENSO associ-
ated influence is evident in the monsoon region, i.e., South-
east China, the Yangtze River, Korean Peninsula and Japan. 
It remains unclear whether and how this ENSO related effect 
can reach the Yellow River region, a monsoon/arid transi-
tion region. In this study, results show that the year-to-year 
variations of the Yellow River summer rainfall can be indi-
rectly influenced by ENSO, during its developing phase. The 
western Tibetan Plateau snow cover (WTPSC) may act as a 
“capacitor”, helping ENSO signal to reach the Yellow River 
region. During the El Niño developing spring, the associated 
diabatic heating in Pacific region can excite an anomalous 
cyclone over the plateau and anomalous upward flows over 
the western plateau. Such circulation configuration favors 
an excessive WTPSC anomaly in spring. The more WTPSC 
may increase the surface albedo, decrease the absorbed 
net shortwave radiation and in turn intensify the WTPSC. 
Through such snow-albedo feedback process, the excessive 
WTPSC anomaly may strengthen and persist through sum-
mer, which may induce two noticeable wave trains in the 
upper and lower troposphere propagating northeastward to 
the Yellow River region. Associated with the wave trains, a 
low pressure anomaly prevails over northeast China. To the 
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Some studies suggested a potential link between ENSO 
and the Yellow River rainfall variations (Huang and Wu 
1989; Zhang et al. 1999). For instance, Nitta (1987) inves-
tigated the characteristic of the Pacific Japan (PJ) pattern, 
featured by the meridional dipole mode of the teleconnec-
tion pattern in the western Pacific region. This structure may 
connect ENSO to the large variations in East Asia summer 
rainfall over higher latitude regions. However, according to 
Huang (2004), the impact of PJ pattern may not reach the 
Yellow River region. Feng and Hu (2004) revealed another 
conceivable mechanism, which pointed out the possible 
ENSO impact on the Yellow River summer rainfall via 
modulating the Indian summer monsoon (ISM) variability. 
It has been long known that ENSO event may have obvious 
impacts on ISM rainfall (Webster and Yang 1992; Kawa-
mura 1998; Yang 1996; Ju and Slingo 1995). Besides, possi-
ble connections between ISM and the Yellow River summer 
rainfall were also proposed (Guo and Wang 1988; Kripalani 
and Singh 1993; Zhang 1999; Yatagai and Yasunari 1995; 
Kripalani and Kulkarni 1997), which may be attributed to 
the modulation of Eurasia teleconnection patterns (EU) 
(Wang et al. 2001; Wu and Wang 2002). Moreover, in the 
recent study, Ding and Wang (2005) revealed a significant 
summertime circum-global teleconnection (CGT) pattern 
over the mid-latitude regions in Northern Hemisphere. The 
CGT is primarily located in the region where the westerly 
jet stream prevails. When the ENSO-ISM interaction is 
active, the previous ENSO associated influence may extend 
to the Yellow River region in summer via the effect of CGT. 
However, located in the mid-latitude regions, the interan-
nual variation of the Yellow River summer rainfall is quite 
complicated (Feng et al. 2011; Yatagai and Yasunari 1995; 
Yang and Lau 2004), owing to some other factors, e.g., the 
Tibetan Plateau (TP) thermal effect, the westerly jet stream 
and North Atlantic Oscillation (Qian et al. 2003; Zhang et al. 
2004; Liang and Wang 1998; Zheng et al. 2016; Wu et al. 
2009; Li et al. 2013). These factors may more or less have 
some connections with ENSO. Thus, credible conclusions 
of how ENSO may affect the Yellow River summer rainfall 
have not been reached so far.

With its mean elevation over 4000 m, TP is one of the 
primary forcing factors in mid-latitudes and may shape the 
climate change in the Northern Hemisphere or even the 
global (Ren et al. 2010; Murakami and Ding 1982; Duan 
and Wu 2005; Wu et al. 1997, 2007; Wang et al. 2008; Liu 
et al. 2007; Zhang and Tao 2001; Wu and Liu 2003). Snow 
cover is a crucial factor measuring the TP land surface ther-
mal condition. Owing to the towering mountain, the western 
Tibetan Plateau snow cover (WTPSC) may persist through 
summer (Pu et al. 2007) and impact the climate change 
over the Yellow River and its surrounding areas (Wu et al. 
2012b, 2015; Liu et al. 2014), which is quite different from 
the Eurasian snow cover (Wu and Zhang 1998; Zhang et al. 

2004; Lin and Wu 2011; Wu et al. 2012a). For example, Wu 
et al. (2012b, 2015) considered that the increase of summer 
heat wave activities in northern China or even the Eurasian 
continent can be highly attributed to the reduced WTPSC.

Except for this close linkage between TP and the Yel-
low River summer climate, the interannual variations of the 
TP thermal effect is found significantly affected by ENSO 
events. Miyakoda et al. (2003) suggested that there was 
a circulation anomaly over TP in spring associated with 
ENSO, which may modulate the surface air temperature, 
soil moisture, snow depth and snow cover there (Shaman and 
Tziperman 2005; Dong and Valdes 1998; Liu et al. 2015). 
On account of these observations, Shaman and Tziperman 
(2005) referred an ENSO associated atmospheric stationary 
wave train in the troposphere across the Eurasia, which was 
utilized to illuminate the influence of ENSO on the circula-
tion anomaly over TP. Besides, Liu et al. (2015) focused 
on the crucial role of this ENSO related summertime north 
Indian Ocean thermal effect in modulating the circula-
tion over TP. These studies all present the possible linkage 
between ENSO and the TP snow cover.

Having known the important climate impact of the 
WTPSC on the Yellow River summer climate as well as its 
connection to preceding ENSO, it is reasonable to specu-
late whether the interannual variations of the Yellow River 
summer rainfall may be influenced by ENSO through the 
“capacitor” effect of the WTPSC. Therefore, the following 
two issues will be concentrated on: (1) Can ENSO signal 
affect the Yellow River summer precipitation? (2) What 
contribution would the WTPSC make in this process? The 
study’s frame is organized as follows. Descriptions of the 
applied datasets, model and methodology are described 
in Sect. 2. Section 3 reveals the possible impact of ENSO 
on the WTPSC and their combined effect on the Yellow 
River summer precipitation. Section 4 proposes the possible 
mechanism as well as the model result. Finally, the major 
findings, as well as some discussions, will be presented in 
Sect. 5.

2  Datasets, model, and methodology

Datasets applied in this paper are shown as follows: 
the monthly dataset of the Tibetan Plateau snow cover 
provided by the Global Snow Lab (Rutgers University) 
(http://climate.rutgers.edu/snowcover) during 1970−2014 
(Robinson et  al. 1993; Robinson and Frei 2000); the 
monthly sea surface temperature (SST) data supplied by 
the National Oceanic and Atmospheric Administration 
(NOAA) Extended Reconstructed SST Version3 (ERSST 
V3) (Smith et al. 2008); the precipitation data derived from 
the NOAA’s Precipitation Reconstruction (PREC) (Chen 
et al. 2002); the reanalysis data during 1970−2014 by the 

http://climate.rutgers.edu/snowcover
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National Centers for Environmental Prediction-National 
Center for Atmospheric Research (NCEP-NCAR) (Kalnay 
et al. 1996). Also provided is the monthly albedo data 
by the ERA Twentieth Century Reanalysis Project for 
1970−2010 (Poli et al. 2016).

An Atmospheric General Circulation Model (AGCM), 
the 5th generation European Centre-Max Plank Institute 
model (ECHAM), v5.4 (Roeckner et al. 2003) is employed 
to illuminate the possible mechanism. It is a general cir-
culation program that has been widely used in former 
studies. The resolution we used in present study is tri-
angular 42, with 19 vertical levels (T42L19). Based on 

Table 1  Experiment designs

Experiment Prescribed SST

EXP-CTRL Spring (MAM) climatological SSTs
EXP-TPA (EN) Climatological SSTs + composite 

SSTA of El Niño in only Pacific 
(MAM)

EXP-TPA (LN) Climatological SSTs + composite 
SSTA of La Niña in only Pacific 
(MAM)

Fig. 1  Correlation maps between the summer [June–September 
(JJAS)] precipitation and the preceding Niño 3.4 index (a–d)/Niño 
3 index (e–h). a, e DJF, b, f MAM, c, g AMJ, and d, h JJAS. The 

positive (negative) values significant at the 95% confident level are 
shaded with blue (yellow)
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this model, three experiments are performed: firstly, we 
design a control experiment with AMIP II historical SST 
prescribed for ten randomly chosen sample years. Each 
sample is integrated for 3 years, and the last year result is 
analyzed. Then, the SST anomaly sensitivity experiments 
are performed, adding the observational SST anomalies to 
the spring time (MAM) historical SSTs. The simulations 
are integrated from 31 January to 31 May for each year 
with the initial fields taken from the control experiment. 
Taking the year of 1959 as an example, the control experi-
ment is integrated from 1 January 1957 to 31 May 1959, 
and the results from 1 March to 31 May in 1959 are used 
as samples. The sensitivity experiment is integrated from 
1 February to 31 May and the results of the last 3 months 
are used. The detailed designs are shown in Table 1. The 
Pacific region where SSTA is used in the simulation is 
bounded by 120°−270°E and −40°S−40°N.

To avoid the interference of the linear trends, the snow 
cover datasets and ENSO index are detrended. Statistical 
methods, such as correlation, partial correlation, regres-
sion, and composite are also employed. The Niño3.4 index 
is the mean SST anomaly (SSTA) of the area bounded 
by 5°S–5°N and 170°–120°W, while the Niño 3 index is 
bounded by 5°S–5°N and 150°–90°W. Seasonal mean are 
computed for winter (DJF) from December to February, 
spring (MAM) from March to May and summer (JJAS) 
from June to September.

3  ENSO, TP snow cover, and the Yellow River 
summer rainfall

Figure 1a–d give out the correlation maps of summer (JJAS) 
rainfall over China with reference to the previous winter 
(DJF), spring (MAM, AMJ) and summer (JJAS) Niño 3.4 

Fig. 2  a MAM(0), b JJA(0), c SON(0), d D(0)JF(+1) and e 
MAM(+1) SST (k) (shading) regressed against the Yellow River 
summer rainfall index (YRRI) [JJAS(0)]. “0” represents the simul-

taneous year while “+1” is the next year. The black solid (dashed) 
curves represent positive (negative) values significant at the 95% con-
fident level
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index. The same is true for Niño 3 index (Fig. 1e–h). Cor-
responding to the numerous studies, large regions of positive 
correlations occupy the Yangtze River in Fig. 1a, e, which 
diminish with the evolution from spring to summer. This 
phenomenon means that the previous winter ENSO may 
impact on the following summer Yangtze River precipita-
tion through modulating the Philippine Sea anticyclone vari-
ation during its decaying phase (Wang et al. 2000; Chang 
et al. 2000). However, the situation changes if we focus 
on the Yellow River region. Negative correlations occupy 
the Yellow River region from spring, especially those by 
using ENSO index in late spring (AMJ) and summer (JJAS) 
(Fig. 1c, d, g, h). That means the relationship between the 
Yellow River summer rainfall and ENSO establishes in 
spring and further strengthens in the following summer, with 
the development of ENSO. If we define the average sum-
mer (JJAS) precipitation in the area bounded by 35°N–39°N 
and 98°–124°E as the Yellow River summer rainfall index 
(YRRI), the correlations between the YRRI and Niño 3.4/ 
Niño 3 index (AMJ) reach −0.4 and −0.49, both exceeding 
the 99% confident level. Thus, ENSO signal in spring can 
be used for predicting the following summer Yellow River 
precipitation.

To further explain the relationship between ENSO and 
the Yellow River summer rainfall. Seasonal evolutions of 
the SST patterns associated with the negative YRRI (JJAS) 
are presented (Fig. 2). “0” represents the simultaneous year 
while “+1” is the next year here. The changes of SST anom-
alies indicate the ENSO developing progress. Warm SST 
anomalies begin to establish in spring, with the strongest 
anomalies shown in the following autumn and winter. Dur-
ing the next spring, ENSO diminishes. This further supports 
the result that ENSO may influence the following summer 
Yellow River rainfall during its developing stage. Since the 
Yellow River region is located in a monsoon/arid transi-
tion area, far from the tropical region. Then, how can ENSO 
impact on the Yellow River precipitation?

Except for the distinctive impact of ENSO on the Yel-
low River rainfall, the TP snow cover variability may also 
highly contribute to the summer climate change in the Yel-
low River region according to the previous researches (Wu 
et al. 2012b; Qian et al. 2003; Zhang et al. 2004; Liu et al. 
2014). Thus, a hypothesis is raised that whether the TP snow 
cover may act as a “capacitor” linking ENSO and the Yellow 
River summer rainfall, during the ENSO developing phase.

To further study the characteristic as well as the climate 
effect of TP snow cover, Fig. 3a gives out the climatology 
and standard deviation (STD) of summer (JJAS) TP snow 
cover for the period of 1970−2014. Over the western and 
southern TP regions, heavy snow cover lays in summer 
owing to the great mountain ridges. Coincidentally, these 
snow cover areas happen to occupy the strong STD centers. 
Therefore, notable interannual variations in the WTPSC are 

observed, which may lead to the climate change in northern 
China or even the Eurasia continent, according to the results 
of Wu et al. (2012a, 2015).

In accordance with this distinct feature of the summertime 
TP snow cover, we define a WTPSC index (WTPSI), which 
is the average snow cover in the area bounded by 33°N–43°N 
and 70°Ε–78°E. The preceding spring (MAM) and summer 
(JJAS) Niño 3.4 index, as well as the normalized summer 

Fig. 3  a Long-term mean (%) (contours) and standard deviation (%) 
(color shadings) of the WTPSC during boreal summer (JJAS) for the 
period of 1970−2014. The contour interval is 4 (%). b The detrended 
temporal evolution of the normalized WTPSC index (WTPSI) (red 
curve) defined as the snow cover averaged within the black-boxed 
area (33°−43°N, 70°−78°E). The black and blue curves indicate the 
Niño 3.4 index in spring (MAM) and summer (JJAS). c The simulta-
neous correlation coefficients between the WTPSI and Niño 3/ Niño 
3.4 index from winter to the following summer. The dashed line rep-
resents the 90% significant intervals
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WTPSI, with the long term trend removed are shown in 
Fig. 3b. Pronounced year-to-year variations of these three 
indices are observed, which may be quite important to the 
interannual variation of East Asian climate. Moreover, both 
spring and summer Niño 3.4 index show good relationships 
with the WTPSI (JJAS), exceeding the 99% confidence level.

To further confirm this ENSO-WTPSC relation, Fig. 3c 
displays the simultaneous correlation coefficient between 
the WTPSI and Niño 3/Niño 3.4 index from winter to the 
following summer. An interesting phenomenon shows that 
the relationship between ENSO and the WTPSC also estab-
lishes in spring (MAM), with the simultaneous correlation 
coefficients between the WTPSI and Niño 3/Niño 3.4 index 
exceeding the 90% and 95% confidence level respectively. 
This connection persists and becomes stronger in the follow-
ing summertime, which corresponds to the result in Fig. 1. 
Besides, the SST anomalies associated with the WTPSI are 
also presented in Fig. 4. Similar to Fig. 2, the changes of 
SST anomalies with seasons can be regarded as the ENSO 
developing stage. On account of the regions exceeding the 

95% confident level (black curves), the connection between 
the WTPSC (JJAS) and SST anomalies in equatorial central 
and eastern Pacific is strongest in the previous spring and 
the simultaneous summer, further supporting the results in 
Fig. 3c.

Having known the close linkage between the develop-
ing ENSO and the WTPSC, we further identify the possible 
impact of these two factors on the Yellow River summer 
precipitation. Similar to Fig. 1, the partial correlation maps 
between the summer [June–September (JJAS)] precipitation 
and the preceding spring (MAM, AMJ) and summer (JJAS) 
Niño 3.4 index with the WTPSI removed have been given 
out in Fig. 5a–c. The same is true for the correlation maps 
by using Niño 3 index (Fig. 5d–f). As we can see, com-
pared with Fig. 1, negative correlations in the Yellow River 
have been diminished a lot by removing the signal of the 
WTPSC. In other words, without the “capacitor” effect of 
the WTPSC, the connection between ENSO and the Yellow 
River summer rainfall may greatly weaken.

Fig. 4  a MAM(0), b JJA(0), c SON(0), d D(0)JF(+1) and e 
MAM(+1) SST (k) (shading) regressed against the WTPSI [JJAS(0)]. 
“0” represents the simultaneous year while “+1” is the next year. The 

black solid (dashed) curves represent positive (negative) values sig-
nificant at the 95% confident level



63Tibetan Plateau capacitor effect during the summer preceding ENSO: from the Yellow River climate…

1 3

Besides, the correlation map of summer (JJAS) precipita-
tion in China with reference to the WTPSI (JJAS) is given 
out (Fig. 6). In East China, negative correlation center pre-
vails in the Yellow River region while the positive one in 
the Yangtze River. This correlation pattern indicates that the 
summer precipitation in East China can be largely attributed 
to this ENSO related WTPSC in summer, particularly those 
in the Yellow River region.

These results further confirm the important role of 
this ENSO related summer WTPSC in the Yellow River 
rainfall and add to the growing body of evidence that a 
developing ENSO may impact the Yellow River summer 
rainfall indirectly through the “capacitor” effect of the 
WTPSC. The detailed physical processes will be addressed 
in Sect. 4.

4  Physical mechanism

4.1  ENSO impact on the spring WTPSC

The upper wind (200-hPa, UV) for the previous spring 
(MAM) regressed on the WTPSI is shown in Fig. 7a. For 
Eurasian continent, an evident cyclonic circulation anom-
aly prevails mainly over the central and western TP, asso-
ciated to the positive snow cover abnormity there. When 
we focus on the Pacific region, the circulation anomalies 
are characterized by the abnormal north–south dipole anti-
cyclones around the equatorial central and eastern Pacific 
as well as a cyclonic anomaly over Aleutian, which form 
the ENSO associated circulation patterns (Matsuno 1966; 
Gill 1980). Moreover, Fig. 7b presents the regression pat-
tern between the WTPSI and lower wind (850-hPa, UV) in 
spring. Remarkable westerly anomalies occupy the equato-
rial central and eastern Pacific, which may favor the El Niño 
development. Meanwhile, a prominent cyclonic anomaly is 

Fig. 5  Partial correlation maps between the summer [June–Septem-
ber (JJAS)] precipitation and Niño 3.4 index (a–c)/Niño 3 index (d–f) 
with the WTPSI removed. a, d MAM, b, e AMJ, and c, f JJAS. The 

positive (negative) values significant at the 95% confident level are 
shaded with blue (yellow)
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located over Aleutian, forming a barotropic structure there. 
These anomalous circulation patterns in both upper and 
lower level in Pacific region can be regarded as the direct 
response to El Niño heating, which further verify that the 
anomalous WTPSC may be highly associated with the devel-
oping ENSO signal. For the WTPSC associated large scale 
precipitation field, it is characterized by a horseshoe shape 
(Fig. 7c). Anomalous positive precipitation prevails over 
the tropical central and eastern Pacific, while negative one 
located in the western Pacific. Therefore, the upper level 
(200-hPa) cyclonic anomaly over TP and the WTPSC are 
highly correlated to those precipitation anomalies in Pacific, 
especially those in the western north Pacific and Maritime 
Continent, which may exert great impact on the TP circula-
tion through the Gill-response (Matsuno 1966; Gill 1980). In 

Fig. 6  Correlation map between the WTPSI in summertime (JJSA) 
and precipitation (JJAS). The positive (negative) values significant at 
the 90% confident level are shaded with blue (yellow)

Fig. 7  a Upper wind abnormity 
(200-hPa, UV) (m/s), b lower 
wind abnormity (850 hPa, 
UV) (m/s), and c large scale 
precipitation abnormity (mm/
day) regressed against the 
WTPSI (JJAS). The purple 
curves and shadings represent 
the area above 3000 m. The 
vectors indicate statistically 
significant at 95% confidence 
level. The positive (negative) 
values significant at the 90% 
confident level are shaded with 
blue (yellow) in c. The letter 
AC and C denote anticyclonic 
and cyclonic circulation centers, 
respectively
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order to further illuminate the importance of the convective 
anomalies there, the spring (MAM) precipitation anomalies 
averaged within the tropical western north Pacific and Mari-
time Continent (−10°−20°N, 90°−150°E) are defined as the 
western north Pacific precipitation index (WNPI).

To investigate the ENSO associated regional circulation 
response over TP, Fig. 8a presents the composite differ-
ence in the TP snow cover between warm and cold ENSO 
events in spring, which are defined when Niño 3.4 index 
is beyond the ±0.7 standardized deviation. Nearly uniform 
patterns are also shown in regression analysis (figure not 

shown). In spring, noticeable positive snow cover anoma-
lies in the western TP are noted (Fig. 8a), corresponding 
to the cyclonic abnormity over TP (Fig. 7a). According to 
the thermal adaptation (Wu and Liu 2003; Liu et al. 2004; 
Liu and Wu 2004), the vertical velocity (omega) is propor-
tional to the meridional wind vertical shear in the subtropical 
regions. Given the high level cyclonic circulation anomalies 
over the central and western Tibetan Plateau, Fig. 8b pre-
sents the composite differences of the meridional wind verti-
cal shear (V100–V400) between the warm and cold ENSO 

Fig. 8  a Composite difference in spring (MAM) snow cover (%) 
between the warm and cold ENSO events. As in a–c present compos-
ite difference of spring (MAM) meridional wind difference between 
100-hPa and 400-hPa (m/s) and the spring (MAM) 400-hPa vertical 
motion (omega, Pa/s). The purple curve represents the area above 
3000 m. The positive (negative) values significant at the 90% confi-
dent level are shaded with blue (red)

Fig. 9  a Composite difference in spring (MAM) snow cover (%) 
between the low and high WNPI years (defined when WNPI is 
beyond the ∓0.7standardized deviation). As in a–c present compos-
ite differences of spring (MAM) meridional wind difference between 
100-hPa and 400-hPa (m/s) and the spring (MAM) 400-hPa vertical 
motion (omega, Pa/s). The purple curve represents the area above 
3000 m. The positive (negative) values significant at the 90% confi-
dent level are shaded with blue (red)
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events. Large regions of negative anomalies situate over the 
western Tibetan Plateau, which may favor the anomalous 
upward motion there (Fig. 8c). Significant upward anomaly 
associated to ENSO is displayed in western TP, while weak 
downward abnormity is positioned in eastern TP, consistent 
with the WTPSI associated precipitation anomalies over TP 
(Fig. 7c). Anomalous upward flows in western TP occupy 
the key area of the WTPSI (Fig. 3a) and favor the convec-
tive activities there. This circumstance further suggests that 
the WTPSC variability may be closely linked with those 
ENSO associated circulation anomaly in spring, featured by 
the upper level cyclonic anomaly as well as the anomalous 
upward flow over the western TP. Otherwise, it is worth 
noting that the anomalous snow cover developed over the 
western plateau in spring will, in turn, cool the air column 
and further strengthen the upper level anomalous low, which 
may help the spring WTPSC to develop quickly.

As in Fig.  8, the composite difference patterns in 
spring (MAM) snow cover, meridional wind vertical shear 
(V100–V400) and 400-hPa vertical motion (omega) between 
low and high WNPI years (defined when WNPI is beyond 
the ∓0.70.7 standardized deviation) are presented (Fig. 9). 
The circulation patterns show similarity to those in Fig. 8. 
Associated with those ENSO related negative precipitation 
anomalies in western north Pacific and Maritime Conti-
nent, anomalous upward motion and positive snow cover 
occupy the western TP. These results further point out the 

importance of this ENSO associated precipitation in western 
north Pacific and Maritime Continent.

To further verify the above speculation, the ECHAM 
(v5.4) model is applied. Given an observational SST, 
realistic climatological upper winds in the Eurasian con-
tinent and Pacific regions can be simulated by this model 
(Fig. 10a). Then the composite SSTA for El Niño and La 
Niña events in Pacific are added to the spring (MAM) 
mean SST field. By analyzing the difference of EXP-TPA 
(EN) and EXP-TPA (LN) runs, the simulated circulation 
pattern displays similarity to the observed one (Fig. 7a). In 
Pacific region, two anomalous anticyclones straddle along 
the tropical center and eastern Pacific while a cyclonic 
anomaly over Aleutian Islands (Fig. 10b). Over the TP 
regions, an evident cyclonic anomaly dominates there, 
as shown in Fig. 7a. Moreover, the SSTA forced model 
results of 400-hPa vertical motion and precipitation over 
TP are presented in Fig. 11a, b. Striking dipole modes are 
shown in these figures, with anomalous upward motion 

Fig. 10  The results simulated by ECHAM5. a The simulated clima-
tological upper wind (200-hPa, UV) (m/s), b the upper wind (200-
hPa, UV) anomalies (m/s) simulated by ENSO associated spring SST 
forcing in Pacific. The purple curve represents the area above 3000 m. 
The letter C denotes cyclonic circulation center

Fig. 11  As in Fig. 10, but for the model results of a the middle level 
vertical motion (400-hPa omega) (Pa/s), b the precipitation (kg/
m2 day), and c the snow depth (mm). The purple curve represents the 
area above 3000 m
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and positive precipitation in western TP while weak 
downward motion and negative precipitation in eastern 
TP (Fig. 11a, b), which are consistent with the observa-
tions (Figs. 7c, 8c). Then the corresponding model result 
of snow depth is shown in Fig. 11c (Snow cover is not in 
the model outputs, so snow depth is used). Positive snow 
depth abnormity is presented over the central and western 
TP, with its position moving slight eastward. Considering 
the otherness between snow cover and snow depth, it is 
understandable that the model results of snow depth center 
shifts slightly.

The model results revealed above further suggest 
that the anomalous circulation patterns over TP and the 
WTPSC anomalies are the responses to tropical Pacific 
SST forcing. During this process, the ENSO associated 
SST and convection anomalies in the entire Pacific may 
contribute to the establishment of the WTPSC in spring.

4.2  Spring WTPSC influence on the Yellow River 
summer rainfall

The above analyses have proved that the spring WTPSC 
can be affected by ENSO. Then, how can such ENSO asso-
ciated WTPSC abnormity in spring influence the following 
summer precipitation? The spring (MAM) and summer 
(JJAS) WTPSI (the mean snow cover in the area bounded 
by 33°N–43°N and 70°Ε–78°E) for the past 45 years are 
presented in Fig. 12. The in-phase relationship among 
them is detected (correlation = 0.58, exceeding the 99% 
confidence level), which indicates that the ENSO related 

spring WTPSC may continue to summer. Then, how can 
this WTPSC persist through summer and affect the Yellow 
River summer precipitation?

From Fig. 3c, the relationship between ENSO and the 
WTPSC becomes stronger in summer, which means that the 
ENSO associated SST and convection anomalies may also 
impact the TP circulation pattern in summer. Besides, the 
composite difference maps in TP snow cover and albedo 
between warm and cold ENSO events are shown (Fig. 13). 
For these variables, large areas of significant positive 
correlations occupy the western TP from the late spring 
[April–June (AMJ)] to summer (JJAS), in accordance with 
the WTPSC key region shown in Fig. 3. This suggests that 
once the anomalous spring WTPSC has been induced over 
western TP, the snow-albedo effect will be stimulated to 
maintain the WTPSC from spring to summer. The main 
process is proposed as follows: the anomalous cyclonic cir-
culation over TP as well as the abnormal upward motion 
may favor the anomalous convective activities in western 
TP, which may contribute to the snow cover increase there. 
The more WTPSC tends to strengthen the albedo effect and 
decrease the net shortwave radiation near surface, which in 
turn, leads to a stronger WTPSC. It is this positive feed-
back process that further strengthens the WTPSC until 
summertime.

Above, we have proved that the ENSO associated 
WTPSC may endure from spring to summer. Then how can 
this WTPSC in summertime contribute to the Yellow River 
summer rainfall anomaly? To verify this question, the upper 
wind (200-hPa, UV) and geopotential height (200-hPa, Z) 

Fig. 12  Detrended time series of the normalized WTPSI for (blue) spring (MAM) and (black) summer (JJAS). The WTPSI definition can be 
found in Fig. 3
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anomalies regressed against the WTPSC (JJAS) are revealed 
(Fig. 14a). A wave train pattern induced by the WTPSC 
anomaly is shown in upper troposphere propagating north-
eastward, with an anomalous low pressure center located 
over northeast China. This circulation structure is highly 
concordant with the conclusion of Wu et al. (2015). Besides, 
the lower wind (850-hPa, UV) is also regressed against the 
WTPSC (JJAS) in Fig. 14b. Another wave train is discovered 
to the south of TP along the low level southwesterly, similar 
to the model result by Wang et al. (2008). However, the low 
level wave train by Wang is derived from the entire warming 
TP, which may be somewhat different from our result. Influ-
enced by these two wave trains, an anomalous low pressure 
center prevails in northeast China. This circulation pattern 
in northeast China is similar in both upper and lower level, 
forming a barotropic structure. To the southwest side of the 
anomalous low pressure in northeast China, the abnormal 

northerly wind may bring large volumes of dry cold air with 
little moisture to the Yellow River, leading to the anomalous 
drought there. Thus, the ENSO associated summer WTPSC 
may impact the Yellow River summer rainfall.

5  Conclusion and discussion

Climate anomalies (i.e., severe droughts, floods and heat 
wave activities) in the Yellow River region experience 
evident interannual variations (Zhai et al. 1999; Gong and 
Wang 2000; Ren et al. 2005; Wang and Ding 2006; Ding 
et al. 2007; Wu et al. 2012b), yet to what extent and how 
ENSO would contribute to such interannual variations 
remain an outstanding issue. Based on the climate effect of 
ENSO and the WTPSC, we analyze the influence of ENSO 
on the WTPSC and their combined effects on interannual 

Fig. 13  Composite differences of the a–c snow cover (%), d–f albedo 
for a, d late spring [April-June (AMJ)], b, e early summer [May–
July (MJJ)] and c, f summertime (JJAS) between the warm and cold 

ENSO events. The purple curve represents the area above 3000  m. 
The positive (negative) values significant at the 90% confident level 
are shaded with blue (red)
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variations of the Yellow River summer precipitation, during 
ENSO developing phase. The results of this study show that, 
via changing the variation of the WTPSC, the indirect effect 
of a developing ENSO may be crucial to the Yellow River 
summer precipitation variations.

For the physical mechanism, the possible processes 
are summarized as follows: The ENSO related SSTA and 
precipitation anomaly throughout the Pacific region in its 
developing phase is quite crucial to the establishment of 
the WTPSC, which may contribute to the rainfall anomaly 
in the Yellow River region. The El Niño associated heating 
may arise anomalous deep convection in eastern Pacific and 
weaken the Walker Circulation (Feng and Li 2013; Feng 
et al. 2013; Guo and Li 2016), which may give rise to the 
anomalous downward motion as well as the suppressed pre-
cipitation abnormity in tropical western north Pacific and 
Maritime Continent. Such ENSO related pattern throughout 
the entire Pacific, especially the negative convection anoma-
lies in western north Pacific and Maritime Continent may 
lead to the anomalous upper level cyclone and anomalous 
upward flow over the western TP through the effect of Gill-
response. This process may further persist until summer. 
Besides, once the WTPSC in spring has been developed, the 
positive snow-albedo feedback process will be stimulated, 

which may help the WTPSC to further strengthen in the 
summertime (JJAS) and contribute to the Yellow River sum-
mer rainfall via the eastward propagating wave trains in both 
upper and lower levels.

It should be pointed out that, on the interannual time 
scales, ENSO is the dominant mode in the tropics and may 
influence the year-to-year variations of the WTPSC. Actu-
ally, some other influential factors over a longer time scales 
may also exert impact on the WTPSC, such as the Pacific 
Decadal Oscillation, the Atlantic Multidecadal Oscillation 
and the Arctic sea ice (Garcia and Kayano 2008; Zhu and 
Yang 2003; Krishnan and Sugi 2003; Dong and Dai 2015; 
Joshi and Rai 2015). As a result, except for the significant 
interannual variations, the WTPSC also shows multi-scale 
variations (Fig. 3b). Accompanied by such longtime scale 
variability, the WTPSI variation is out of step with the 
Niño 3.4 index (MAM) in a few years, in spite of an over-
all significant positive correlation. These exceptions may 
further influence the climate change in East Asian. Then, 
whether this interdecadal variation of the WTPSC may affect 
the ENSO-WTPSC relationship and what are the forcing fac-
tors still need further study, which may be quite crucial and 
indispensable in advancing the ability of weather forecast 
and disaster prevention in China.

Fig. 14  a JJAS upper level 
geopotential height (m) and 
wind (m/s) (200 hPa) regressed 
against the detrended WTPSI. 
b As in a but for the lower 
level wind (m/s) (850 hPa). The 
purple curve and shading rep-
resent the area above 3000 m. 
The positive (negative) values 
significant at the 90% and 95% 
confident level are shaded with 
light and dark yellow (blue). 
The vectors represent statisti-
cally significant at 90% confi-
dence level. The letter H and L 
denote high and low pressure, 
respectively
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