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SUMMARY

The variation characteristics of precipitation and temperature in the three major Chinese river basins
(Yellow River, Yangtze River and Pearl River) in the period of 1957-2013 were analyzed on an annual
and seasonal basis, as well as their links to sea surface temperature (SST) variations in the tropical
Pacific and Indian Ocean on both interannual and decadal time scales. Annual mean temperature of
the three river basins increased significantly overall since 1957, with an average warming rate of about
0.19 °C/10a, but the warming was characterized by a staircase form with steps around 1987 and 1998.
The significant increase of annual mean temperature could mostly be attributed to the remarkable warm-
ing trend in spring, autumn and winter. Warming rates in the northern basins were generally much
higher than in the southern basins. However, both the annual precipitation and seasonal mean precipi-
tation of the three river basins showed little change in the study area average, but distinct interannual
variations since 1957 and clear regional differences. An overall warming-wetting tendency was found
in the northwestern and southeastern river basins in 1957-2013, while the central regions tended to
become warmer and drier.

Results from a Maximum Covariance Analysis (MCA) showed that the interannual variations of sea-
sonal mean precipitation and surface air temperature over the three river basins were both associated
with the El Nifio-Southern Oscillation (ENSO) since 1957. ENSO SST patterns affected precipitation and
surface air temperature variability throughout the year, but with very different response patterns in
the different seasons. For instance, temperature in most of the river basins was positively correlated with
central-eastern equatorial Pacific SST in winter and spring, but negatively correlated in summer and
autumn. On the decadal time scale, the seasonal mean precipitation and surface air temperature varia-
tions were strongly associated with the Pacific Quasi-Decadal Oscillation.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Most Chinese river basins are located in the East Asian monsoon
region, one of the major monsoonal regions in the world. Under the

Rivers are the major pathways for the delivery of freshwater
and terrestrial material to the ocean (Walling and Fang, 2003;
Meybeck and Vérosmarty, 2005). Riverine discharges greatly affect
the geomorphic evolution, the ecological environment, the
construction and maintenance of hydraulic engineering, as well
as the economic development in both the drainage basins and
the coastal zones (Lamberth et al., 2009; Wang et al., 2010; Hoan
et al,, 2011; Park et al., 2011; Dai et al,, 2014; Yang et al., 2014).
Consequently, timely monitoring and research on riverine
discharges is of great practical importance.

* Corresponding author at: State Key Laboratory of Estuarine and Coastal
Research, East China Normal University, 3663 N. Zhongshan Rd., Shanghai
200062, China.

E-mail address: tianqing0405@hotmail.com (Q. Tian).

http://dx.doi.org/10.1016/j.jhydrol.2016.02.048
0022-1694/© 2016 Elsevier B.V. All rights reserved.

alternating influence of winter and summer monsoon, the river
basins exhibit a distinct annual cycle of dry and rainy seasons. Of
all the Chinese rivers, the Yellow River, the Yangtze River and the
Pearl River are the top three largest from north to south respec-
tively, and hundreds of tributaries developed a lot of sub-basins
in the three river basins (Fig. 1). The total drainage area of the three
rivers is 3 x 10° km? (Table 1), which accounts for about 1/3 of the
Chinese territory. They roughly run from the western mountainous
area to the eastern plain, and finally discharge into the Western
Pacific Ocean by way of the Bohai and Yellow Sea, the East China
Sea and the South China Sea, from north to south respectively
(Fig. 1). Both the Yellow River and the Yangtze River originate from
the permanently snow-covered Qinghai-Tibet Plateau in West
China, which has been known as ‘the roof of the world’, while
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Fig. 1. Location of the three river basins and meteorological stations.

Table 1
Basic data of the three rivers.
Rivers Yellow Yangtze Pearl River
River River
Headstream Tibetan Tibetan Yungui
Plateau Plateau Plateau
Basin area (10° km?) 753 1800 442
River length (10° km) 5.46 6.30 2.21
Runoff (10° m>/a) 30 896 283
Sediment load (10° kg/a) 722 390 72
Average population density 143 220 203

(people/km?)

Data source: The website of the Ministry of Water Resources of China (http://www.
mwr.gov.cn/); runoff and sediment load data (1950s-2010) are from the Chinese
River Sediment Bulletin (2013).

the Pearl River originates from the Yungui Plateau in Southwest
China. The water and sediment yields in the Chinese river basins
are determined by a lot of factors. As numerous studies reported,
human activities, like water diversion, water and soil conservation
measures and dam constructions, were mainly responsible for the
drastic long-term decline of river discharge since the 1950s (H.
Wang et al., 2011). Climate variability, in particular on interannual
time scales, was also very important for the hydrological cycle in
the river basins due to the sensitive and immediate response of
hydrological processes (Liu et al., 2010, 2012). Precipitation is usu-
ally the major water source in the river basins, and dominates the
runoff. According to Lu (2004), on average about half of the annual
precipitation could be transformed into runoff in Chinese river sys-
tems, slightly higher than the global average value of 40% (Gerten
et al., 2008). Precipitation changes might lead to augmented
changes in runoff and subsequent changes in sediment, especially
for rivers with little recharge from glacier melt water (Legesse
et al.,, 2010; Shi et al., 2012). Gerten et al. (2008) reported that
the increase by 7.7% in global river discharge over 1901-2002
was primarily related to the concurrent global precipitation
increase by 2.5%. The runoff response to the increase in evapora-
tion due to rising temperatures may be much slower than to the
variation in precipitation (Wagener et al., 2005; Dai et al., 2009).
Increasing temperature might also intensify the local precipitation

by altering the thermo-dynamic properties of air masses and the
moisture transport (Gardner, 2009; Zhou and Huang, 2010;
Trenberth et al., 2011), thus exerting both a direct and an indirect
influence on runoff.

Regionally, the hydrological responses to climate anomalies
showed different characteristics depending on locations and sea-
sons. For example, runoff anomalies in humid areas were more
related to precipitation, but more sensitive to evapotranspiration
in arid regions (Liu and Cui, 2011). Climate change in humid areas
might induce a higher and more variable runoff than in arid areas
(Shi et al., 2012). It also should be noted that the hydrological and
ecological environments in the arid and semi-arid river basins are
very fragile and more vulnerable to climate change than in humid
basins (Lu, 2004). River courses shortened, and inland lakes con-
tracted or even dried up due to warming in arid regions (Wang
and Cheng, 2000). In contrast, the water-levels in closed lakes
recharged by glacier water rose in response to climate warming
(Song et al., 2014). The contribution of climate change to the vari-
ation of hydrological elements was possibly much higher in plain
river basins located in low latitudes with little recharge by glacier
melt water. Therefore, studies on the temporal variability of tem-
perature and precipitation are of great importance to the water
resource management in the river basins.

The climate and environmental backgrounds, as well as the
socio-economic development differ a lot among the three major
Chinese river basins (Table 1). Therefore, it is necessary to perform
comparative studies to disentangle climate variations in the river
basins, especially in the period since the 1950s, which has experi-
enced the most obvious global climate change during the last
150 years (IPCC AR5, 2013). Previous studies have analyzed the
temperature and precipitation changes in China, but were focused
on different periods, spatial scales, indices or methods (e.g. Hu
et al.,, 2003; Zhai et al., 2005; Wang et al., 2014; Yu et al., 2014;
Liang et al., 2015). For example, the climate variations in a single
river basin were analyzed in previous papers (e.g. Xu et al., 2006;
Liu and Cui, 2011; Y. Wang et al,, 2011; Wu et al,, 2012; Cuo
et al., 2013; Sun et al., 2013), but a comprehensive comparative
study of climate variations in the major Chinese river basins has
not been performed. Moreover, updated data are used in our study,
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which is important for a meaningful assessment of hydro-
meteorological time series based on observations.

Furthermore, changes in global sea surface temperature (SST)
patterns and large scale atmospheric circulation have been shown
to be associated with regional changes in temperature and precip-
itation extremes due to teleconnections (Alexander et al., 2009;
Kenyon and Hegerl, 2010; Li et al., 2012), particularly in regions
around the Pacific rim (Kenyon and Hegerl, 2008). Previous studies
using coupled ocean-atmosphere circulation models have signifi-
cantly enhanced our knowledge of the physical teleconnection
mechanisms responsible for monsoon changes associated with
SST anomalies. For example, Wang et al. (2000) explained the ENSO
effect on East Asian climate by emphasizing the importance of air-
sea interaction over the Philippine Sea in modulating the strength
and location of the western North Pacific anticyclone. Li et al.
(2010) showed that especially the warming associated with the
tropical interdecadal variability centered over the central and east-
ern Pacific, is a primary cause for the weakening of the East Asian
summer monsoon since the late 1970s. In general, monsoon-ENSO
relationships are closely tied to the large-scale Walker circulation
(e.g. Kumar et al.,, 2006; Miyakoda et al., 2007). Existing studies
on the coupling of climate variations over China to SST of the adja-
cent oceans using observational data, however, mainly discussed
the links of changes in SST and precipitation on the annual scale
(e.g. Wang et al., 2014), or in the rainy season (e.g. Lau and Wu,
2001; Yang and Lau, 2004; Hartmann et al., 2008; Ye, 2014), or
in the perspective of extreme precipitation events (e.g. Wang
et al., 2014). By contrast, little attention was paid to other seasons.
However, especially in the southern river basins with a longer
rainy season, other seasons than summer may also contribute to
annual precipitation variability, in particular since eastern tropical
Pacific SST anomalies usually peak in winter. Besides, the links of
seasonal air temperature over China and SST in the tropical oceans,
to our knowledge, have been given little consideration in the liter-
ature so far. All of this provided a great motivation to study com-
prehensively the coupling also separately for the different river
basins and in different seasons.

In our study, temporal variations in precipitation and tempera-
ture both annually and seasonally in the three major Chinese river
basins in 1957-2013 were analyzed to explore the long-term and
interannual climate characteristics over these basins, and a regio-
nal synthesis was made. In addition, the covariance of the seasonal
mean precipitation and temperature fields in the three river basins
with SST in the Pacific and Indian Oceans, which can be considered
as one of the most important driving factors of the regional atmo-
spheric circulation and the hydrological cycle, was also investi-
gated in this study.

2. Data and methodology
2.1. Data

The monthly precipitation and temperature data for 1957-2013
were selected from 290 meteorological stations that were almost
evenly distributed within and surrounding the study area (Fig. 1).
The meteorological data were provided by the National Meteoro-
logical Information Center (NMIC) of the China Meteorological
Administration and were available at http://data.cma.gov.cn/. This
is one of the best meteorological datasets available for China and
has been subject to strict quality control by NMIC (Zhai et al.,
2005; Wang et al., 2014; Yu et al., 2014; Liang et al., 2015), includ-
ing the identification of outliers, internal consistency check, spatial
and temporal consistency checks, and correction of suspected and
erroneous data (Liu and Ren, 2005). Besides, Ma et al. (2015) have
shown that the NMIC dataset of daily precipitation is sufficiently

homogeneous, with significant change points and discontinuities
only at a small fraction (~5%) of the stations, and the discontinu-
ities do not have a significant impact on national and regional aver-
ages. This assessment provides much confidence to the NMIC
dataset used in this study to document the long-term temperature
and precipitation changes over the study area. Several stations
have some missing data records in the early time (1957-1960) of
the study period, such that about 0.38% of all the monthly precip-
itation (or temperature) data are missing. The gaps of precipitation
data were filled by the spatially interpolated data calculated by the
ordinary Kriging method (Krige, 1951; Matheron, 1973), while
missing temperature data at a certain station were filled using lin-
ear regression to well correlated neighboring stations.

SST data were provided by the Met Office Hadley Centre, UK
(Rayner et al., 2003). In our study, the SST data for the region of
60°E-60°W, 50°N-30°S were considered, with a resolution of
1°x 1°  (available at http://www.metoffice.gov.uk/hadobs/
hadisst/data/download.html). The time series of global average
temperature over land (Jones et al., 2012) was available at http://
www.metoffice.gov.uk/hadobs/crutem4/index.html.

2.2. Methodology

We used the nonparametric Mann-Kendall (MK) test (Mann,
1945; Kendall, 1975) to identify monotonic trends in the meteoro-
logical time series. The MK test does not require the data to be nor-
mally distributed and has low sensitivity to outliers or abrupt
breaks in the time series, and thus it has been widely used for
the trend analysis of climatological-hydrological time series (K.H.
Xu et al., 2010; Fu et al., 2013). This method assumes that the ana-
lyzed data points are independent and randomly ordered, and tests
the null hypothesis Hq that there is no significant trend. It contains
two parameters: Zy and f. Zyy reflects the general trend of the
series with positive (negative) values denoting an overall upward
(downward) trend. If |Z,,,| > 1.96 (the critical value at the 95% con-
fidence level according to the standard normal distribution func-
tion), Hp will be rejected, which means there is a statistically
significant trend in the series, otherwise it will be accepted (no sig-
nificant trend). The parameter 8 provides an estimate of the aver-
age rate of change within the time series.

Transition or break points in the time series were detected
using Accumulated Anomaly Curves (Hao et al., 2008). This method
is useful for time series that do not exhibit a constant trend
throughout the length of the time series. The accumulated anom-
aly of a time series (x1, X, . . .,X,), €.g. temperature at a specific geo-
graphical location, is defined as:

t

Xe=> (xi—%) (t=12,....,n)

i=1

with x =137 x;. An upward trend of the curve indicates a rela-
tively warm or pluvial period, whereas a downward trend denotes
a cold or dry period. Thus, a transition point of the curve may be
interpreted as a change of regime.

Maximum Covariance Analysis (MCA) was then applied to
detect spatiotemporal coupled modes of surface air temperature/
precipitation in our study area and SST on both the interannual
and decadal time scales, based on the 7-year high-pass and 7-
15 year band-pass filtered detrended data, respectively. MCA is
also referred to as the Singular Value Decomposition (SVD)
method, because it is based on the decomposition of a “cross-
covariance matrix” derived from the two data fields analyzed
jointly (Bretherton et al., 1992; Wallace et al., 1992). It should be
pointed out that the coupled patterns may a priori have no physical
meaning (Yang and Lau, 2004), and possible lead-lag relationships
have not been considered in our study. The advantage of this
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technique is to identify covariations between two fields of vari-
ables, specifically how the SSTs over different ocean regions may
be coupled to temperature (precipitation) over our study area,
without pre-defining the potentially contributing ocean regions.

Besides, the homogeneous and heterogeneous correlation maps
(Bretherton et al., 1992; Wallace et al., 1992; Kam et al., 2014),
which depict the temporal correlations between the leading SVD
mode of SST and gridded SSTs (homogeneous correlation) and
between the leading SVD mode of SST and station precipitation/
land temperature (heterogeneous correlation), respectively, were
calculated to examine to which extent the precipitation/land tem-
perature variations can be explained by or predicted from the SST
variations of the leading mode.

Znk and g results from the MK test and the homogeneous/
heterogeneous correlation coefficients from the MCA were spa-
tially interpolated by the ordinary Kriging interpolation method.

3. Results
3.1. Long-term mean climate of the study area

The multi-year averages of annual mean temperature and
annual precipitation averaged over the whole study area were
about 12.04°C and 926.49 mm respectively in 1957-2013
(Table 2). However, annual mean temperature and annual precip-
itation showed a clear gradient across the three river basins in
southeast-northwestern direction. In particular, temperature dis-
parities between the northwestern and southeastern parts of our
study area were about 25 °C with lowest temperatures in the
northwest (Fig. 2A). Annual precipitation showed differences of
about 1600 mm between the wet southeastern and the dryer
northwestern part (Fig. 2B). Consequently, the southeast river
basin showed warm and humid conditions, while it was cold and
dry in the northwestern basin, mainly due to the distance to the
sea, the latitude and the topography.

On the basin scale, there were differences of about 6-7 °C in
annual mean temperature and 400-600 mm in annual precipita-
tion on average between neighboring river basins (Table 2).

3.2. Temporal variations over the three river basins in 1957-2013

3.2.1. Annual mean temperature and annual precipitation

Since 1957, the annual mean temperature of the three river
basins has increased significantly at the 95% confidence level
according to the MK test (Table 2). The average warming rate ()
in the study area was about 0.19 °C/10a (Figs. 3A and 4, Table 2).
The significant warming over the three river basins was character-
ized by a staircase form instead of a monotonic upward trend over
the past 57 years, with significant warming transitions around
1987 and 1998, respectively, shown by the Accumulated Anomaly
Curves of annual mean temperature (Fig. 5B). Average annual
mean temperatures after 1998 were about 1.20, 0.83 and 0.58 °C
higher than those before 1987 in the Yellow River, Yangtze River
and Pearl River basins, respectively (Table 3). The observed

pronounced warming after 1987 in the study area shows similari-
ties to the global warming since around 1979 (IPCC AR5, p. 187),
but with the warming setting in about 8 years later (Fig. 4). A
switch from solar dimming to solar brightening around 1990 might
have partly contributed to this temperature evolution in China (e.g.
Ye et al., 2010).

However, in contrast to the annual mean temperature trends
during the past 57 years, the annual precipitation over the three
river basins did neither exhibit a significant trend (Table 2) nor
any obvious periodical fluctuations or transition points based on
the Accumulated Anomaly Curve (not shown). Annual precipita-
tion showed distinct interannual variations (Fig. 6), especially in
the southern basins, and caused extremely wet years, notably
1964 in the Yellow River Basin, 1998 in the Yangtze River Basin
and 1994 in the Pearl River Basin, as well as drought years, like
1965 in the Yellow River Basin and 2011 in the Yangtze River
and the Pearl River basins. The standard deviations of annual pre-
cipitation in the three river basins were 59.21, 73.72 and
163.12 mm respectively from north to south.

3.2.2. Seasonal mean temperature and precipitation

Since the three river basins are located in the typical East Asian
monsoon area, the climate conditions there show strong seasonal-
ity (Fig. 7), with about half of the annual precipitation concentrated
in the summer season in most of the study area, but MAM (March-
April-May) and SON (September-October-November) also make
large contributions (Fig. 7), e.g. up to 40% during MAM in the
southeast (e.g. the Pearl River Basin), due to the earlier onset of
the monsoon season (Fig. 7A) or up to 30% in the central part dur-
ing SON (Fig. 7C).

The temperature change since 1957 showed strong seasonality:
The temperature exhibited warming trends in all seasons (Fig. 8),
but a significant warming over the whole study area was only
found in autumn (Fig. 8C). On the river basin scale, the Yellow River
Basin warmed remarkably all year round. A weaker but significant
warming in the Pearl River Basin only occurred in summer and
autumn, while the Yangtze River Basin showed very heterogeneous
seasonal warming trends. Consequently, the increase of annual
mean temperature in the three river basins was mainly attributa-
ble to the significant warming in autumn (Fig. 8C) and even more
in winter (Fig. 8D), particularly in the Yellow River Basin and the
source region of the Yangtze River Basin. These results support
the conclusion of previous research that the warming in China
mainly occurred in autumn and winter (Ren et al., 2011), reflected
by a remarkable increase in the minimum temperature (Zhang
et al., 2013). For the summer season, a small part of the Yangtze
River Basin showed a cooling trend (albeit not statistically signifi-
cant, Fig. 8B), while previous studies showed a more pronounced
cooling over the basin region based on shorter time series (e.g.
Ye, 2014). Moreover, the Accumulated Anomaly Curves of seasonal
mean temperature suggest step-like changes, but with different
transition points in the 1980s-1990s for the different seasons
and river basins (Fig. 9).

The seasonal mean precipitation hardly changed overall over
the whole study area since 1957, and statistically significant trends

Table 2
MK test results of annual mean temperature and annual precipitation trends in the three river basins. The Ho columns denote acceptance (A) or rejection (R) of the null hypothesis
Ho.
1957-2013 Annual mean temperature Annual precipitation
Multiyear average (°C) Zmk B (°C/10a) Ho Multiyear average (mm) Zimk B (mm/10a) Ho
Yellow River 6.92 5.76 0.27 R 45434 -0.81 -3.62 A
Yangtze River 12.94 4.74 0.17 R 1042.19 -0.41 -2.33 A
Pearl River 19.38 3.68 0.11 R 1462.20 -0.57 -8.99 A
Entire three basins 12.04 5.14 0.19 R 926.49 -0.89 -2.70 A
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of increasing seasonal mean precipitation were only found in parts
of the source region of the Yangtze River in spring (Fig. 8E), as well
as in a small part of the Lower Basin of the Yangtze River in sum-
mer (Fig. 8F) and winter (Fig. 8H). It should be noted that seasonal
mean precipitation displayed spatially heterogeneous changes. The
trend pattern of summer precipitation resembles that of annual
precipitation (Fig. 3B), and the largest magnitude of change
occurred in summer associated with the East Asian summer mon-
soon. As annual precipitation, the Accumulated Anomaly Curves of

seasonal mean precipitation also showed no systematic character-
istics/transition points, except in the autumn season, where they
all indicated a decreasing tendency of precipitation in the late
1980s (not shown).

3.2.3. Inter-basin comparison of trends

Statistically significant upward trends in temperature were
observed over almost the whole study area since 1957 (Fig. 3A).
The warming over the study area corresponded well with the glo-
bal trend, but with much higher magnitude over the same period
(Fig. 4). However, warming rates showed substantial regional dif-
ferences (Fig. 3A): the highest warming was found in the Yellow
River Basin and the western source region of the Yangtze River
on the Qinghai-Tibetan Plateau, as well as in the eastern coastal
area of the Yangtze River Basin with flat topography and intense
human activities. The average warming rates of annual mean tem-
perature in the three river basins were 0.11, 0.17 and 0.27 °C/10a
(Table 2), which indicated a total increase of 0.62, 0.95 and
1.51 °C respectively from south to north for the last 57 years. Evi-
dently, the warming rates in the northern basins were much higher
than that in the southern basins in the period of 1957-2013. The
warming rate of the global average land-surface air temperature
was 0.18 £ 0.04 °C/10a in 1951-2012, with the highest warming
rate of around 0.25 +0.05 °C/10a since 1979 (IPCC AR5, 2013).
Thus, the average warming rate since 1957 in the Yangtze River
Basin was comparable to the global average value, but lower in
the Pearl River Basin. In contrast, it was much higher than the
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Table 3
Annual mean temperature in the time intervals marked by the gray bars in Fig. 5 and
difference between the first and last intervals.

global average in the Yellow River Basin, and even close to the
highest global warming rate since 1979.

A slight (albeit not statistically significant) decrease of annual
precipitation was detected in the whole study area (Table 2). How-
ever, similar to our findings for temperature, the precipitation
trends showed regional differences (Fig. 3B). A general decrease
was found mostly in the central part of the study area (the Mid-
dle-Lower basins of the Yellow River, the central area of the
Yangtze River and the West River Basin of the Pearl River), in

Annual mean 1957- 1987- 1998- (1998-2013)-
temperature (°C) 1986 1997 2013 (1957-1986)
Yellow River 6.49 6.98 7.69 1.20
Yangtze River 12.67 12.86 13.50 0.83
Pearl River 19.18 19.38 19.76 0.58
Entire three basins 11.73 12.01 12.64 0.91
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Fig. 6. Annual precipitation in the Yellow, Yangtze and Pearl River basins (1957-2013). The average over all three basins is denoted by the pink line. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. As Fig. 3, but for seasonal mean temperature (A-D) and precipitation (E-H).

contrast to a slight increase in the source regions of the Yellow
River and the Yangtze River on the Qinghai-Tibetan Plateau, as
well as in the Middle-Lower basins in the southeastern river basin.
Zhang et al. (2013) and Zhai et al. (2005) reported a similar wetting
tendency in Western China, including some western inland river
basins, like the Tarim River Basin in Xinjiang Province (Hao et al.,
2008; Z.X. Xu et al., 2010), as well as in Southeastern China
(Zhang et al., 2013; Chi et al., 2013). In contrast, decreasing precip-
itation was also observed by Qian and Lin (2005) and Liang et al.
(2015) in the mid-low Yellow River Basin and the central Yangtze
River Basin. However, it should be noted that although no signifi-
cant overall trends in annual precipitation were detected, consider-
able spatial disparities in the magnitude of precipitation trends
across the three river basins occurred, particularly in the Yangtze
River Basin, with a maximum negative trend of —82.03 mm/10a
and maximum positive trend of 53.31 mm/10a (Fig. 3B).

In summary, it can be seen that temperature trends in 1957-
2013 exhibited differences along the north-to-south axis, whereas
the precipitation trends were rather oriented along the southeast—
northwest direction. A general warming-wetting tendency was
found in the northwestern and southeastern river basins, while
the central regions were tending to become warmer and drier dur-
ing the same period.

3.2.4. Trends in the sub-basins of the three major river basins

The results of our trend analyses presented above (Figs. 3 and 8)
also suggest regional differences within each of the three river
basins.

The Yellow River Basin showed a remarkable warming trend
since 1957, especially in the Upper Basin. Annual mean tempera-
ture increased at a rate of up to 0.30 °C/10a, which was the highest

warming rate in the whole study area, and the warming rate
decreased from the Upper Basin to the Lower Basin along the
west-east direction (Table 4). The annual precipitation in the Yel-
low River Basin slightly decreased mainly in the Middle and Lower
basins, but the trend was not statistically significant (Table 4).

The strongest warming in the Yangtze River Basin was detected
in the source region (JSJ Basin), but precipitation hardly changed
there (Table 4). The multiyear average of annual mean temperature
on the North Bank of the Mainstream basin was about 3-5 °C lower
than on the South Bank, but both regions showed similar warming
rates. The multiyear average of annual precipitation on the North
Bank was about 500 mm lower than on the South Bank. Precipita-
tion showed decreases on the North Bank, while heterogeneous
trends were found over the South Bank river subbasins (Table 4).
The Mainstream subbasin showed a significant warming, but with
much higher amplitude in the Mid-Lower Mainstream, while the
precipitation hardly changed over the Mainstream subbasin
(slightly negative trend in Upper Mainstream, slightly positive
trend in Mid-Lower Mainstream) (Table 4).

Climate variations in the Pearl River Basin exhibited a zonal
contrast with a significant warming rate in the West River Basin
and an even higher rate over the eastern part of the Pearl River
Basin since 1957. Precipitation, however, did not change signifi-
cantly (Table 4).

3.3. Covariation of land temperature and precipitation with SST

Coupled variations of seasonal temperature and precipitation in
the three river basins with SST on the interannual time scale were
revealed by the MCA method, based on the 7-year high-pass fil-
tered data of seasonal temperature, precipitation and SST since



Q. Tian et al./Journal of Hydrology 536 (2016) 208-221

-10 }

Accumulated anomaly of mean
temperature in MAM (°C)
&

| Pearl River
5| eal (=]

1957

1965 1970 1975 1980 1985 1990 1995 2000 2005

2013

Accumulated anomaly of mean
temperature in SON (°C)

Pearl River

1957

1965 1970 1975 1980 1985 1990 1995 2000 2005 2013

Fig. 9.
y-axes.

Table 4

215

0 L 1 L L L L L L 1 L

20—

Accumulated anomaly of mean
temperature in JJA (°C)

Pearl River

_6 1 1 L L 1 L L L 1 L L 1 L
1957 1965 1970 1975 1980 1985 1990 1995 2000 2005 2013

15t
-20

Accumulated anomaly of mean
temperature in DJF (°C)

Pearl River
-10 | p

TR L ' 1 L L 1 L L 1 L

1957 1965 1970 1975 1980 1985 1990 1995 2000 2005 2013

The Accumulated Anomaly Curves of seasonal mean temperature for MAM (A), JJA (B), SON (C), and DJF (D) in the three river basins. Note the different scaling of

Mann-Kendall test results for trends in annual mean temperature and annual precipitation in the river subbasins.

River Subbasin Annual mean temperature Annual precipitation
Multiyear average (°C) Zmk B (°C/10a) Ho Multiyear average (mm) Zmk A (mm/10a) Ho
Yellow River UB 4.24 6.38 030 R 383.33 0.27 1.31 A
MB 9.66 4.95 0.24 R 519.40 -1.59 -10.93 A
LB 12.27 4.40 0.18 R 703.77 -0.82 -11.91 A
Yangtze River N 6.19 5.42 0.24 R 648.33 1.30 4.89 A
North Bank
MJ 10.42 434 0.15 R 959.31 -1.74 -10.60 A
18] 14.22 3.13 0.11 R 872.51 -0.86 -7.23 A
HJ 14.64 3.64 0.16 R 838.39 -0.34 —4.23 A
South Bank
wj 15.05 2.88 0.10 R 1125.57 —1.80 -18.76 A
DL 16.84 3.97 0.14 R 1402.48 -0.21 -13.55 A
PL 17.80 4.54 0.16 R 1637.69 0.70 17.46 A
Mainstream
UM 16.56 2.72 0.10 R 1107.44 -1.36 -12.51 A
M-LM 15.92 4.67 0.22 R 1264.08 0.17 2.03 A
Pearl River WR 19.07 3.35 0.11 R 1392.95 -1.01 -11.94 A
NR 20.30 3.89 0.12 R 1692.64 0.30 5.99 A
ER 21.16 4.58 0.15 R 1808.71 -0.12 -1.57 A

1957. Moreover, covariances on the decadal time scale were also
analyzed, based on the 7-15year band-pass filtered data. Our
MCA results are presented by means of homogeneous and hetero-
geneous correlation maps. The homogeneous correlation between
the SST at every grid point and the temporal expansion coefficient
of the leading SVD mode of SST illustrates the spatial pattern of SST
variability associated with this expansion coefficient. In the hetero-
geneous correlation, the same SST expansion coefficient is corre-
lated with precipitation (land temperature) at every grid point

over the major Chinese river basins to indicate the potential for
predicting precipitation (land temperature) anomalies in the river
basins from the leading expansion coefficient of SST.

3.3.1. Interannual covariation of precipitation and SST

The first coupled mode of precipitation and SST in the spring
season (MAM) explained 25.10% of the squared covariance (Table 5)
and revealed that precipitation in the Yellow River Basin and
Middle-Lower basins of the Yangtze River Basin were positively
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correlated with the SST in the central and eastern equatorial Pacific
and Indian Ocean, but negatively correlated with the SST in the
western tropical Pacific on the interannual time scale (Fig. 10A).
This indicates that the Yellow River Basin and Middle-Lower
basins of the Yangtze River Basin could have spring flood (drought)
in years when the central and eastern tropical Pacific and Indian
Ocean were abnormally warm (cold) and the western tropical Paci-
fic was abnormally cold (warm). This pattern of SST variation cor-
responds to a typical ENSO (El Nifio-Southern Oscillation) mode.

The first mode of precipitation and SST in JJA only explained
15.15% of the covariance, but the correlation coefficient between
the two principal components (PCs) was 0.71 (Table 5). The hetero-
geneous correlation pattern showed that the interannual variation
of precipitation in JJA over the Middle Yellow River Basin was
clearly linked to the variation of SSTs in the central and eastern
tropical Pacific Ocean in opposite ways (with La Nifia phases caus-
ing an increase in precipitation) (Fig. 10B). This is in accordance
with previous studies showing that when the central and eastern
tropical Pacific was abnormally warm (cold) in JJA, the East Asian
summer monsoon circulation tended to be weak (strong) and the
monsoon onset was usually delayed (earlier), and thus less (more)
precipitation than usual was detected over the northern river
basins, while more (less) precipitation was found over the south-
ern river basins (Yang and Lau, 2004; Ye, 2014). For example, the
Yellow River dried up for 226 consecutive days due to the El
Nifio event in 1997 (Xu, 2004) which continued for the first half
year of 1998 and thus made the Yangtze River Basin suffer from
the worst flood disaster during the last 60 years.

The interannual variation of precipitation in SON over the three
river basins was also mostly determined by the ENSO-driven vari-
ation of SST, with maximum positive (negative) anomalies in the
central and eastern tropical Pacific and Indian Ocean, but opposite
anomalies in the western Pacific. When SSTs over the central and
eastern tropical Pacific were abnormally high (low) in autumn
(SON), less (more) precipitation occurred in the region north of
the Mainstream of Yangtze River, while more (less) precipitation
was detected in the southern river basins at the same time
(Fig. 10C).

In the winter (DJF) season, the first mode explained 48.27% of
the SST variance, 51.07% of the precipitation variance and 45.20%
of the precipitation-SST covariance (Table 5). In this mode, precip-
itation in the southeastern part of our study area, was positively
correlated with the ENSO SST variations (Fig. 10D). Consequently,
warm El Nifio (cold La Nifia) phases appear to coincide with higher
positive (negative) precipitation anomalies throughout the Pearl
River Basin, as well as the Poyang Lake and Dongting Lake basins
of the Yangtze River.

Overall, the MCA reveals that ENSO SST patterns affected pre-
cipitation variability over the major Chinese river basins through-
out the year, but with very different spatial response patterns in
the different seasons. The Mainstream of Yangtze River could be
considered as the dividing line to separate the whole study area
into two parts: the southern part was more influenced by SSTs than
the northern part, except in summer. Yang and Lau (2004) sug-
gested a physical mechanism that explains the causal links

Table 5

between the interannual variations of precipitation and SST in
terms of low- and mid-level tropospheric circulation anomalies
in spring and summer.

3.3.2. Interannual covariation of land temperature and SST

The first coupled mode explained 29.24% of SST variance,
35.07% of land temperature variance, and 32.30% of the covari-
ance of land temperature and SST in spring (Table 6). This mode
also revealed typical ENSO SST variations, which were positively
correlated with the temperature variations in the Pearl River
and Yangtze River basins, especially in the southwestern part
(Fig. 11A). In JJA, abnormally high (low) SST in the central and
eastern tropical Pacific corresponded to a negative (positive) tem-
perature anomaly in the Yangtze River Basin (Fig. 11B). In
autumn, abnormally low (high) temperatures in the source
regions of Yangtze River located on the Tibet Plateau covaried
with unusually high (low) SST in the central and east Pacific
and Indian Ocean and with lower (higher) SST in the western
tropical Pacific (Fig. 11C). Winter temperatures over most of the
river basins (except for the Yangtze and Yellow River source
regions) were positively correlated to the ENSO mode of SST vari-
ation (Fig. 11D).

Overall, interannually varying summer and autumn mean tem-
peratures over the three river basins were negatively correlated to
the ENSO-driven variation of SST during the last 6 decades, while
they were positively correlated in winter and spring. Despite the
different signs of correlation in different seasons, the covariation
of seasonal mean land temperature with SST was spatially much
more coherent over the study area than the precipitation patterns
discussed above.

3.3.3. Decadal covariation of precipitation and SST

Different from the first SST mode on the interannual time scale,
which reflected ENSO, the decadal-scale leading mode showed SST
variations that were much more pronounced in the eastern North
Pacific (Fig. 12). Compared to ENSO, the SST pattern was less equa-
torially confined in the eastern Pacific, and SST anomalies mostly
stretched from the northeast Pacific to the central equatorial Paci-
fic. This SST pattern is typical for the Pacific Quasi-Decadal Oscilla-
tion (QDO) which exhibits warmer conditions in the central and
eastern tropical and northeastern Pacific during its warm/positive
phase and has been described in previous studies (e.g. Tourre
et al.,, 2001; White and Liu, 2008).

In the first coupled mode on the decadal time scale during the
MAM season, SST anomalies in the central and eastern tropical
Pacific and Indian Ocean were positively correlated with the pre-
cipitation in the southeastern part of the study area (the Pearl River
Basin, and Poyang Lake Basin of the Yangtze River), but negatively
correlated with the precipitation in the Yellow River and the Han-
jiang and Wujiang basins of the Yangtze River (Fig. 12A).

According to the first coupled mode during the summer season,
which explained 33.67% of the covariance of precipitation and SST
(Table 7), the precipitation in the basins south of the Yangtze River
Mainstream and most of the Upper-Middle basins of the Yellow
River was higher (lower) when SSTs experienced a warm (cool)

Percentage variances of SST, precipitation and the SST-precipitation covariance explained by the leading SVD mode in 1957-2013, and the correlations between the PCs of SST
and precipitation modes on the interannual time scale. The last column denotes the 95% confidence interval calculated by Pearson T3 (Olafsdottir and Mudelsee, 2014) for the
correlation between the PCs. Pearson T3 takes non-normal distributional shapes and serial correlation of time series into account.

1957-2013 Precipitation variance (%) SST variance (%) Precipitation-SST covariance (%) Correlation (PC-P, PC-SST) 95% confidence interval
MAM SVD1 22.28 32.65 25.10 0.67 (0.54, 0.77)
JIA SVD1 7.07 33.05 15.15 0.71 (0.54, 0.83)
SON SVD1 17.55 52.39 29.35 0.66 (0.47, 0.79)
DJF SVD1 51.07 48.27 45.20 0.57 (0.32,0.74)
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Fig. 10. Heterogeneous correlation of the leading SVD expansion coefficient of SST with precipitation over China (A;-D,), and homogeneous correlation of the leading SVD
expansion coefficient of SST with SST at every grid point (A,-D,). All data entering the analysis have been 7-year high-pass filtered.

Table 6
As Table 5, but for SST and land temperature.
1957-2013 Temperature variance (%) SST variance (%) Temperature-SST covariance (%) Correlation (PC-T, PC-SST) 95% confidence interval
MAM SVD1 35.07 29.24 32.30 0.57 (0.35,0.73)
JJA SVD1 43.25 2291 27.19 0.51 (0.31, 0.67)
SON SVD1 18.29 50.02 29.61 0.52 (0.22, 0.73)
DJF SVD1 62.65 43.35 40.42 0.38 (0.13, 0.58)

Corr (SVD1-SST, T) (MAM)

SVD1 - SST (MAM) Corr (SVD1-SST, T) (JJA) SVD1 - SST (JJA)
o ] V3

e 120
Corr (SVD1-SST, T) (SON)

30°S 10°S 10°N 30°N 50°N
30°S 10°S 10°N 30°N SO0°N

30°S 10°S 10°N 30°N 50°N
30°S 10°S 10°N 30°N S0°N

Fig. 11. As Fig. 10, but for land temperature and SST.
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Fig. 12. As Fig. 10, but for the 7-15 year band-pass filtered data.

QDO-like pattern (Fig. 12B). In autumn, 46.92% of the covariance precipitation variations in the Middle Basin of the Yellow River
was explained by the first mode, in which a warm (cold) Pacific were out of phase with the basins south of the Yangtze River Main-
QDO phase corresponded well with less (more) rain in most areas stream, with precipitation in these southern regions being posi-
of the three river basins except for some parts of the ]JSJ Basin tively correlated with tropical eastern Pacific and extratropical
(Fig. 12C). In the first coupled mode during the winter season, North Pacific SST (Fig. 12D).
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Table 7
As Table 5, but for the decadal time scale (7-15 year band-pass filter).

1957-2013 Precipitation variance (%) SST variance (%) Precipitation-SST covariance (%) Correlation (PC-P, PC-SST) 95% confidence interval
MAM SVD1 30.75 38.13 33.69 0.94 (0.71, 0.99)
JJA SVD1 33.97 33.43 33.67 0.98 (0.86, 1.00)
SON SVD1 53.23 41.18 46.92 0.98 (0.93, 1.00)
DJF SVD1 72.01 14.71 41.46 0.95 (0.92, 0.97)

3.3.4. Decadal covariation of land temperature and SST

The (quasi-)decadal covariance of seasonal mean land tempera-
ture and SST is shown in Table 8 and Fig. 13. Again, leading modes
reveal QDO-like SST patterns (cf. Tourre et al., 2001; White and Liu,
2008) in all the four seasons. The temperature across almost the
entire study area was out of phase with the QDO-like mode of
SST in spring (Fig. 13A) and autumn (Fig. 13C) (i.e. lower land tem-
perature during the warm Pacific QDO phase), and in phase in sum-
mer (Fig. 13B) and winter (Fig. 13D) (i.e. higher land temperature
during the warm Pacific QDO phase). In summary, precipitation
and temperature anomalies in the three river basins associated
with the Pacific QDO pattern of SST showed both similar and differ-
ent spatial patterns compared to the interannual ENSO mode
(Figs. 12 and 13).

4. Perspectives on runoff changes in the three major river
basins

An overall decrease in runoff and the subsequent decrease in
sediment load of the three rivers since the 1950s have been
reported by numerous studies. Runoff reduction induced by natu-
ral climate variations was far exceeded by the effects of human
activities over the long term (Yang et al., 2010). However, interan-
nual climate variations possibly linked to El Nifio/La Nifia events
may have caused interannual fluctuations of river runoff, and con-
sequent floods and droughts in the river basins. Different opinions
still exist on to what extent climate variations can influence the
runoff. In this section, we discuss the impact of climate variations
on the hydrological factors of the three major river basins.

4.1. Yellow River Basin

The source region above the Tangnaihai hydrological station in
the Yellow River contributed about 35% of the annual water dis-
charge (Hu et al., 2011), and the runoff from there was influenced
by climate variations, given the fact that the anthropogenic influ-
ences in the source region were weak due to the high elevation
and harsh climate conditions. The extremely significant warming
trend we found in the Upper Basin of the Yellow River all year
round since 1957 acted to increase the evaporation (Cuo et al.,
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2013; Liu and Cui, 2011) as well as the snowmelt water supple-
ment on runoff, especially in spring and summer. However, the
contribution of annual snowmelt to runoff was very limited,
because rainfall dominated the annual surface runoff in the Upper
Basin (Cuo et al., 2013). The slightly increased precipitation since
1957 (Fig. 3B) would have produced more runoff; however the
annual runoff from the Upper Basin has decreased (Cuo et al.,
2013). Obviously, the loss of runoff due to increasing temperature
exceeded the slightly increased precipitation over the Upper Basin.

Rainfall is the primary water source in the middle Yellow River
Basin. According to the above analysis, precipitation showed nega-
tive trends of various magnitudes across the Middle Basin of the
Yellow River since 1957, except for the winter dry season
(Figs. 3B and 8E-H, Table 4). Strong evaporation and drought was
exacerbated by the significant warming and precipitation reduc-
tion overall, and led to severe water scarcity in the Middle Basin
of the river basin. This may partly explain increasing numbers of
zero-flow days in the Yellow River, especially after the 1980s
(Xu, 2004). In addition, 90% of the sediment load from the Yellow
River was contributed by the highly erodible area
(21.2 x 10* km?) of the Loess Plateau located in the Middle Basin
(CRSB, 2000-2007; Peng et al., 2010), which was primarily attrib-
uted to the summer rainfall (Liu et al., 2013). Therefore, the reduc-
tion in summer precipitation (Fig. 8F) and extreme rainfall events
(Fu et al., 2013) in the Middle Basin should have been the most
important climatic cause, responsible for the significant reduction
in annual runoff (approximately 7.93% decrease due to climate
change in 1950-2009, according to Wang et al. (2012)) and the
subsequent reduction of sediment load in the Yellow River since
1957. Climate impacts on runoff in the Lower Basin of the Yellow
River could be negligible because of its very small area.

4.2. Yangtze River Basin

Climate warming occurred all year round across the Yangtze
River Basin except for some parts in summer (Fig. 8A-D), which
may have led to a modest increase of glacier and snowmelt water
in the source region. However, evaporation exhibited a significant
downward trend due to a significant reduction in net solar radia-
tion and wind speed over several decades (Xu et al., 2006), except
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Fig. 13. As Fig. 12, but for land temperature and SST.
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Table 8
As Table 7, but for SST and land temperature.

1957-2013 Temperature variance (%) SST variance (%) Temperature-SST covariance (%) Correlation (PC-T, PC-SST) 95% confidence interval
MAM SVD1 36.96 25.55 31.14 0.87 (0.43, 0.98)

JIA SVD1 43.31 29.09 36.85 0.93 (0.59, 0.99)

SON SVD1 48.85 40.05 44.29 0.95 (0.56, 1.00)

DJF SVD1 78.13 32.26 51.20 0.73 (-0.01, 0.95)

in the JS] Basin (Y. Wang et al., 2011), the source region of the
Yangtze River. Meanwhile, precipitation as the primary water
source in the Yangtze River Basin exhibited heterogeneous spatial
and seasonal variations over the catchment (Fig. 8E-H). Heteroge-
neous variations in runoff were observed in the subbasins when all
these factors were integrated. For example, the annual runoff of the
JSJ Basin showed a slight reduction due to climate change (Sun
et al., 2013), while the annual runoff of the Poyang Lake Basin
increased over the same period (Ye et al., 2013). The summer pre-
cipitation in parts of the eastern plain river basins exhibited a sig-
nificant increase since 1957 (Fig. 8F), and combined with the flat
topography, could easily lead to flood hazard in the Middle-Lower
Mainstream.

4.3. Pearl River Basin

Accompanied by the significant reduction in evaporation
mainly influenced by the maximum air temperature (Liu et al.,
2010), or more cloudy days and aerosol concentration (Zhang
et al., 2014) during the last few decades, the precipitation in the
Pearl River Basin did not show significant long-term changes as
analyzed above (Fig. 8E-H). Only about 10% reduction in runoff
and sediment load was contributed by climate change in 1954-
2009 in the Pearl River Basin (Wu et al.,, 2012). However, the
year-to-year values of runoff and sediment load of the Pearl River
fluctuated with precipitation over the past few decades, while the
total amount of runoff and sediment load was significantly reduced
overall since the 1950s (Wu et al., 2012; Zhang et al., 2009; H.
Wang et al., 2011).

5. Conclusions

The characteristics of annual and seasonal precipitation and
temperature variations in the three major Chinese river basins
(the Yellow River, Yangtze River and Pearl River) in the period of
1957-2013 were analyzed in this study, as well as their links to
variations in SST in the Pacific and Indian Ocean on both interan-
nual and decadal time scales.

The annual mean temperature over the three river basins in
general increased significantly since 1957, with the average warm-
ing rate of about 0.19 °C/10a in the whole study area. The obvious
increase of annual mean temperature was mainly attributed to a
significant warming trend in autumn and even higher in the spring
and winter season in terms of the warming rate, particularly in the
Yellow River Basin and the source region of the Yangtze River
Basin. However, the warming process over the three river basins
was characterized by an obvious staircase form around 1987 and
1998 over the past 57 years, instead of a monotonic upward trend.
Spatially, the warming rates in the northern basins were much
higher than in the southern basins overall, and the most significant
warming rate was found in the Yellow River Basin and the western
source region of the Yangtze River with high altitudes, as well as in
the eastern coastal area of the Yangtze River Basin with intense
human activities.

However, both the annual precipitation and seasonal mean pre-
cipitation in the three river basins showed little long-term change,

but exhibited distinct interannual variations during the studied
period. Besides, the trend of precipitation showed complex regio-
nal differences: a general decrease of annual precipitation was
found mostly in the central part of the study area (the Middle-
Lower basins of the Yellow River, the central area of the Yangtze
River and the West River Basin of the Pearl River), while the annual
precipitation in the western source regions of the Yellow River and
the Yangtze River located on the Qinghai-Tibetan Plateau, as well
as the Middle-Lower basins in the southeastern region has slightly
increased since 1957.

The temperature trend showed a pronounced north-south dis-
parity, whereas the trend in precipitation was more distinct along
the southeast-northwest direction. Overall, a warming-wetting
tendency was found in the northwestern and southeastern river
basins during 1957-2013, while the central regions tended to
become warmer and drier during the same period.

Interannual variations in precipitation over the three major
river basins were associated with ENSO-driven SST variability,
but with different characteristics in the different seasons. For
example, ENSO patterns of SST variations were positively corre-
lated with the precipitation in the southeastern basins in winter,
but negatively correlated with the precipitation over the Yellow
River Basin in summer. In autumn, a negative relationship of ENSO
SST to the precipitation in the basin north of the Mainstream of the
Yangtze River was found, but a positive correlation with the pre-
cipitation in the southern river basins. Land temperature variabil-
ity was also found to be related to the ENSO SST mode, but
compared to precipitation, the interannual covariation of seasonal
mean land temperature with SST was more spatially homogeneous
in the study area in the individual seasons. Temperatures over
large portions of the study area were negatively correlated with
the ENSO mode of SST variability during the past six decades dur-
ing summer and autumn, but positively correlated in winter and
spring. Our findings thus emphasize the need to distinguish
between seasons when studying atmosphere-ocean teleconnec-
tions. On decadal time scale, variations in seasonal mean precipita-
tion and land temperature were associated with QDO-like
variations in Pacific SST. As such, our results suggest that possible
future shifts in the Pacific SST as suggested by climate model sce-
nario runs (e.g. Collins et al., 2010; Taschetto et al., 2014) have the
potential to affect seasonal patterns of precipitation and tempera-
ture over the major Chinese river basins. Based on our findings on
temperature and precipitation changes, this study discussed the
possible links of these variations to the runoff/sediment load
changes in the three river basins described in previous studies.
Using hydrological models (e.g. Vetter et al., 2015) in future studies
to investigate the impact of climate variations on hydrological pro-
cesses in the river basins will provide much stronger conclusions
for suitable water resource regulating projects and further insight
for predicting the hydrological response to projected global
warming.
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