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a b s t r a c t
The features of hydro-climate anomalies in China in 2015–2016 were analyzed in great detail, together with possible responses to the super 2015–16 El Niño event. The 2015–16 El Niño is characterized as a “strong” event in
terms of the duration, intensity, and coverage of warming sea surface temperature (SST) in the central and eastcentral equatorial Paciﬁc in comparison to the 1982–83 and 1997–98 events. The ﬂoods and droughts frequency
were incidence of ﬂoods and droughts per year, respectively. The results show several signiﬁcant anomalies in
China: 1) About 9%–173% of precipitation variance in 2015–16 can be attributed to this El Niño; 2) There was signiﬁcant inconformity between hydro-climate anomalies and the occurrence of ﬂoods and droughts; 3) Flood frequency has increased, especially over Southeast China and the Yangtze River in the summer of 2016; 4) Drought
frequency has also increased, especially over Northeast China in summer of 2015, Northwest China in spring of
2016, and most parts in winter of 2015. The response of China hydro-climate anomalies to the 2015–16 El
Niño was signiﬁcant via El Niño and warm Indian Ocean induced circulation anomalies, which were characterized by stronger and more westward-extending western Paciﬁc subtropical high and anomalous water vapor
transport. Knowledge of the response of hydro-climate extremes to El Niño can provide valuable information
to improve ﬂood and drought forecasting in China.
© 2018 Elsevier B.V. All rights reserved.
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El Niño is a warming ocean state of the El Niño Southern Oscillation
(ENSO) that develops in the central and east-central equatorial Paciﬁc,
causes large-scale anomalous atmospheric circulation patterns, and
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can temporarily disrupt weather patterns around the world through interactions called “teleconnections” (Trenberth et al., 1998). The
2015–16 El Niño was considered to be one of the three strongest events
on record, comparable to the strong 1982–83 and 1997–98 events (Ren
et al., 2017; WMO, 2016). The warm-pool location of 2015–16 El Niño
event was more westward than other events. The period of 2015–16 El
Niño event was longer than other events. Disastrous weather around
the world has occurred in association with this severe El Niño event
(Kogan and Guo, 2017; Zhai et al., 2016). For example, global temperature in 2015 was boosted by the strong El Niño, making 2015 the hottest
year since 1900 (Zhai et al., 2016). Precipitation in most regions of
Australia signiﬁcantly decreased during the 2015–16 El Niño (AGBM,
2016; Chen and Guan, 2016). The drought footprint in the United States
peaked at 36.9% in early April 2015, i.e., about 36.9% of the United
States was under drought in early April 2015. (NCEI, 2016), while southern Great Plains experienced ﬂoods in May 2015 (Wang et al., 2015).
Meanwhile, China climate has also been inﬂuenced by the strong El
Niño (Chen et al., 2016; Guo et al., 2016; Nie et al., 2016; Shao et al.,
2015; Wang et al., 2015; Zhai et al., 2016). For example, signiﬁcant negative anomalies of summer/2015 precipitation have occurred in North
China (Zhai et al., 2016). Results found that the western Paciﬁc subtropical high (WPSH) was a prime linkage between the ENSO-induced SST
anomalies and climate anomalies in China (Wang et al., 2000; Zhai
et al., 2016). In general, during the El Niño, particularly in its mature
phase, strong anticyclonic circulation anomalies persisted in the northwestern Paciﬁc through Walker circulation, which caused anomalous
water vapor transport to China (Zhang, 2001; Zhai et al., 2016). Meanwhile, under El Niño conditions, Indian Ocean warming generates Kelvin waves in the equatorial Indian Ocean and triggers anomalies of
lower east wind and anticyclonic circulation in the Bay of Bengal (Xie
et al., 2009), which further inﬂuences weather conditions in China.
Meanwhile, ENSO also inﬂuences the South Asian summer monsoon
through the strength of Walker Circulation, and thus inﬂuences China
climate (Wang et al., 2001).
Most previous studies focused on the effect of El Niño on climate
anomalies, but the response of China hydro-climate extremes (e.g.
ﬂoods and droughts) to a strong El Niño remains a challenge. No two
El Niños are exactly identical (Emerton et al., 2017; WMO, 2009),
whereas many studies have broadly classiﬁed them into two different
types: the Eastern Paciﬁc (EP) El Niño and Central Paciﬁc (CP) El Niño.
As investigated by previous studies, the impacts of preceding El Niño
events on China climate were different (Lau and Weng, 2001; Zhang
et al., 1996). Generally, the positive-negative-positive (+/−/+) anomalous precipitation pattern over East Asia appears during EP El Niño
(e.g., 1982–83, 1997–98), while −/+/− rainfall pattern during CP El
Niño (e.g., 1991–92, 2004–05) (Yuan and Yang, 2012; Yu and Kim,
2013). For example, dry tendency over northern China and wet tendency over the Yangtze River basin were found during the 1997–98 El
Niño (Lau and Weng, 2001). However, summer rainfall during
1991–92 El Niño was below average across the Yangtze and Huai
River basins (Feng et al., 2016). In fact, the 2015–16 El Niño is a mixture
of the EP and CP types (Paek et al., 2017), which leads to more complex
impacts on China. In this paper, we will focus on (i) hydro-climate extremes in China; and (ii) its possible response to the 2015–16 El Niño.
Here, the hydro-climate extremes were quantiﬁed as ﬂoods and
droughts in terms of precipitation and streamﬂow, respectively. This
paper is structured as follows: the data, methods and hydrological
model are brieﬂy described in Section 2; in Sections 3 and 4, we present
the results; in Section 5, summary and discussion are provided.
2. Data, methods, and models
2.1. Data
The monthly global sea surface temperature (SST) dataset was from
the NOAA Extended Reconstructed Sea Surface Temperature version 4

(ERSSTv4, http://iridl.ldeo.columbia.edu/SOURCES/.NOAA/.NCDC/.
ERSST/.version4/), which covers the period from 1980 to 2016 (August
2016 in this paper). Several climate indices, which are based on SST
anomalies across a given tropical Paciﬁc region, were used to monitor
an ENSO event, including Niño 1 + 2 (0–10°S, 90°W–80°W), Niño 3
(5°N–5°S, 150°W–90°W), Niño 4 (5°N–5°S, 160°E–150°W) and Niño
3.4 (5°N–5°S, 170°W–120°W). The Niño 3.4 index, which can more correctly identify the ENSO phases, comparing with other indexes (Hanley
et al., 2003), was mainly used because it is the common index for
identifying El Niño. In addition, the Niño 3.4 region has arguably the
best teleconnections to seasonal weather and is widely used as a sampling area for SSTAs (Barnston, 2015; Null, 2015), as well as its
teleconnections to China climate (Li et al., 2011; Ouyang et al., 2014;
Zhai et al., 2016). The Niño 3.4 index was provided by NOAA Climate
Prediction Center (http://www.cpc.ncep.noaa.gov/data/indices/ersst4.
nino.mth.81-10.ascii).
The gridded daily precipitation and surface temperature observations covering 1980–2016 (August 2016 in this paper) at a 0.5-degree
resolution were obtained from the National Meteorological Information
Center, CMA (http://data.cma.cn/data/index/00f8a0e6c590ac15.html),
which have been interpolated from 2472 meteorological stations
using the Thin Plate Spline (TPS) method (Hutchinson, 1998a, 1998b).
The maximum, minimum and mean temperatures were used to calculate the potential evapotranspiration for the hydrological model using
Hargreaves & Samani method (Arnold et al., 1997; Hargreaves et al.,
2003; Pereira et al., 1999; Raziei and Pereira, 2013). The daily
streamﬂow datasets (1980–2016) included two sources: historical observations from the hydrology bureau (Table 1: calibration and validation periods) and simulations using a distributed time-variant gain
model (DTVGM) hydrological model (see Section 2.4), considering unavailable real-time observations. These stations were chosen because
they are control stations located on the main channel of ﬁve main rivers
in China and had long and relatively continuous time series for calibration. In this study, the Precipitation Anomaly Percentage (PAP) and
Streamﬂow Anomaly Percentage (SAP) were used as indicators for precipitation and streamﬂow anomalies, respectively. Here, a climatological base period of 1981–2010 is used for the calculation of PAP and
SAP (Wright, 2014). Streamﬂow is the ﬂow of water in rivers. The
streamﬂow was an index to evaluate ﬂood in this paper, considering
the nonlinearity between precipitation and ﬂood (Emerton et al.,
2017). Hydro-climate anomalies can change streamﬂow, but the ﬂood
may not occur until the streamﬂow exceeded the threshold.
The monthly PAP and SAP are calculated as:

PAP i; j ¼

SAPi; j ¼

P i; j −P i

ð1Þ

Pi
Si; j −Si

ð2Þ

Si

where Pi,j is precipitation at ith month and jth year, Si,j is streamﬂow at ith
month and jth year, P i and Si are the average precipitation and
streamﬂow at ith month, respectively.
Here, a ﬂood is identiﬁed using the following criteria.

Table 1
Station attributes.
Name

Basins

Longitude

Latitude

Calibration

Validation

Jiamusi
Tangnaihai
Bengbu
Datong
Sanshui

Songliao
Yellow river
Huai river
Yangtze river
Pearl river

130.37
100.15
117.38
117.61
112.5

46.81
34.50
32.95
30.78
23.1

1980–1991
1980–1993
1980–1993
1980–1993
2001–2002

1992–2002
1994–2007
1994–2007
1994–2007
2003
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1) Heavy precipitation accumulated over a 7-day period (or daily mean
Streamﬂow), which exceeded the threshold of the 95th percentile of
the 7-day data over the entire time period (Fig. A.1; Ding et al.,
2009).
2) The 7-day PAP (or daily SAP) exceeded 80%.
3) The precipitation accumulation for 7 days exceeded 100 mm (Ding
et al., 2009).

P ðd−i1þ1; jÞ −

PAPðd; j;n1Þ ¼

n2 X
n1
1 X
P
n2 j¼1 i1¼1 ðd−i1þ1; jÞ

n2 X
n1
1 X
P
n2 j¼1 i1¼1 ðd−i1þ1; jÞ

ð3Þ

where, i1¼1 P ðd−i1þ1; jÞ is precipitation accumulation for the past n1
days; n2 refers to 30 years (1981–2010).
The daily SAP is calculated as:
SAPðd;i; jÞ ¼

φ∧
seðφ∧ Þ

where S(d,i,j) is streamﬂow at dth day, ith month and jth year; Sðd;iÞ are the
average streamﬂow at dth day and ith month.

m1
X

α j X n− j þ

j¼1

m2
X

βi Y n−i þ εn

ð10Þ

i¼1

and the restricted model (Eq. 11), which only uses previous climate precipitation (streamﬂow) anomaly information.
Xn ¼

2.2. The autoregressive (AR) model

m1
X

r j X n− j þ u

ð11Þ

j¼1

In statistics, an AR model (Lin et al., 2013; Zhao and Shen, 2011) is a
type of random process, which is often used to predict variable
depended linearly on its own previous values and a stochastic term.
The AR model can be written as:

where X is the PAP or SAP; Y is the Niño 3.4 index; α, β and r are the coefﬁcients of models, which are estimated by OLS (Attanasio, 2012); ε
and u are the errors; n is the time span; and m1 and m2 are the optimal
time lags, which were obtained using the Bayesian information criterion
(BIC; Schwarz, 1978), with the smallest BIC.

ð5Þ
BIC ðt Þ ¼ n  ln

where, μ is a constant, εt is white noise. φ1, φ2, ⋯, φp are the parameters
of the model. p is the order, which was obtained by Akaike Information
Criterion (AIC; Akaike, 1969) as Eq. 6, with the smallest AIC.

Rssx ¼



Rssx
þ ðs þ 1Þ  ln ðnÞ
n


T 
X
∧ 2
Xt þ Xt

ð12Þ

ð13Þ

t¼1

 
AICðpÞ ¼ nln σ 2ε þ 2p

ð6Þ
σ2ε

where, n is the time span,
of the residual (εt).
Here, given the 2015–16 El Niño as an abrupt event, the quantitative
estimations was obtained as Eq. 7.
Qt ¼

ð9Þ

2) Then, the GCT was established as the unrestricted model (Eq. 10),
which speciﬁes the full set of climate and precipitation (streamﬂow)
anomaly information;

ð4Þ



yt ¼ μ þ φ1 ðyt−1 −μ Þ þ φ2 ðyt−2 −μ Þ þ ⋯ þ φp yt‐p −μ þ εt

ð8Þ

where, φ∧ is the ordinary least squares (OLS) estimate of φ, and seðφÞ is
the standard error of φ∧. If the test statistic is less than the critical value,
then the null hypothesis is rejected. We conﬁrmed that the time series
of the Niño 3.4 index, PAP and SAP were stationary.

Xn ¼

Sðd;iÞ

Δωt− jþ1 þ εt

∧

Pn1

Sðd;i; jÞ −Sðd;iÞ

p
X

where, εt is white noise, q0 is a constant. p is lag order of the AR process
(see Section 2.2). The null hypothesis is that the time series is nontrend
stationary. The ADF statistic is:
ADF t ¼

The n1-day accumulated PAP is calculated as:

i1¼1

1) Before applying the GCT, we must test the stability of the variables
using the augmented Dickey-Fuller (ADF) test (Dickey and Fuller,
1981). The ADF test is speciﬁed as:

j¼1

1) Low precipitation accumulation for 20 days (or daily mean
Streamﬂow) below the threshold of the 5% percentile of 20-day
data over the entire time period.
2) The 20-day PAP (or daily SAP) was less than −80%.

Pn1

of predictability (Jiang et al., 2015). Here, the test process of GCT is described as follows:

Δωt ¼ q0 þ q1 t þ φωt−1 þ

Similarly, a dry spell/drought is deﬁned as:
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P t −yt
yt

ð7Þ

where, Pt is the observed precipitation.

where t is the time lag (1–12 months in this paper) for X; Rssx is the residual sum of squares for Eq. (10). The optimal lagged month (m2) for Y
is determined similarly to m1.
3) Then, we simply use an F test with the null hypothesis that Y cannot
Granger-cause X to examine the statistical signiﬁcance between restricted estimates of X (Rssx) and Y (Rssy):


F¼


Rssx þ Rssy =m2
Rssy =ðn−m1 −m2 −1Þ

ð14Þ

2.3. Granger causality test (GCT)
In this paper, the Granger causality test (GCT; Granger, 1969) was
used to investigate the effect of the El Niño on precipitation and
streamﬂow anomalies. The GCT was ﬁrst proposed for a potential causality relationship between two variables in econometrics and has
been widely applied to the ﬁelds of climate systems (Attanasio, 2012;
Jiang et al., 2015; Sun et al., 2016). Unlike other conventional statistical
methods, the GCT can be used to detect the causal relationships in terms

If the p values obtained from the F test are lower than a signiﬁcance
level (0.05 in this paper), the null hypothesis can be rejected, i.e., Y can
Granger-cause X.
2.4. Hydrological model
In this paper, the distributed time-variant gain model (DTVGM) hydrological model (Xia et al., 2005; Ye et al., 2010), which has been used
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to simulate China hydrological conditions (Mao et al., 2016), was applied to simulate the unavailable streamﬂow in China.
Five hydrological stations, spread throughout ﬁve different drainage
basins in China, were used in this paper. The locations and information
of the ﬁve stations are shown in Fig. 1 and Table 1. The DTVGM was calibrated at the ﬁve stations and used to simulate the unavailable
streamﬂow. The DTVGM was also calibrated using default parameters,
which have been calibrated in other similar basin (Xia et al., 2003; Xia
et al., 2005), to simulate streamﬂow in western China, because of undocumented streamﬂow data of international rivers. The major parameters are the runoff coefﬁcient (g1, 0 b g1 b 1), soil moisture parameter
(g2, g2 N 0), sub-surface runoff coefﬁcient (Kr, 0 b Kr b 1), groundwater
runoff coefﬁcient (Kg, 0 b Kg b 1), inﬁltration rate (fc, 0–30 mm/h) and
Manning roughness coefﬁcient (n, 0.001 b n b 0.15; Huggins and Monke,
1966). The calibration and validation results are shown in Table 2. The
Nash-Sutcliffe efﬁciency (NSE) during the calibration and validation periods were N0.64 and even larger than 0.8 for the Tangnaihai and Datong
stations. The correlation coefﬁcients R during the calibration and validation periods were larger than 0.8, and the balance coefﬁcients B were
nearly 1. Fig. 2 shows the streamﬂow curves of ﬁve stations during the
calibration and validation periods. The simulated streamﬂow matched
the observed streamﬂow well during both the calibration and validation
periods, which indicates that the simulated streamﬂow from running
the DTVGM model can be used as the absent “observations” to analyze
the hydrologic anomalies and extremes in China as well as its relationship with the El Niño.
3. The 2015–16 ﬂoods and droughts in China
Fig. 3a–f show the distribution of the seasonal PAP from spring 2015
to summer 2016. The seasonal PAP represents the variations of the precipitation amount. The mean precipitation over China in spring 2015
was 145 mm, which approached the climatological normal but with
strong intra-seasonal variations (Shao et al., 2015). Fig. 3a clearly
shows that the precipitation in western Inner Mongolia, North China,

Table 2
Model performance during the calibration and validation periods⁎.

Calibration period

Validation period

Indices

Jiamusi

Tangnaihai

Bengbu

Datong

Sanshui

R
NSE
B
R
NSE
B

0.88
0.71
0.913
0.88
0.65
1.034

0.93
0.84
0.911
0.91
0.79
1.093

0.87
0.68
0.982
0.88
0.73
1.134

0.95
0.88
0.95
0.94
0.85
0.926

0.9
0.81
0.919
0.87
0.64
0.8

⁎ R: correlation coefﬁcient; NSE: Nash-Sutcliffe efﬁciency; B: balance coefﬁcient.

northeast China, parts of Northwest China, western Qinghai, and eastern
Tibet increased by 25–50%; the partial areas were N50%. However, precipitation decreased by 25–50% in western Xinjiang and N50% in the
south of southwestern China. In summer 2015, precipitation was
below normal in most parts of China (Fig. 3b), which included the
northern regions of China (i.e., North China, Yellow-Huai valleys, eastern part of Northwest China, Inner Mongolia, and Northeast China),
western China and Tibet (Wang et al., 2015). The average rainfall over
China in autumn 2015 was 151 mm, which was wetter than average
(Nie et al., 2016). Precipitation increased (N50%) in Northwestern
China, central-western Inner Mongolia, northern parts of North China,
eastern Yellow-Huai valleys and most of South China, whereas rainfall
decreased in Tibet, western-southwestern Xinjiang, northeastern
Inner Mongolia, eastern parts of Northeastern China, southern Henan,
southern Guangdong and western Hainan (Fig. 3c). The mean rainfall
over China in winter 2015 was 62.3 mm, with an increase of 52.7%. Positive precipitation anomalies occurred in central Northeastern China,
western Inner Mongolia, southern Tibet and South China, and negative
anomalies occurred in the Yellow-Huai River valley, Yangtze-Huai
River area and western Xinjiang (Fig. 3d). The mean precipitation over
China in spring 2016 was 174.9 mm, which was 20% higher than the climatological average. The precipitation was more than the average in the
eastern parts of Northeast China, western Inner Mongolia, centraleastern Tibet, Yangtze-Huai River area and central-eastern South

Fig. 1. Locations of the hydrological stations in this paper.
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Fig. 2. Streamﬂow curve of the ﬁve stations during the calibration period (left panel) and validation period (right panel).

China (Fig. 3e). By contrast, less precipitation occurred in western
Xinjiang, northwestern Tibet, central-eastern Inner Mongolia, North
China and the Yellow-Huai River valley (Fig. 3e). During summer in
the El Niño decaying year, the precipitation increased by over 50% in
the Yangtze-Huai River areas, southern Tibet, western Inner Mongolia,
and eastern parts of North China, but decreased in northeastern Inner
Mongolia, Yellow-Huai valleys, and the south coastal areas (Fig. 3f).
Increasing or decreasing precipitation anomalies do not necessarily
imply the occurrence of ﬂoods or dry spells. Fig. 4a–f show the differences in ﬂood frequency between the 2015–16 El Niño and normal
phases (excluding El Niño and La Niña years). Fig. 5a–f show the dry
spells frequency anomalies. The frequency of ﬂoods and dry spells during the 2015–16 El Niño event increased in comparison to the normal
conditions, which indicates that more extreme events occurred in
China during 2015–16 (NCCCMA, 2016). The covering areas of climate
extremes were highest in April–July during 2015–16 El Niño. Fig. 4
shows that the ﬂood frequency did not obviously increase and that
there was a signiﬁcant increase in southeastern China. Despite negative
seasonal precipitation anomalies in summer 2015, the ﬂood frequency
increased instead, particularly in eastern coastal China. However, positive seasonal PAP did not signiﬁcantly increase the ﬂood frequency in
southeastern China during autumn-winter 2015 and Inner Mongolia
during autumn 2015. Floods signiﬁcantly increased in southeastern
China in spring 2015 and in the middle and lower reaches of the Yangtze
River in summer 2016 with the increased amount of seasonal precipitation. As shown in Figs. 3 and 5, the lack of precipitation caused signiﬁcantly increased dry spells in Liaoning province in summer 2015, but
there was no obvious increase in other regions. More dry spells also occurred in most of China in winter 2015 and Northwest China in spring
2016 than in normal phases.
Fig. 6a–e show the seasonal streamﬂow anomaly percentage (SAP)
during the El Niño events. In the Songliao River basin, positive

streamﬂow anomalies occurred from winter 2015-summer 2016 and
negative anomalies occurred in spring 2015. Larger streamﬂows occurred in the upstream of the Yellow River basin in spring 2016. The
anomalies in spring 2015, autumn 2015 and spring 2016 were negative
and relatively small in the Huai River basin. The Yangtze River basin experienced positive streamﬂow anomalies in winter 2015 and summer
2016, and so did the Pearl River basin in winter 2015. Fig. 7a–e show
the difference in the frequency of ﬂoods and droughts (deﬁned by
streamﬂow) between the 2015–16 El Niño and normal phases (excluding El Niño and La Niña years). There were increased ﬂoods in the Huai
River basin in winter 2015. More ﬂoods occurred in the Yangtze River
basin in summer 2016, which was similar to the precipitation anomalies. More droughts also occurred in the Pearl River basin in spring 2016.
4. Feature of the 2015–16 El Niño and its impact on China
Fig. 8a–c show the progression of the three Niño indices (Niño 3,
Niño 4 and Niño 3.4 index) across the equatorial Paciﬁc for three El
Niño events in comparison with the average of all El Niño events and
the other El Niño events (remove the three strong events) since 1980.
The 1982–83, 1997–98, and 2015–16 El Niño events were the three
strongest events on record, with nearly identical peak tropical SST
anomalies (Niño 3.4 index) of 2.4 °C, which were apparently higher
than those of other El Niño events as well as that of the mean El Niño.
However, the SST anomalies in the Niño 4 (Niño 3) regions during the
2015–16 El Niño were higher (less) than those during the 1982–83
and 1997–98 events (Fig. 8a–b). Those indicated that the location of
SST extreme during the 2015–16 El Niño was to west compared with
that during other events (Lim et al., 2017; Paek et al., 2017). Fig. 8d–f
compare the temporal evolution of SST anomalies over the equatorial
Paciﬁc during the three strong El Niño events. The 1982–83 and
1997–98 El Niño events were characterized by shorter durations and
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Fig. 3. Spatial distributions of the precipitation anomaly percentage (PAP, %) in China: (a) spring 2015, (b) summer 2015, (c) autumn 2015, (d) winter 2015/16, (e) spring 2016, and
(d) summer 2016.

Fig. 4. Spatial distributions of the anomalies of the occurrence frequency (%) of ﬂoods in China during (a) spring 2015, (b) summer 2015, (c) autumn 2015, (d) winter 2015/16, (e) spring
2016, and (d) summer 2016, with respect to the corresponding season in normal years.
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Fig. 5. Spatial distributions of the anomalies of the occurrence frequency (%) of dry spells in China during (a) spring 2015, (b) summer 2015, (c) autumn 2015, (d) winter 2015/16,
(e) spring 2016, and (d) summer 2016, with respect to the corresponding season in normal years.

Fig. 6. Seasonal mean streamﬂow anomaly percentage (SAP, %) for the 2015–16 El Niño events at (a) Jiamusi, (b) Tangnaihai, (c) Bengbu, (d) Datong, (e) Sanshui, where −1, 0 and 1 in the
brackets refer to the year prior to the onset of El Niño, El Niño developing and decaying years, respectively.
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Fig. 7. Anomalies of the occurrence frequency (%) of ﬂoods and droughts from spring 2015 to summer 2016 with respect to the normal years in (a) Jiamusi, (b) Tangnaihai, (c) Bengbu,
(d) Datong, (e) Sanshui (the solid blue columns represent the ﬂoods; the red columns represent the droughts). (For interpretation of the references to color in this ﬁgure legend, the reader
is referred to the web version of this article.)

Fig. 8. Three-year progression of the (a) Niño 3 index, (b) Niño 4 index, (c) Niño 3.4 index for three super El Niño events (1982–83, 1997–98, 2015–16), as well as the average of all El Niño
events (black line) and the other El Niño events (grey line) since 1980, where −1, 0 and 1 in the brackets refer to the year prior to the onset of El Niño, El Niño developing and decaying years,
respectively. Temporal evolution of the SST (°C) anomalies of (d) 1982–83, (e) 1997–98, and (f) 2015–16 El Niño events over the equatorial Paciﬁc, which were averaged from 5°S to 5°N.
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smaller ranges, but high peak anomalies (Fig. 8b–c). However, in
2015–16, a signiﬁcantly longer duration up to N20 months was observed with persistent positive SST anomalies (N0.5) from autumn
2014 through spring 2016. Fig. 9a–f further display the development
of the 2015–16 El Niño event, via global SST anomalies with Niño 3.4 regions marked in rectangular boxes at the speciﬁed month. From May
2014, anomalous SST warming persisted in the equatorial central and
eastern Paciﬁc, whereas the El Niño developed into a strong event
after November 2014 and reached its peak in November–December
2015 (Figs. 8a, d and 9d). Meanwhile, large-scale positive SST anomalies
covered the entire equatorial central and eastern Paciﬁc with SST anomalies larger than 0.5 °C in most of the ocean area (Figs. 8c and 9b–e). The
2015–16 El Niño exceeded the 1982–83 and 1997–98 events in terms of
the index of duration, intensity, accumulated SST anomalies, and
months when the SST anomalies consecutively exceeded 2 °C.
Previous studies have stated that precipitation anomalies in China
can be partially explained by atmospheric circulation anomalies associated with the ENSO (Feng et al., 2016; Jin et al., 2016; Li et al., 2011; Li
and Ma, 2012; Wu and Wang, 2002; Wu et al., 2003; Yuan and Yang,
2012; Zhang et al., 1999). This paper further conﬁrms the causal relationships between the precipitation (streamﬂow) anomalies and
ENSO for mainland China in 1980–2016 (Fig. 10). The GCT results reveal
a causal relationship between the PAP and Niño 3.4 in Southeast China
and parts of Northwest China (Fig. 10a), which was approved by statistically signiﬁcant testing with smaller p values than 0.05 (at the 95%
conﬁdence level). The relationship also varies with seasons (Fig. A.2).
In general, the optimal lag time was 1–2 months, which shows that
the precipitation response to the ENSO was not synchronous and exhibited 1–2 months of lag time. This ﬁnding provides critical information
for precipitation predictions using the ENSO signals from the previous
1–2 months as potential predictors. In addition, the GCT results conﬁrm
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that the El Niño signiﬁcantly affected the Yangtze River and Pearl River
basins, but an insigniﬁcant effect was found in the Yellow-Huai River
and Songliao River basins (Fig. 10b). In general, based on the hydrologic
lags, the effect of an El Niño can be delayed with an optimal lagged time
of 1–3 months, which surpassed that of precipitation.
The hydro-climate anomalies in China could be related to the
2015–16 El Niño. Quantitative estimates using AR model reveal that
on the average over all China, approximately 9%–173% of precipitation
variance in 2015–16 can be attributed to the 2015–16 El Niño
(Table 3). Many researchers also have stated that the 2015–16 El Niño
and El Niño-induced Indian Ocean warming together resulted in precipitation anomalies in China (Nie et al., 2016; Shao et al., 2015). During the
2015–16 El Niño, positive SST anomalies were observed over the equatorial central-eastern Paciﬁc and Indian Ocean (Fig. 9b–e). This SST conﬁguration induced anomalous ascent over the equatorial central and
eastern Paciﬁc and Indian Ocean, and thus altered Walker circulation
(Chen et al., 2016; Guo et al., 2016; Nie et al., 2016; Shao et al., 2015;
Wang et al., 2015; Wu et al., 2016; Xiao et al., 2016; Yuan et al., 2016;
Yuan et al., 2017; Zhai et al., 2016). Consequently, the resultant descent
anomalies were appeared and suppressed the convection activities over
the northwestern Paciﬁc. This circulation anomalies excited lowertropospheric anticyclonic anomalies over the northwestern Paciﬁc and
leaded to intensiﬁcation and southwestward extension of the western
Paciﬁc subtropical high. Meanwhile, the anomalous warming Indian
Ocean also exacerbated the lower-tropospheric anticyclonic anomalies
through Kelvin wave. In fact, the location and intensity of the western
Paciﬁc subtropical high, which can inﬂuence monsoon and water
vapor transport around China and further inﬂuence China climate,
vary with seasons. In March–April 2015, the westward shifting and intensiﬁed western Paciﬁc subtropical high resulted in negative anomalies of water vapor transport from southwestern monsoon and

Fig. 9. Spatial distributions of global SST anomalies in (a) May 2014, (b) November 2014, (c) April 2015, (d) November 2015, (e) May 2016, and (f) September 2016 during the 2015–16 El
Niño events. The rectangular boxes mark the Niño 3.4 regions.
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Fig. 10. The Granger causality test p values, (a) Spatial distribution of the Granger causality test p values for the PAP and the Niño 3.4 index during 1980–2016. The color-shaded areas
represent the regions with statistically signiﬁcant results (p b 0.05). (b) Granger causality test p values for the SAP and the Niño 3.4 index at ﬁve hydrologic stations during
1980–2016. The p values below 0.05 (black dash line) indicate the station is signiﬁcantly affected by ENSO.

ambient subtropical high to South China (Shao et al., 2015; Wu et al.,
2016). In May 2015, the water vapor transport to China via Indian
Ocean was formed, leading to positive precipitation anomalies in
South China (Shao et al., 2015). In summer 2015, the western Paciﬁc
subtropical high was south, west and stronger than normal, preventing
the water vapor transport to North China (Wang et al., 2015). Southwestern China was dominated by northerly and westerly ﬂow, bringing
on no obvious water vapor convergence and less rainfall there (Wang
et al., 2015). Meanwhile, there was a powerful high pressure system
over Tibetan Plateau, thereby resulting in less precipitation. The
lower-tropospheric anticyclonic anomalies further enhanced in autumn
2015 with the development of the El Niño (Nie et al., 2016) and peaked
in winter 2015 (Zhai et al., 2016), leading to the strengthened and westward western Paciﬁc subtropical high. Consequently, the anomalously
strong southerly water vapor transport from the South China sea and
western Paciﬁc to South China appeared along western side of western
Paciﬁc subtropical high, causing the wetter autumn and winter there
(Nie et al., 2016; Yuan et al., 2016; Zhai et al., 2016). Meanwhile, strong
cold air processes, caused by larger amplitude ridges and troughs in
mid-latitude areas, together with water vapor transport from South
China sea and East China sea brought about more rainfall over North
China in autumn 2015 (Nie et al., 2016). In spring and summer 2016, although the El Niño was decaying, the lower-tropospheric anticyclonic
anomalies was maintained, caused by persistent warm SST in western
Table 3
Quantitative estimates using AR model of precipitation in China effected by the 2015–16 El
Niño.
2015
Spring

2015
Summer

2015
Autumn

2015
Winter

2016
Spring

2016
Summer

−9.1%

−37.7%

172.8%

34.4%

−14.5%

−12.1%

Paciﬁc warm pool and Indian Ocean (Chen et al., 2016; Yuan et al.,
2016). Subsequently, the western Paciﬁc subtropical high was west
and stronger than normal, leading to more rainfall over South China in
spring 2016 and Yangtze River basin in summer 2016 (Chen et al.,
2016; Guo et al., 2016; Xiao et al., 2016; Yuan et al., 2016; Yuan et al.,
2017).

5. Summary and discussion
The precipitation and streamﬂow anomalies features in 2015–2016
have been analyzed in great detail in this paper. Positive hydroclimate anomalies generally occurred in Inner Mongolia in autumn
2015, southeast China in winter 2015, and the middle and lower reaches
the Yangtze River in late spring-summer 2016; while negative anomalies occurred in northeast China from summer-winter 2015, north
China in summer 2015 and winter/2015–spring/2016, and eastern
Inner Mongolia in summer 2015 and winter/2015–summer/2016. However, seasonal hydro-climate anomalies only represent anomalies of the
amount of precipitation or streamﬂow and do not necessarily cause the
occurrence of ﬂoods and droughts. Here, we quantify the occurrence of
ﬂoods and droughts and analyzed their frequency variations. Results
found that the frequencies of meteorological ﬂoods and droughts have
increased in 2015–2016. The decreased amount of precipitation and increased ﬂood frequency in eastern China in the summer of the developing year may indicate more concentrated precipitation and severe
extreme ﬂood events. Increased precipitation and more frequent ﬂoods
also occurred in the middle and lower reaches of the Yangtze River in
the summer of the decaying year. This ﬁnding was also demonstrated
in the streamﬂow results. However, there were reduction of hydrological ﬂoods and droughts, which may be attributed to the initial conditions and human activities.
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Previous researches have stated that the ENSO-like SST anomalies
in the tropical Paciﬁc have signiﬁcant effect on China climate, with
1–3 months lag. Considering the 2015–16 El Niño was the one of
strongest event since 1980, the hydro-climate anomalies in China
could largely explained by the circulation anomalies induced by
this El Niño. The 2015–16 El Niño persisted for N20 months, which
developed in autumn 2014 and peaked in November–December
2015 and returned to ENSO-neutral levels by May 2016. The El
Niño-like SST conﬁguration together with anomalous warm Indian
Ocean induced lower-troposphere anticyclonic anomaly over the
western North Paciﬁc. Consequently, the western Paciﬁc subtropical
high intensiﬁed and extended southward and westward, enhancing or
preventing water vapor transport to China during different seasons.
To conclude, the intensity and location of western Paciﬁc subtropical
high and water vapor transport varied with seasons, thereby caused
the occurrence of ﬂoods and droughts over different regions in China.
Meanwhile, quantitative estimates also reveal that on the average
over all China, approximately 9%–173% of precipitation variance in
2015–16 can be attributed to the 2015–16 El Niño.
However, the effect of El Niño on the hydro-climate in China is complex, and often accompanied by other climate factors (e.g., the EurasiaPaciﬁc teleconnection pattern, Paciﬁc decade oscillation, Indian Ocean
Capacitor), which also can cause regional and seasonal hydro-climate
anomalies in China (Feng et al., 2014; Wang and Zhang, 2015; Xie
et al., 2009). In addition, hydro-climate processes are nonlinear with
many other inﬂuence factors except for teleconnection (Ouyang et al.,
2015; Ouyang and Gao, 2017; Xu et al., 2014). Therefore, the impact
mechanism of the hydro-climate in China requires additional study,
which will be valuable to improve extreme-hydro-climate-event
forecasting and water resource management in China. In addition,
real-time hydrological observation datasets are expected to verify the
robustness of the results.
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