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Abstract. This paper investigates the single and combined
impacts of El Niño–Southern Oscillation (ENSO) and the Pa-
cific Decadal Oscillation (PDO) on precipitation and stream-
flow in China over the last century. Results indicate that
the precipitation and streamflow overall decrease during
El Niño/PDO warm phase periods and increase during La
Niña/PDO cool phase periods in the majority of China, al-
though there are regional and seasonal differences. Precip-
itation and streamflow in the Yellow River basin, Yangtze
River basin and Pearl River basin are more significantly in-
fluenced by El Niño and La Niña events than is precipita-
tion and streamflow in the Songhua River basin, especially
in October and November. Moreover, significant influence
of ENSO on streamflow in the Yangtze River mainly oc-
curs in summer and autumn while in the Pearl River influ-
ence primarily occurs in the winter and spring. The precipi-
tation and streamflow are relatively greater in the warm PDO
phase in the Songhua River basin and several parts of the Yel-
low River basin and relatively less in the Pearl River basin
and most parts of Northwest China compared to those in
the cool PDO phase, though there is little significance de-
tected by Wilcoxon signed-rank test. When considering the
combined influence of ENSO and PDO, the responses of
precipitation/streamflow are shown to be opposite in north-
ern China and southern China, with ENSO-related precipita-
tion/streamflow enhanced in northern China and decreased

in southern China during the warm PDO phases, and en-
hanced in southern China and decreased in northern China
during the cool PDO phases. It is hoped that this study will
be beneficial for understanding the precipitation/streamflow
responses to the changing climate and will correspondingly
provide valuable reference for water resources prediction and
management across China.

1 Introduction

It is well known that El Niño–Southern Oscillation (ENSO)
is an important factor influencing the interannual climate
variability over East Asia (Zhou and Wu, 2010). The warm
ENSO, which is also called El Niño, is usually accompanied
by a weaker than normal East Asian winter monsoon (Zhang
et al., 1996; Wang et al., 2008) and consequently induces a
warmer and wetter climate over East Asia during El Niño
winters (Li, 1990; Wen et al., 2000). As an example, ENSO
influences can persist to the following summer, with signif-
icantly abundant precipitation and annual maximum stream-
flow over the Yangtze River valley during the decaying stage
of an El Niño event (Huang and Wu, 1989; Zhang et al.,
2007). However, the aforementioned anomalies generally re-
verse during the cool ENSO phase, namely La Niña events
(Wang et al., 2008).
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Some previous studies (Latif and Barnett, 1996; Mantua
et al., 1997; Cayan et al., 1998; Nigam et al., 1999; Higgins
and Shi, 2000; Minobe, 2000; Neal et al., 2002; Krishnan and
Sugi, 2003; Wang et al., 2008) have indicated that the inter-
annual relationship between ENSO and global climate is not
stationary and that the Pacific Decadal Oscillation (PDO),
which is a largely interdecadal oscillation, can modulate the
interannual ENSO-related teleconnections. For instance, the
already enhanced precipitation and streamflow in eastern
Australia have been demonstrated to be even further mag-
nified during La Niña events that occurred in the PDO/IPO
(Interdecadal Pacific Oscillation) cool phase (Verdon et al.,
2004). Additionally, the precipitation patterns showed dif-
ferent responses in El Niño periods for southeastern South
America and Myanmar during PDO warm/cool phases (Silva
et al., 2011; Sen Roy and Sen Roy, 2011). These studies in-
dicated that the in-phase/out-of-phase relationships of ENSO
and PDO usually have distinct effects on precipitation and
streamflow in different regions, and thus, discussions con-
sidering the influences of ENSO in association with PDO are
necessary.

There are various studies extensively documenting the
linkages between ENSO/PDO and annual/seasonal precipi-
tation over China during the past several decades (Liu and
Ding, 1995; Gong and Wang, 1999; Zhang et al., 1999; Wu
et al., 2003; Zhu and Yang, 2003; Xu et al., 2004; Li et
al., 2005; Chan and Zhou, 2005; Ma and Shao, 2006; Hao
et al., 2008; Zhou and Wu, 2010). For example, Zhou and
Wu (2010) revealed that warm ENSO mainly led to lower-
level southwesterly winds being deflected from the south-
east coast of China and consequently influencing the win-
ter precipitation in southern China. In addition, Chan and
Zhou (2005) found that there was less precipitation over the
South China monsoon region during periods of high PDO in-
dex and vice versa. However, the majority of the aforemen-
tioned studies did not consider the combined influences of
both ENSO and PDO on regional precipitation. On the other
hand, streamflow, as a comprehensive integrator of rainfall
over basin areas, is also related to variations of ENSO and
PDO signals. If a strong relationship between river discharge
and ENSO/PDO can be quantified, the accuracy of stream-
flow forecasting, which is vital for effective water resource
management, would be greatly improved. Although many
studies have now been conducted on the relationship be-
tween river streamflow and ENSO/PDO in China (Chen and
Xu, 2005; Fu et al., 2007; Xu et al., 2007; Zhang et al.,
2007; Lü et al., 2011), as far as we are aware, there has not
been a study documenting the combined influences of both
ENSO and PDO signals on streamflow in the major large
rivers over China. Considering all of the above, in this pa-
per, the possible influences of ENSO and PDO, coupled and
separately, on the annual/monthly precipitation and stream-
flow over China are considered. Additionally, the precipita-
tion and annual streamflow data sets adopted in this study
were extended to the last 100 years (1901–2009) and full

seasonal cycles were considered in order to more reliably
present climate variability.

The paper is organized as follows. Section 2 introduces
the data sets and methodologies used. Section 3 examines the
relationships among PDO, ENSO, precipitation and stream-
flow, and finally, conclusions and proposed future research
are presented in Sect. 4.

2 Data and method

2.1 Data

2.1.1 The precipitation data

The precipitation data (1901–2009) in China were ex-
tracted from the latest Climatic Research Unit (CRU)
Time Series (TS) 3.10 high-resolution gridded data
sets (http://badc.nerc.ac.uk/view/badc.nerc.ac.uk__ATOM_
dataent_1256223773328276) at the University of East An-
glia (Mitchell and Jones, 2005). The monthly CRU TS3.10
data sets, which were calculated on high-resolution
(0.5◦

× 0.5◦) grids based on more than 4000 weather stations
distributed around the world (with more than 160 meteoro-
logical stations from China), were validated to match well
with the observations over China except for the western Ti-
betan Plateau (Ma and Shao, 2006).

2.1.2 The streamflow data

There are only a few streamflow gauging stations that have
100 years’ of continuous observational records in China.
Therefore, four gauging stations, Harbin Station in Songhua
River basin, Shanxian Station (renamed Sanmenxia station
in 1950) in Yellow River basin, Hankou Station in Yangtze
River basin and Wuzhou Station in Pearl River basin were
chosen in this study after considering location, length of ob-
servation period and quality of the data observed (Table 1).
They are all control stations located on the main channel of
the four main rivers of China. The location of the gauging sta-
tions and the four river basins can be seen in Fig. 1. Songhua
River basin, Yellow River basin, Yangtze River basin and
Pearl River basin, being the four major large river basins in
China, range approximately from the north to the south of
China and cover almost all climate types of China. Songhua
River basin is located in the north of northern China and lies
in the temperate monsoon climate zone. The Yellow River
basin can be divided into three sub-regions (i.e. the eastern
monsoon sub-region, the arid and semi-arid sub-region, and
the high-elevation sub-region), in accordance with the three
natural zones of China (Liang et al., 2014). The southern part
of the Yangtze River basin is close to the tropical zone and
the northern part is close to the temperate region. The Pearl
River basin covers a region of subtropical to tropical mon-
soon climate straddling the Tropic of Cancer. The selected
basins are expected to be able to represent the streamflow
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Table 1.Background information of the four selected river basins in this study.

River basin Station (location) Drainage Annual Monthly streamflow Annual mean Annual mean
area streamflow record period precipitation streamflow

(km2) record period (mm yr−1) (108 m3 a−1)

Songhua River (I) Harbin (126◦46′ E, 45◦45′ N) 390 526 1901–2009 1901–1948, 491 (1901–2009) 386 (1901–2009)
1953–2004

Yellow River (II) Sanmenxia (111◦22′ E, 34◦49′ N) 688 421 1901–2009 – 385 (1901–2009) 489 (1901–2009)
Yellow River (II) Huayuankou (113◦40′ E, 34◦54′ N) 730 036 – 1950–2004 449 (1901–2009) 555 (1950–2004)
Yangtze River (III) Hankou (114◦18′ E, 30◦37′ N) 1 488 036 1901–2009 1901–2004 887 (1901–2009) 7256 (1901–2009)
Pearl River (IV) Wuzhou (111◦30′ E, 23◦48′ N) 329 705 1901–2009 1950–2004 1307 (1901–2009) 2175 (1901–2009)

Fig. 1. Map of China showing four major river basins (I: Songhua River basin; II: 676 
Yellow River basin; III: Yangtze River basin and IV: Pearl River basin) and 677 
streamflow gauging stations used in this study  678 
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Figure 1. Map of China showing the four major river basins
(I: Songhua River basin; II: Yellow River basin; III: Yangtze River
basin and IV: Pearl River basin) and streamflow gauging stations
used in this study.

variability over China under climate change. In this study, a
century (1901–2009) of continuous quality-controlled annual
streamflow data and 50–100 years of monthly streamflow
data were collected from the National Hydrology Almanac.

2.1.3 ENSO and PDO

The ENSO index is represented by the Niño 3.4 SST
defined as the January to March SST anomaly aver-
ages over the region (5◦ S–5◦ N, 90–150◦ W), downloaded
from the National Oceanic and Atmospheric Administra-
tion (NOAA, http://www.cgd.ucar.edu/cas/catalog/climind/
Nino_33.4indices.html) (Trenberth, 1997). The PDO index
“is the leading empirical orthogonal function (EOF) of SST
anomalies (January to March) in the North Pacific Ocean,
poleward of 20◦ N” (Mantua et al., 1997; Chan and Zhou,
2005) and is available at the Joint Institute for the Study
of the Atmosphere and Ocean (JISAO) website:http://jisao.
washington.edu/pdo/(Barnett et al., 1999).

2.2 Method

2.2.1 Precipitation and streamflow stratification
according to El Niño and La Niña

ENSO is a quasi-periodic climate pattern that occurs across
the tropical Pacific Ocean every several years (3 to 7 years’
recurrence) which always couples two variations: the warm
oceanic phase (El Niño) accompanies high air surface pres-
sure in the western Pacific and the cold phase (La Niña) ac-
companies low air surface pressure in the western Pacific
(Trenberth et al., 2007). Generally, it has proved difficult to
define an El Niño/La Niña event and there is no universal
single definition (Trenberth and Hoar, 1997; Anthony and
Stewart, 2001; Fu et al., 2007). In this study, the definition
of Trenberth (1997) is adopted, namely that “. . . an El Niño
can be said to occur if 5-month running means of sea tem-
perature (SST) anomalies in the Niño 3.4 region (5◦ N–5◦ S,
120◦–170◦ W) exceed 0.4◦C for 6 months or more”. Simi-
larly, La Niña, the opposite event to El Niño, can simply be
said to occur if a 5-month running mean of SST anomalies
falls below the threshold−0.4◦C (See the upper panel in
Fig. 2).

In this paper, the periods of El Niño events and La Niña
events were used to stratify the precipitation and streamflow
time series for analysing the influences of El Niño and La
Niña on hydro-climatic variables in China. The precipita-
tion/streamflow time series were first extracted for each cal-
endar month conditioned by El Niño/La Niña events – for
instance, the multi-year mean value of January precipitation
occurs during El Niño periods was treated as “January pre-
cipitation in El Niño”. Then, the sum of monthly precipita-
tion from January to December in El Niño/La Niña months
was treated as “annual” precipitation in El Niño/La Niña year
(Fu et al., 2007).

2.2.2 Precipitation/streamflow stratification according
to the PDO cool/warm phase

The PDO is a pattern of Pacific climate variability that
shifts phases usually on an at least 20–30-year inter-decadal
timescale (Mantua et al., 1997). It is detected as warm/cool
surface water in the Pacific Ocean (north of 20◦ N) – during
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Figure 2. The definition of ENSO events (El Niño and La Niña)
from 5-month running mean series of Niño 3.4 SST index (upper
panel) and the partition of warm/cool phase PDO from monthly
PDO index (lower panel).

a “warm” or “positive” phase, the west Pacific becomes cool
and part of the eastern ocean warms while during a “cool”
or “negative” phase, the opposite pattern occurs. The cool
and warm PDO phases (Fig. 2) are identified from the PDO
index series in accordance with the approach used in Man-
tua and Hare (2002) and Sen Roy (2011). Over the past cen-
tury, the PDO was in a cool phase approximately during the
periods 1901–1924, 1947–1976 and 1998–2009, and warm
phase PDO regimes existed during the periods 1925–1946
and 1977–1997 (see lower panel in Fig. 2). It should be noted
that these multi-decade epochs sometimes contain intervals
of up to a few years in length in which the polarity of the
PDO is reversed (e.g. the cool phase in 1998–2009 showed a
warm phase in 2002–2005).

The precipitation/streamflow spanning the period 1901–
2009 are stratified into two segments conditioned on the PDO
warm/cool phase. Further, the series in Warm PDO–El Niño,
Warm PDO–La Niña, Cool PDO–El Niño, and Cool PDO–
La Niña are stratified using the method similar to Sect. 2.2.1
from the precipitation/streamflow series extracted for PDO
warm/cool phase, separately. Additionally, Wilcoxon signed-
rank tests were adopted to determine whether average precip-
itation/streamflow received during Warm PDO/La Niña peri-
ods was statistically different from that received during Cool
PDO/El Niño periods at the 0.05 significance level. This is a
nonparametric test equivalent to the dependentt test, which
does not assume normality in the data and can be used for
cases when there are only a small number of samples avail-
able for analysis (Kolivras and Comrie, 2007).

3 Results and discussion

3.1 Perspective impacts of ENSO on precipitation and
streamflow over China

3.1.1 Precipitation impacts of El Niño and La Niña
events

Compared to the long-term average (1901–2009), the “an-
nual” precipitation changes in El Niño and La Niña peri-
ods are spatially opposite (Fig. 3). For example, the overall
“annual” precipitation increased in the North China Plain,
Southwest China as well as the Tibetan Plateau while it
declined in Northeast China, Southeast China and North-
west China during La Niña periods (Fig. 3). However, the
trends in El Niño periods over these regions are clearly re-
versed. The Yangtze River can be spatially treated as a di-
viding line of ENSO influences on precipitation for eastern
China, with the “annual” average precipitation obviously less
(differences< −5 %) in the southern regions of the Yangtze
River and greater (differences> 5 %) in the northern regions
(including the Yellow River, Hai River and Huai River) in La
Niña periods than that in El Niño years. It should be noted
that the results obtained in the Yellow River basin (similar
to the North China Plain) are consistent with many previous
studies (Gong and Wang, 1999; Fu et al., 2007; Hao et al.,
2008).

The influences of El Niño and La Niña on precipitation
are found to have clear seasonal and monthly characteristics
(Fig. 4). For instance, the ENSO impacts on precipitation
in summer and autumn are more significant than in winter
and spring, especially for September, October and Novem-
ber. Moreover, the precipitation in Southeast China (includ-
ing lower parts of the Pearl River and Yangtze River) is rel-
atively larger during El Niño winter and spring and lower
during El Niño summer and autumn compared to that during
the corresponding La Niña periods. A possible reason is that
the southern coast of South China is always influenced by
different anomalous circulation systems in wet and dry sea-
sons (Wu et al., 2003). In addition, the percentage changes
in wet season precipitation (June to September) between El
Niño and La Niña periods are similar to those for “annual”
precipitation, because more than 40 % of the total annual pre-
cipitation falls in the summer (Zhang et al., 2009).

The influences of El Niño and La Niña events on precip-
itation are also unevenly spatially distributed and are differ-
ent from month to month over all China (Fig. 4). Although
monthly precipitation changes between two ENSO phases
over the majority of regions are not statistically significant
at the 0.05 level, some consistent and interesting results are
still seen. The overall influences of El Niño and La Niña
on precipitation are more significant in eastern and south-
ern China rather than in western and northern China. Cor-
respondingly, the ENSO influences become progressively
weaker from Pearl River to Yangtze River to Yellow River
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Figure 3. Percentage changes of annual precipitation in El Niño months and La Niña months over the long-term average (1901–2009):
(a) annual precipitation in La Niña events;(b) annual precipitation in El Niño events; and(c) annual precipitation in La Niña events minus
that in El Niño events.
Fig. 4 Monthly precipitation changes in La Niña months compared to El Niño months. 691 

Regions change significantly at the 0.05 level based on the Wilcoxon signed 692 
ranks test are shown with shadow.  693 
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Figure 4. Monthly precipitation changes in La Niña months over
China compared to El Niño months. Regions of change significant
at the 0.05 level based on the Wilcoxon signed-rank test are shown
with shadow.

and to Songhua River. A possible reason is that the eastern
and southern portions of China received more total precipita-
tion because they are near to the ocean and are significantly
influenced by the East Asian monsoon and South Asian mon-
soon (Zhang et al., 1996). More specifically, the precipitation
from November to March received from La Niña events is
less than that received from El Niño events over almost all
of China and the tendency is reversed in the remaining seven
months, especially in the wet season (June–September). In
October, the above trends are reversed in most parts of the
Yellow River and Yangtze River.

In addition, precipitation pattern responses to El Niño/La
Niña events show discrepancies among different parts of a
basin. For example, the ENSO influences in the lower basin
of the Songhua River are opposite to those in the head and

middle basin. The different responses of the four river basins
(or even for different parts of a basin) to ENSO are prop-
erly attributed to the spatially diverse influences of the dif-
ferent monsoon circulations and mid-latitudinal circulations.
For example, the Pearl River basin is impacted by the re-
treating East Asian winter monsoon as well as the typhoon
season, and the precipitation–streamflow regime in the sub-
basin is consequently considerably complex when respond-
ing to the ENSO influences (Jiang et al., 2007; Zhang et
al., 2011). Moreover, Li et al. (2010) indicated that the East
Asia summer monsoon exhibited a southward shift in its ma-
jor components due to the meridional asymmetric warming,
which would weaken the influences of the East Asian sum-
mer monsoon on Songhua River basin and result in a differ-
ence in ENSO responses between Songhua River basin and
the other three basins.

3.1.2 Streamflow impacts of El Niño and La Niña events

The “annual” streamflow changes overall are greater in La
Niña periods relative to El Niño periods for all four basins,
especially for the Yellow River basin (Fig. 5). Moreover, the
ENSO influence on streamflow is spatially and temporally
consistent with that on precipitation for the major river basins
over China with clear differences among months and basins.
On the whole, the streamflow in the Yellow River basin,
Yangtze River basin and Pearl River basin are more signifi-
cantly influenced by El Niño and La Niña events compared to
those in the Songhua River basin – especially in October and
November. The streamflows in Songhua River basin for all
twelve months in La Niña periods consistently increase while
those in the majority months (8 of the 12) in El Niño periods
decrease compared to multi-year average monthly stream-
flow during the past 100 years – only La Niña impacts in
August are statistically significant. The monthly streamflow
trends influenced by El Niño/La Niña events in the Yellow
River basin are basically coincident with precipitation, with a
relatively lower than normal amount in El Niño periods and a
higher amount in La Niña periods for almost all months, but
the statistical significance tests do not show clear seasonal
characteristics (Fig. 5). The overall percentage difference
between El Niño-related and La Niña-related streamflow is
32.1 %, and varies monthly from 10.1 % (March) to 59.7 %

www.hydrol-earth-syst-sci.net/18/3651/2014/ Hydrol. Earth Syst. Sci., 18, 3651–3661, 2014
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Fig.5 Monthly and “annual” streamflow changes over four major river basins in China 700 
in El Niño months and La Niña month over the monthly/annual long-term average 701 
(1901-2004). The asterisks indicate the statistical significance based on Wilcoxon 702 
Signed Ranks Test (lower than 0.05 is **, lower than 0.10 is * and otherwise is 703 
nothing). It should also be noted that the monthly streamflow changes in Yellow River 704 
basin and Pearl River basin were only calculated during the period 1950-2004 due to 705 
their limited availability of monthly streamflow data 706 
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Figure 5. Monthly and annual streamflow changes over four ma-
jor river basins in China in El Niño and La Niña months over the
monthly/annual long-term average (1901–2004). The asterisks indi-
cate the statistical significance based on Wilcoxon signed-rank test
(∗∗ lower than 0.05,∗ lower than 0.10, otherwise nothing). Note that
the monthly streamflow changes in the Yellow River basin and Pearl
River basin were only calculated during the period 1950–2004 due
to limited availability of monthly streamflow data.

(November) (Fig. 5). The streamflow in January, February,
April, July, October and November changes significantly be-
tween El Niño and La Niña events. Moreover, the percent-
age changes of monthly streamflow are relatively smaller in
spring (March–May) during La Niña periods and larger in
other seasons (especially in autumn), consistent with Fu et
al. (2007) and Lü et al. (2011).

The significant influences of ENSO on streamflow in the
Yangtze River mainly occur in summer and autumn while
they primarily occur in winter and spring in the Pearl River.
The spatial variability of streamflow is responsible for both
the influences of El Niño mature phase on precipitation in
summer when the intensified western Pacific subtropical high
covers the southeastern periphery of China and the weak-
ening of the Indian monsoon which provides less moisture

inflow to the northern part of China (Zhang et al., 1999).
The streamflow responses to ENSO for Yangtze River basin
(Hankou station) exhibit obvious seasonal variations (Fig. 5).
For example, streamflow is relatively higher in El Niño peri-
ods than in La Niña periods in winter (December–February)
and spring while the reverse is the case in summer and
autumn (September–November). In particular, compared to
corresponding average monthly streamflow, the differences
of La Niña-related streamflow and El Niño-related stream-
flow change significantly in June–September. In the Pearl
River basin (Wuzhou Station), ENSO impacts seem to be
more complicated. The absolute percentage differences of
streamflow between La Niña and El Niño periods are all
more than 10 % from October to March, as well as in July. In
September, the streamflow in La Niña month exceeds that in
El Niño month and the percentage difference exceeds 63.0 %.
Different to the Yangtze River basin, the ENSO influences in
the Pearl River are only statistically significant (0.05 level)
on autumn and winter streamflow, possibly because of the
Pearl River region location in tandem with the strengthen-
ing and weakening of sea surface temperature (SST) in the
western Pacific (Juneng and Tangang, 2005).

3.2 Perspective impacts of PDO on precipitation and
streamflow

3.2.1 Variability of precipitation due to PDO impacts

The percentage changes of “annual” precipitation also show
spatially opposite responses to the PDO warm phase and cool
phase, although only changes in a few regions are statistically
significant at the 0.05 level (Fig. 6). Specifically, the “annual”
precipitation in most parts of Northeast China and Northwest
China tends to be higher during the PDO warm phase rela-
tive to that in the cool phase, especially in the Songhua River
basin and in the inland watersheds of the Yellow River (blue
regions in Fig. 6b). The results obtained are consistent with
Zhu and Yang (2003), who indicate that summer precipita-
tion (accounting for more than 50 % of total annual precip-
itation) in Northeast and Northwest China increases during
a warm PDO phase due to the weakening of the East Asian
summer monsoon and the southward shift of the Western Pa-
cific Subtropical High. In contrast, the “annual” streamflow
responses are opposite over the North China Plain, south-
west China and Central China, with precipitation less during
the warm PDO phase and more during the cool phase (Yang
et al., 2005; Fu et al., 2009). The results in northern China
areas may be because they always dominated by high pres-
sure and experience precipitation decrease when the Pacific
is in a warm phase, with the sea temperature over the tropi-
cal mideastern Pacific rising and that over the central part of
northern Pacific lower than normal (Yang et al., 2005). Addi-
tionally, precipitation over the Yellow River basin (Fu et al.,
2004), Yangtze River basin and Pearl River basin decreases
from the mid- and late 1970s to the 1990s when the PDO is
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Fig.6 Percentage changes of annual precipitation in PDO warm phase and cool phase over the long-term average (1901-2009): (a) annual 709 
precipitation in POD cool phase; (b) annual precipitation in POD warm phase; (c) annual precipitation in POD cool phase minus that in POD 710 
warm phase. Regions change significantly at the 0.05 level based on the Wilcoxon signed ranks test are shown with shadow 711 
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Figure 6.Percentage changes of annual precipitation in PDO warm phase and cool phase over the long-term average (1901–2009):(a) annual
precipitation in POD cool phase;(b) annual precipitation in POD warm phase;(c) annual precipitation in POD cool phase minus that in POD
warm phase. Regions of change significant at the 0.05 level based on the Wilcoxon signed-rank test are shown with shadow.

in a persistent warming phase, and then increases after 2000
when the PDO entered an unstable cool phase.

3.2.2 Variability of streamflow due to PDO impacts

The “annual” streamflow changes against the long-term av-
erage shown in Fig. 7 are basically consistent with those for
precipitation during warm and cool PDO phases, although
there are no significant trends tested. The PDO influences in
Songhua River basin are opposite to those in the other three
basins with the streamflow clearly higher than the long-term
average (6.1 %) in the PDO warm phase and lower in the
PDO cool phase (−4.0 %). The streamflow changes related
to the PDO warm/cool phase correspond to the variability of
streamflow dry/wet stages: 1900–1907, 1915–1928, 1975–
1980 and 1999–2005 are four dry stages, 1970–1974 is a
medium-water stage and 1908–1914, 1929–1969 and 1981–
1998 are three wet stages (Song et al., 2010). Instead, in the
Yellow River, Yangtze River and Pearl River, the streamflow
is relatively lower in the PDO warm phase and higher in the
PDO cool phase and the percentage differences become pro-
gressively smaller from north to south. The results are con-
sistent with Gordon and Giulivi (2004), indicating that the
high (low) runoff in the Yangtze River and Yellow River cor-
respond to the PDO negative (positive) phase. Additionally,
similar results are found when replacing the 100-year stream-
flow observations by the 50-year set to analyse the connec-
tions between streamflow and PDO in Songhua River and
Yangtze River (not shown). It should be noted that the grad-
ually decreased streamflow tendency in the downstream Yel-
low River in the PDO cool phase after 2000 may be due to
the human activities (Ren et al., 2002), for example, water
withdrawal contributed more than 60 % of the streamflow de-
crease in the downstream Yellow River after 2000 (Zhang et
al., 2011).

3.3 Combined influences of ENSO and PDO on both
streamflow and precipitation

There is much evidence (Chan and Zhou, 2005; Andreoli
and Kayano, 2005) to indicate that the PDO coupled with
ENSO affects precipitation constructively (strong and well-
defined anomalies) when they are in phase and destructively
(weak and noisy anomalies) when they are out of phase. In

Fig. 7. Percentage changes of annual streamflow over four major river basins in China 714 
in PDO warm phase and cool phase over the long-term average (1901-2009). P values 715 
based on Wilcoxon signed ranks test are showed on the top/bottom of each bar 716 
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Figure 7. Percentage changes of annual streamflow over four ma-
jor river basins in China in PDO warm phase and cool phase over
the long-term average (1901–2009);p values based on Wilcoxon
signed-rank test are shown on the top/bottom of each bar.

this study, the precipitation/streamflow in El Niño periods
are compared to those in La Niña periods during the PDO
warm/cool phase, respectively (Figs. 8 and 9). Results show
that the “annual” precipitation changes in El Niño/La Niña
period compared to multi-year average in cool PDO phase
are similar to Fig. 3, which indicates that the cool PDO phase
does not significantly modulate the ENSO influence on pre-
cipitation. However, in the warm PDO phase, the percentage
changes for the precipitation are clearly related to El Niño/La
Niña. For instance, in Northeast China and Northwest China,
the precipitation in La Niña periods is obviously higher than
that in El Niño periods during PDO warm phase while the
reverse is the case during PDO cool phase. However, the pre-
cipitation responses to the two PDO phases are almost oppo-
site in South China and Central China, including most parts
of the Yangtze River basin and the upper stream of the Pearl
River basin.

El Niño/La Niña-related streamflows in the four basins
show different responses during different PDO phases
(Fig. 9). During the PDO cool phase, the streamflows in
all basins tend to be higher in La Niña periods and lower
in El Niño periods. The results obtained are similar to the
single impacts of El Niño/La Niña shown in Fig. 5, which
indicate that cool PDO also do not obviously change El
Niño/La Niña influences on streamflow anomalies. However,
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periods during the PDO warm phase (left panel) and the PDO cool phase (right panel) 722 
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Figure 8. Percentage changes of precipitation between El Niño and
La Niña periods during PDO warm phase (left panel) and PDO cool
phase (right panel).

the cool PDO phase still causes both more negative anoma-
lies in El Niño-related streamflow and more positive anoma-
lies in La Niña-related streamflow in South China (includ-
ing most parts of the Yangtze River basin and the Pearl
River basin) and induces both fewer negative anomalies in
El Niño-related streamflow and fewer positive anomalies in
La Niña-related streamflow in the Northern China (including
the Songhua River basin and the Yellow River basin). More-
over, it should also be noted that the streamflow and precip-
itation responses to El Niño/La Niña are opposite during the
PDO cool phase in the Songhua River basin, which may be
because the Harbin Station is located midway on the stream
and cannot fully represent the entire basin.

During the PDO warm phase, the streamflow in La Niña
periods is relatively higher than that in El Niño periods in
Songhua River basin and Yellow River basin with change
percentages 9.7% and 44.1 %, respectively. Clearly, the warm
PDO enhances the anomalies in both basins during La Niña
and El Niño periods. However, the situation is different in
southern China. For example, fewer differences between El
Niño-related and La Niña-related streamflow in the Yangtze
River basin are found, with overall percentage change of
only 0.7 %, which indicates that compared to the cool PDO
phase, the warm PDO phase weakens the ENSO influences
in the Yangtze River basin. In the Pearl River basin, La Niña-
related streamflow tends to be lower than El Niño-related
streamflow with a percentage difference of−21.8 %. In ad-
dition, compared to the percentage changes in the PDO cool
phase (10 %) and in the long-term average without consid-
ering the impacts of PDO (0.6 %), the warm PDO is seen to

Fig.9. Percentage changes of streamflow between El Niño period and La Niña periods 726 
during the PDO warm phase (upper panel) and the PDO cool phase (lower panel) 727 
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Figure 9. Percentage changes of streamflow between El Niño and
La Niña periods during the PDO warm phase (upper panel) and the
PDO cool phase (lower panel).

increase El Niño-related streamflow and decrease La Niña-
related streamflow. In other words, similar to Andreoli and
Kayano (2005), the warm PDO acts as constructive influence
in North China and destructive influence in South China.
Overall, El Niño/La Niña-related precipitation/streamflow
experience similar variability during the warm/cool PDO
phase except for the Songhua River basin in the cool PDO
phase. Moreover, streamflow, which is also influenced by
many other factors such as global SST, long-wave radia-
tion, snow and human activities (Xu et al., 2007), seems
to be more sensitive than precipitation during El Niño/La
Niña periods in both warm and cool PDO phases (Fig. 9).
However, the general influence patterns of the combined ef-
fects are basically consistent. Compared to the ENSO im-
pacts, although the PDO indicator does not show significant
prediction capacity for annual streamflow, probably because
of its multi-decadal cycles, its modulation effects on ENSO
still deserve to be included in research when considering the
long-term influences of ENSO on annual/seasonal/monthly
water resources.

4 Summary and conclusions

This study has investigated the single and combined im-
pacts of ENSO and PDO on the precipitation/streamflow over
China during the last century, to enrich our knowledge for un-
derstanding their complex spatial-temporal teleconnections
and provide a scientific basis for water resource prediction
using ENSO/PDO as a potential predictor. The following
conclusions can be drawn.

Overall, El Niño events mainly decrease while La Niña
events increase the precipitation/streamflow over China.
However, considerable differences exist among months and
basins – for example, the precipitation/streamflow changes
in the Yellow River basin, Yangtze River basin and Pearl
River basin are more significantly influenced by El Niño
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and La Niña events compared to those in the Songhua River
basin among different months – probably because precip-
itation/streamflow in regions/basins close to the ocean are
more significantly influenced due to the mixed impact of
ENSO and other factors such as the East Asian monsoon,
South Asian monsoon and typhoon systems. Additionally,
due to the influences of different circulation systems (Wu et
al., 2003), the significant influence of ENSO on streamflow
in the Yangtze River mainly occurs in summer and autumn
while that in the Pearl River primarily occurs in winter and
spring.

Although significant changes are rarely detected, the
influences of the PDO warm/cool phases on precipita-
tion/streamflow are basically similar as but less than that
of El Niño/La Niña. The precipitation/streamflow in the
Songhua River basin and most parts of the Yellow River
basin are relatively larger during the warm PDO phase than
during the cool PDO phase, while in the Pearl River basin
and most parts of Northwest China these responses are re-
versed. When considering both the influences of the PDO
and ENSO, the responses for precipitation/streamflow are
shown to be opposite in northern China and southern China.
El Niño-related precipitation/streamflow decreases while La
Niña-related precipitation/streamflow increases during the
PDO warm phase in northern China (including the Songhua
River basin and Yellow River basin), and the cool PDO phase
does not obviously change El Niño/La Niña influences on
positive–negative streamflow anomalies.

The variability of streamflow corresponding to
ENSO/PDO is roughly consistent with that of precipi-
tation on the annual scale. On the seasonal/monthly scale,
its response seems more complex than that of precipitation.
Clearly, streamflow is also affected by other factors such as
human activities and land use changes. However, ENSO and
PDO still showed a significant influence on the observed
streamflow in all four major basins in China. The results
obtained indicate that monthly/seasonal ENSO could be a
potential predictor for streamflow prediction in the Yangtze
River, Pearl River or even for the Yellow River; however,
further research on the physical mechanism driving these
relations is needed. Firstly, the influences should be further
quantitatively assessed to enhance the forecast abilities of
the ENSO/PDO indicator for streamflow and water resource
modelling and forecasting. Additionally, other factors
influencing the streamflow should be comprehensively
considered in future studies, such as the East Asia summer
monsoon (Wu and Wang, 2002), global SST, outgoing
long-wave radiation, sea level pressure, snow and human
activities (Xu et al., 2007). Finally, ENSO/PDO events can
be predicted 1–2 years in advance using physically based
coupled ocean–atmosphere models (Lü et al., 2011), and the
potential future states and influences of ENSO/PDO could be
further assessed by considering as far as possible the afore-
mentioned factors by coupling atmospheric/oceanic/land

surface models with a proper distributed physical-based
hydrological model.
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