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ABSTRACT

This is an exploratory study to investigate the spatial and temporal characteristics of east China’s (EC)
river runoff and their relationship with precipitation and sea surface temperature (SST) at the continental
scale. Monthly mean data from 72 runoff stations and 160 precipitation stations in EC, covering a period
between 1951 and 1983, are used for this study. The station river runoff data have been spatially interpo-
lated onto 1° grid boxes as runoff depth based on an extracted drainage network. Comparing runoff depth
with precipitation shows that seasonal variation in runoff is consistent with the development of the summer
monsoon, including the delayed response of runoff in several subregions. The dominant spatial scales and
temporal patterns of summer runoff and precipitation are studied with empirical orthogonal function (EOF)
analysis and wavelet analyses. The analyses show interannual, biennial, and longer-term variations in the
EOF modes. South—north dipole anomaly patterns for the first two runoff EOF’s spatial distributions have
been identified. The first/second runoff principal components (PCs) are highly correlated with the second/
first precipitation PCs, respectively. The summer runoff’s EOF PCs also show significant correlations with
the multivariate El Nifio-Southern Oscillation index (MEI) of the summer and winter months, while the
summer precipitation PCs do not. Statistic analysis shows that EOF1 of runoff and EOF2 of precipitation
are related to El Niflo, while EOF2 of runoff and EOF1 of precipitation are related to a dipole SST anomaly
over the northwestern Pacific. The interdecadal relationship between summer runoff, precipitation, and SST
variability is further studied by singular value decomposition (SVD) analysis. Pronounced warming (SST)
and drying (runoff) trends in first SVD PCs have been identified. These SVDs are used to reconstruct a
decadal anomaly pattern, which produces flooding in part of the Chang Jiang River basin and dryness in the
northern EC, consistent with observations.
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1. Introduction

Detection of climate anomaly trends and discoveries
of climate variability cycles are vital for the understand-
ing of global climate change. Numerous studies have
focused on investigating the climate variability of the
earth system, in particular, the atmosphere—ocean sys-
tem (e.g., Trenberth 1990; Lau and Weng 1999). How-

Corresponding author address: Yongkang Xue, Department of
Geography, University of California, Los Angeles, Los Angeles,
CA 90095.

E-mail: yxue@geog.ucla.edu

© 2005 American Meteorological Society

ever, the climate variability of ground hydrology at con-
tinental/global scales is still not adequately explored,
with fewer reports (e.g., Lins 1985; Lettenmaier et al.
1994; Maurer et al. 2002). This study investigates the
seasonal and interannual runoff variability in China at
the continental scale and its relationship with precipi-
tation, sea surface temperature (SST), and El Nifio
Southern Oscillation (ENSO) using river runoff and
precipitation data that we obtained during the past few
years.

The water cycle in East Asia exhibits very high spa-
tial and temporal variability. Often, the amplitude of
the interannual variability can be as large as the mean
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state. Many studies (e.g., Lau 1992; Yatagai and Yasu-
nari 1994; Nitta and Hu 1996; Weng et al. 1999, here-
after WLX99) have shown that observed precipitation
exhibits strong interannual and interdecadal variations
as well as a long-term dry trend in East Asia. Mean-
while, different climate anomaly signatures appear over
different parts of China (e.g., Xue 1996), in particular,
a dramatic shift from dry to wet conditions in central
eastern China and an opposite shift in northern China
in the late 1970s (WLX99). However, no comprehen-
sive analyses have been conducted for river runoff re-
sulting from the difficulty in data collection and the
uniqueness of river runoff data. Unlike normal climate
variables, river runoff is confined to river channels.
Therefore, the techniques that are used for spatial in-
terpolation of precipitation are not appropriate for
river runoff data. Our study is motivated by the impor-
tance of the water cycle in East Asia and the lack of
study on river runoff at the continental scale over the
region.

2. Data and interpolation method

We have obtained monthly mean river runoff data
from about 200 stations in China from different
sources. These data are in hardcopy format and are
mainly obtained from archives in China. In addition,
data from 7 stations were obtained from the Global
Runoff Data Center (GRDC), and data from 20 sta-
tions were obtained from the Ministry of Hydraulic En-
gineering and Water Resources of China. Although the
runoff data from a few stations date back more than 100
yr, most of the stations only cover a short time period
between 1951 and 1983. Because China changed its
policy regarding the release of runoff data in 1983, we
are unable to obtain data after 1983 for most parts of
China. After eliminating station data with more than 1
yr missing between 1951 and 1983, a final 72 stations
were selected for this study (Fig. 1a). The extracted
data have a good spatial coverage of the eastern part of
China, covering several basin areas except for the west-
ern parts of the Chang Jiang River (CJR) and Yellow
River (YR) basins and the middle part of the Hai He
River basin (Figs. 1a and 1b). A few isolated missing
monthly data were either replaced by the average of the
two nearest months or by the decadal monthly mean
climatology. We have no quantitative information re-
garding the modulation of river runoff by reservoirs
and irrigation, which are two major practices in modern
Chinese water management (Nickum 1981). The pos-
sible implication of these effects and their omission in
this study will be discussed later.

In this paper, we apply a river channel network [To-
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(a) Location of the Runoff and Rainfall data over China
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F1G. 1. (a) Location of the runoff and rainfall stations over
China (circles: runoff stations; triangles: precipitation stations);
and (b) extraction of the one® mesh TRIP of Asia (from Oki and
Sud 1998). River mouths are plotted by “*.” The thick line cor-
responds to the river order of streams. (c) Schematic diagram of
flow direction of TRIP and hypothetical runoff stations.

tal Runoff Integrating Pathways (TRIP); Oki and Sud
1998], which provides flow directions, for river runoff
data interpolation. The dataset has been interpolated to
1° grid boxes based on TRIP (Fig. 1b). The aim of TRIP
is to provide lateral water movement information over
land following the paths of river channels. The TRIP
map was used to prepare templates to convert the sta-
tion data of river discharge into the areal data of mean
runoff depth. In this study, the measured runoff data at
a runoff station are divided by the corresponding basin
area first to obtain the runoff depth in the basin. They
are, then, uniformly assigned to the grid points within
this river basin according to flow direction of the TRIP.
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If there are multiple stations in a river, the runoff depth
in the upper reach is calculated first. In subsequent
calculations of runoff depth to the lower reach, the dis-
charge that is measured in the upper reach is subtracted
from the measurement of the lower-reach station to
obtain the discharge between these two stations. The
similar procedure is done for the basin area between
these two stations to finally get the runoff depth in the
lower reach. If a grid box lies among different river
basins, then the averaged runoff depth is assigned to
that box. While conducting interpolation, we have to
compare the TRIP with published river maps because
some stations appear to lie consecutively in a river or to
be concentrated within one grid box in the TRIP map,
but they actually represent different parallel branches
of a river. Careful checking must be done before sub-
tracting the station runoff values and assigning the run-
off depth to grid points. Figure 1c is a schematic dia-
gram showing the flow direction of TRIP and hypo-
thetical runoff stations. Double-lined arrows indicate
the flow directions. Based on the principles described
earlier, measurements at station A determine the run-
off depth at grid points g0, g5, and g6; measurements at
station B determine the runoff depth at g2. The mea-
surement differences between station D and stations B
and C determine the runoff depth at g4, g8, and g9. The
runoff depth at g3 is determined by measurements at B,
C, and D.

In addition to the runoff data, we have also obtained
monthly mean precipitation data from the Chinese
Academy of Meteorological Sciences. A dataset with
160 stations from 1951 through 1999 is used for this
study (Chen et al. 1998). The spatial coverage for the
precipitation data is relatively dense and well distrib-
uted in the eastern part of China (Fig. 1a). This dataset
has also been interpolated to 1° grid boxes using Grid
Analysis and Display System (GrADS) software (Doty
1995). We focus only on the areas to the east of 105°E
because of the runoff data coverage. This region is re-
ferred to as east China (EC), and our discussions are
restricted within this region. Please note that these two
datasets were measured and recorded by two indepen-
dent organizations: one is a meteorological network
and the other is a hydrological network. This work in-
tends to explore their variability and covariability at the
continental and seasonal-to-interannual scales.

3. Basic climatology

The annual mean precipitation and runoff from 1951
through 1983 are shown in Fig. 2. Figure 2a has been
compared with some published Chinese annual precipi-
tation maps with unspecified average time periods and
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numbers of stations used (e.g., Xu 1990; Derbyshire
1990). The patterns and magnitudes in Fig. 2a are more
similar to those in Fig. 2c (Derbyshire 1990) and in Xu’s
(1990) map than those produced using datasets with
coarse resolutions over the China region (e.g., Xie and
Arkin 1997; Hulme 1992). East China rainfall is greatly
influenced by the East Asian summer monsoon and is
inversely related to distance from the sea. Figure 2a
exhibits a clear south-north gradient as well as an east—
west gradient, which is consistent with the monsoon
migration. The 700-mm isohyet roughly follows the
northern boundary of the Huai He River basin and Qin
Ling Mountain (label 3 in Fig. 1b), and is a divide be-
tween the rice areas and the dry farming lands. To the
north of the 500-mm isohyet, precipitation is scarce,
resulting in mainly pastoral areas (Zhao 1986). The
heaviest precipitation with more than 1600 mm annu-
ally occurs along coastal areas that are associated with
hills and mountains.

In winter [December-January—February (DJF)],
with the strong northerly monsoon, the climate is cold
and dry resulting from the dominant Siberian cold sys-
tem (Fig. 3a). Except to the south of the CJR, where
precipitation stems mainly from the lifting of warm,
moist southerly flows by cold bursts from the north, the
monthly rainfall mean is less than 40 mm month™' over
most of the region. The rainy season in East Asia starts
in April from south of the CJR and moves southward in
May to south China with light precipitation. This is
caused by the confluence of cold air from the north, the
southwesterly flow from the subtropical high, and west-
erly flow from the subtropical region of South Asia,
forming a typical subtropical rainbelt. The monsoon
from the South China Sea reaches southeast China in
late May. Figure 3b shows March-April-May (MAM)
mean precipitation, when the areas to the south of the
CJR receive about 40% of their total precipitation for
the year. The monsoon moves northward during the
summer [June—July—August (JJA), Fig. 3c], when the
areas to the north of the YR receive more than 50% of
their precipitation for the year, which is in dramatic
contrast to the spring drought there. The precipitation
to the south of the CJR consists of about 35% of the
annual total. Because of the topographic effects that
block the monsoon migration, the northwest part of EC
has little precipitation, even during the summer. During
the fall [September-October-November (SON)], the
Sichuan basin (label 4 in Fig. 1b) receives more precipi-
tation, which is about 25% of the annual total for that
area (Fig. 3d). The ratios of seasonal precipitation to
the annual precipitation for EC for DJF, MAM, JJA,
and SON are 0.066, 0.256, 0.481, and 0.197, respectively.
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n (b) 1951-1983 Runoff (mm/yr)

a) 1951-1983 Rainfall (mm/yr)
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FIG. 2. (a) Mean annual precipitation and (b) runoff depth during the 1951-83 period from our study and (c) annual precipitation and

(d) runoff depth from the Hydrologic Atlas of the People’s Republic of China (Derbyshire 1990). Unit: mm yr~

!. The areas with more

than 1600-mm precipitation and 1000-mm runoff depth are crosshatched in (c) and (d), respectively. (¢) Annual ratio of runoff-

precipitation during the 1951-83 period.

Clearly, the most abundant precipitation falls in the
monsoon period of JJA.

These characteristics are also clearly exhibited in the
runoff at the annual and monthly scales (Fig. 2b and
Fig. 4). Please note that the spatial coverage of Fig. 2b
around the periphery of the domain is different from
Fig. 2a. This is an artifact of the spatial coverage of the
steamflow gauges and the river flowchart. Figure 2d is
the annual river runoff depth with unspecified average
time period and number of stations from the Hydro-
logic Atlas of the People’s Republic of China (Derby-
shire 1990), which has been compared with other pub-
lished high-resolution figures of runoff depth over

China (Xu 1990; Technique Team of Preliminary Prod-
ucts of National Water Research 1981). The Technique
Team of Preliminary Products of National Water Re-
search (TTNWR) figure was based on data from 1956
through 1979, with an unspecified number of stations in
China, and Xu (1990) did not provide detailed infor-
mation. The maps that are based on these three
datasets show similar major large-scale patterns. How-
ever, the regional detail and the magnitude are differ-
ent, maybe as a result of the time period, number and
spatial distribution of stations, and/or the interpolation
methods used.

We analyze spatial patterns in Figs. 2b and 2d to
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(b) 1951-83 MAM RAINFALL (mm/mon)
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F1G. 3. Mean seasonal precipitation during the 1951-83 period (mm month™): (a) DJF, (b) MAM,
(c) JJA, and (d) SON.

understand the observed large-scale spatial variability
of runoff, and to evaluate the gridded runoff data. The
highest runoff is located to the south of CJR. The areas
that are associated with high runoff (more than 900 mm
year™ ') are located in the hills and mountains along the
southeastern coast (around 27°N and 118°E), to the
south of the Nan Ling Mountain (label 8 in Fig. 1b), and

in the areas south of 30°N along 110°E (east of the
Yun-Gui Plateau), consistent with Fig. 2d. However,
a relative high along 114°E between 25° and 28°N is
not produced in Fig. 2b. This area is the Luoxiao Moun-
tain (label 6 in Fig. 1b), which separates two major
southern tributaries of the CJR: the Xiang Jiang River
and the Gan Jiang River (labels 7 and 5, respectively, in
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(b) MAM Runoff Depth(mm/mon)
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FIG. 4. Mean seasonal runoff depth during the 1951-83 period (mm month™'): (a) DJF, (b) MAM,
(c) JJA, and (d) SON.

Fig. 1b). We have insufficient stations over that area
(see Fig. 1a) to highlight this regional pattern. Aside
from this shortcoming, the spatial features in this high
runoff area are reasonably captured.

The Sichuan basin in western China created a special
spatial runoff feature. The Sichuan basin has low runoff
but is surrounded by relatively high river runoff depth

in Fig. 2d that is associated with high topography. Al-
though this feature appears in Fig. 2b, the magnitude of
high runoff in surrounding areas is about 200 mm yr
lower than in Fig. 2d. The presence of fewer stations in
that area (Fig. 1a) may contribute to this discrepancy.

To the north of the CJR, the spatial variability
of runoff is highlighted by several isobaths. The
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400 mm yr~ ! isobath generally follows the CJR and Qin
Ling Mountain with a dip around 114°E and 31°N,
which corresponds to the Han Shui River basin (label 2
in Fig. 1b), a northern tributary of the CJR. This feature
is consistent with Fig. 2d and with Fig. 2a, which show
a similar dip in spatial distribution of precipitation. The
200-mm isobath line is along 34°N in the western part of
EC, which is also an important divide; there are sub-
tropical broadleaf and evergreen forests to the south
and a forest-steppe vegetation zone to the north. The
200 mm yr~ ' isobath in Fig. 2d in east EC is close to the
mouth of the CJR. According to Xu (1990) and the
Technique Team of Preliminary Products of National
Water Research (1981), it should be extended to the
Shandong Peninsula (label 1 in Fig. 1b), as shown in
Fig. 2b. The 50-mm isobaths in both Figs. 2b and 2d
extend northeast to southwest over the area to the east
of 112°E, with a semiarid steppe zone to the northwest.
By and large, Fig. 2b produces major EC runoff fea-
tures. The consistency between Figs. 2a and 2b, which
come from two different sources, and between these
and other published precipitation and runoff depth
maps, indicate that our interpolation method is appro-
priate for this study.

Two rivers in China provide a distinct boundary for
the runoff distribution: the runoff to the south of the
CJR and the YR is substantially higher than that to the
north of those rivers. The runoff is the product of the
integrated action of many physical factors as well as
human intervention. Comparing Figs. 2a and 2b, it is
clear that precipitation is a very dominant factor for the
runoff and they have very similar spatial distributions
with many isobaths and isohyets corresponding to each
other. But the runoff distribution is greatly modified by
topography, human intervention, and climate/vege-
tation, as is evident in the Han He River basin, the
Sichuan basin, and northern EC, as well as in many
regional details in the runoff/rainfall ratio (Fig. 2e). On
average, the runoff/rainfall ratio is more than 50% to
the south of the CJR. The runoff is less than 35% of the
rainfall total in the areas to the north of the CJR, with,
for the most part, less than 15% to the north of the YR.
These differences indicate that factors such as topogra-
phy and other land conditions, which affect evaporation
and infiltration, play important roles. For instance, in
northern EC, vegetation plays a more important role
for runoff through evaporation than in southern EC,
where the actual evaporation is closer to potential
evaporation as a result of the humid climate. Human
intervention may also contribute to the lower runoff in
northern EC. For example, although the area of the Hai
He River basin covers only 0.6% of China, it contains
10% of the Chinese population. On average, during the

JOURNAL OF HYDROMETEOROLOGY

VOLUME 6

1980s, 67.7% of river runoff in this basin had been em-
ployed for different purposes. The average for China as
a whole was only 15.3% (Institute of Chinese Water
Resources and Electric Power 1989). We are not able to
quantitatively assess human intervention on runoff in
these areas. However, as discussed earlier, on an annual
basis our runoff map in that area is consistent with the
published maps.

The seasonal variations of the runoff distribution
generally follow the seasonal changes in precipitation
distribution (Figs. 3 and 4), especially in winter and
spring, but still with quite different features at the re-
gional scale. Based on analyzing the differences of the
monthly precipitation and runoff between two consecu-
tive months (not shown), the runoff, in general, has a
direct response to the rainfall in the same month, in
particular, from April to July. During the winter, the
ratio of runoff to precipitation between 32° and 34°N
and 105° and 110°E is larger than 1 (comparing Figs. 3a
and 4a), which is likely the result of snowmelt. The
mean surface temperature over that area is very close
to freezing in that season (not shown).

During the summer, when the monsoon reaches
northern EC, areas with high runoff depth still remain
in the coastal region (Fig. 4c). Relatively low runoff in
three major tributaries of the CJR—the Xiang Jiang
River basin, the Gan Jiang River basin, and the Han
Shui River basin—are evident, consistent with pub-
lished annual runoff depth maps (i.e., Fig. 2d). In con-
trast to the surrounding mountains, the precipitation in
basins and plains is usually less abundant and evapo-
transpiration is stronger, which leads to less runoff.
Relatively high runoff (more than 50 mm month™!)
appears west of the Shandong Peninsula, corresponding
to the northward monsoon migration. However, over
other areas in northern China [mainly in the YR basin
and the Hai He River basin (label b in Fig. 1a)], the
increase of runoff is not substantial (Fig. 4c). As dis-
cussed earlier, high evaporation in this dry area could
be expected after the dry spring. In northwestern EC,
while the precipitation has a slight increase in May and
June, the runoff decreases in the same area, reflecting a
lag response resulting from evaporation and infiltra-
tion. Human intervention may also contribute to less
runoff in northern EC as discussed earlier. The north-
ern rivers tend to be highly regulated. Average storage
capacity in the Hai He River basin is equivalent to
about 90% of the average annual runoff, whereas the
average for China as a whole is only 17% (World Bank
2001), which affects the amount of runoff and its timing.

At the end of the summer and during the fall, when
the monsoon is retreating, the runoff still increases over
several areas, which include some river networks of the
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F1G. 5. Mean monthly time series of river runoff at four selected areas [(a) Z1, (b) Z2, (c) Z3, and (d) Z4, see
Fig. 1a)] and the associated rainfall time series (mm month™!). The standard deviations are also indicated.

CJR basin. A strong lag starts along 30°N between 105°
and 119°E in August and moves downstream to be-
tween 110° and 115°E in September and between 110°
and 118°E in October. The increase in fall precipitation
over the Sichuan basin and surrounding mountainous
regions (Fig. 3d) may also contribute to these runoff
changes. The precipitation during that period in these
regions is not that intense but is quite persistent. This
lag still exists, even in December in an area near the
mouth of the CJR. These lag responses are evident in

Figs. 4d and 4a with a relatively high runoff along 30°N
in eastern EC. The ratios of seasonal runoff depth over
the annual runoff depth for EC for DJF, MAM, JJA,
and SON are 0.09, 0.29, 0.42, and 0.20, respectively.
The seasonal variations of monthly mean river runoff
and precipitation for four selected subriver basins (Fig.
1a) from the south to the north of EC are shown in Fig.
5. Some statistics are listed in Table 1. The shaded areas
in Fig. 1a indicate the runoff and precipitation stations
that we select. They belong to the Xi Jiang River (XJR)

TABLE 1. Some statistics for four subbasins (mm month™1).

Maximum Annual Correlation
Maximum precipitation Annual runoff/ coefficient between
Subbasin runoff (month) (month) precipitation precipitation runoff and rain
z1% 175 (Jun) 248 (May) 1509 57% 0.75
Vi 208 (Jun) 281 (Jun) 1618 52% 0.90
Z3 67 (Jul), 65 (Aug) 226 (Jul) 816 25% 0.76
z4 24 (Aug) 160 (Jul) 537 16% 0.73

* Area Z1 has second precipitation peak in Aug (148 mm month™').
#% Area Z2 has second high in May: 189 mm month ' for runoff and 268 mm ™' for precipitation.
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basin (Z1 in Fig. 1a), the Gan Jiang River basin (Z2),
the YR basin (Z3), and the Hai He River basin (Z4). In
area Z1, the maximum runoff and rainfall have a
1-month lag. The runoff peak occurs in June, corre-
sponding to the monsoon onset in May and heavy rain-
fall in June (Fig. 5a). The time series of precipitation is
characterized by two peaks. The main one is in May,
and the second one (relatively weak) is in August while
the monsoon retreats. For the associated runoff time
series, no clear second peak appears in August. But the
runoff persists from October through March. In the
case of area Z2, both precipitation and the runoff reach
maximums in June (Fig. 5b). But runoff and precipita-
tion in May are also substantially high. This is because
the subtropical rainband starts from the south of the
CJR in April and moves southward. In mid-May, after
monsoon onset, the East Asian monsoon moves north-
ward from the southern coastal area of EC. Wet soil
moisture conditions in the Z2 area contribute to higher
runoff in May. This area also has persistent fall and
winter runoff, as is evident in Figs. 4a and 5b. For the
two northern areas, the runoff peaks occur in July and
August in area Z3 (Fig. 5¢) and in August in area Z4
after the monsoon moves into these areas. The runoff
peak in August is 1 month later than the July rainfall
maximum. The runoffs in fall, winter, and spring are
very low in Z3 and Z4. The precipitation peak in Z3 is
not much lower than in Z1 and Z2, but the total is lower
and precipitation is mainly concentrated in the summer.
The annual precipitations for Z3 and Z4 are about or
less than half of the precipitation in Z1 and Z2. The
dry surface condition in spring, high soil infiltration,
and high summer surface evaporation, as well as
human intervention, may contribute to the lower
runoff in addition to precipitation. The different runoff/
precipitation ratios in different areas (Table 1) are an
indication of the effects of climate and surface soil
moisture and vegetation conditions, and probably hu-
man intervention.

4. Spatial and temporal summer precipitation and
runoff patterns

Because 42% of the total runoff and 48% of the total
precipitation in EC occur in JJA, we will mainly focus
on JJA in this and the next sections. The summer rain-
fall in EC is characterized by lower relative variability
with the coefficients of variation (CV, standard devia-
tion divided by mean) between 0.25 (southern part) and
0.4 (northern part). On the other hand, with a lower
mean value and higher standard deviation, the summer
runoff has a higher CV than precipitation (Fig. 6). In
particular, northern EC, with less precipitation, has
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higher relative variability in runoff than southern EC.
To the south of the CJR, the CVs in runoff range from
0.3 (over southwest EC) to 0.4 (over the middle DJR
reaches), while to the north of the CJR, CVs range
from 0.6 to 0.9, which are consistent with the Institute
of Chinese Water Resource and Electric Power’s (1989)
estimations. The high CV center in northern EC, lo-
cated over the southwest of the Shandong Peninsula, is
also consistent with TTNWR’s report (Technique
Team of Preliminary Products of National Water Re-
search 1981). The CV for the runoff over the Shichuan
basin is about 0.2, which is lower than the published
value (about 0.4) for that area (Technique Team of
Preliminary Products of National Water Research
1981), which is likely the result of a lack of stations over
that area (Fig. 1a).

The dominant spatial and interannual temporal pat-
terns of both JJA precipitation and runoff datasets and
their correlations are studied with EOF analyses (North
et al. 1982; North 1984; Storch and Zwiers 1999). The
EOF method allows for the individual extraction of the
main patterns of each variable. The EOFs are orthogo-
nal spatial patterns that can be thought of as empirically
derived basic functions. The low-order EOFs can some-
times be interpreted as natural modes of variation of
the observed system. The time coefficients that are ob-
tained by projecting the observed field onto the EOFs,
called principal components (PCs), are uncorrelated
and represent the temporal variability of the field. For
the precipitation and runoff anomaly fields, the clima-
tological seasonal cycles, defined by the average annual
cycle for the data period, have been removed prior to
the application of the EOF analyses. In the temporal
domain, each PC from EOF analyses is scaled by its
standard deviation. The spatial pattern is then multi-
plied by its corresponding PC’s standard deviation. In
WLX99’s study, the characteristics of Chinese precipi-
tation have been comprehensively discussed. We will
only briefly present some major features of the Chinese
precipitation for the time period that was investigated
in this study for purposes of comparison with the run-
off.

The spatial patterns and their corresponding PCs for
the first three EOF modes of the summer precipitation
are shown in Fig. 7. The results for the first two EOFs
in Fig. 7 are similar to two EOFs shown by WLX99, but
with higher variances for each EOF. EOF1, explains
22.2% of the total variance of summer rainfall. We use
the suffixes p and r to denote the precipitation and
runoff EOFs, respectively, in this paper. Unless other-
wise specified, the description of spatial patterns in this
paper is for a positive corresponding PC. EOF1,, is
characterized by a sandwich-type pattern—a negative—
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FI1G. 6. (a) JJA rainfall and (b) runoff CV during the 1951-83 period.

positive-negative (NPN) pattern. The variation of sum-
mer precipitation in central EC, mainly the CJR basin,
is opposite to the variability in the areas to its south
(south of Nan Ling Mountain) and most parts to its
north (north of YR). In EOF1,, there is a maximum in
the middle reaches of the CJR—a major flooding area
in a number of extremely large flood events (e.g., the
1954 flood). PC1 is negative most of the time during
1959-78. WLX99 indicates that a prominent character-
istic of PC1,, is the sudden climate region shift after
1978, which is not clear in Fig. 7b because of the shorter
period length in this dataset.

EOF2, explains 12.4% of the total summer precipi-
tation variance. It shows a positive—negative—positive
(PNP) pattern with the CJR as the boundary dividing
the major positive pattern and the negative pattern
(Fig. 7c). The maximum positive anomalies are located
in the EC mountain and hill areas, and the major nega-
tive anomalies are in the Huai He River basin (label ¢
in Fig. 1a), the Han Shui River basin, and the Shichuan
basin. EOF3, explains 9.2% of the total variance and
represents the southeast-northwest gradient, that is,
coastal/inland opposition. Because the sampling error

for EOF3,’s eigenvalue is 2.31 [based on North et al.’s
(1982) criteria], which is larger than the spacing be-
tween EOF3,’s and EOF4,’s eigenvalue, it indicates
that EOF3, has large uncertainty. We will not discuss it
further, but we believe that this southeast-northwest
gradient is an important physical characteristic of Chi-
nese rainfall and, therefore, we retain this figure for
further validation.

Using the runoff data from 1951 to 1983, three sum-
mer runoff EOFs and PCs are shown in Fig. 8. EOF1,
explains 32.1% of total summer runoff in EC. The posi-
tive anomalies cover the XJR, the Huai He River, and
the CJR, with the maximum positive anomalies being
located between the CJR and Nan Ling Mountain,
where two major southern tributaries—the Gan Jiang
River basin and Xiang Jiang River basin—are located.
These areas represent the major standard deviations in
this runoff dataset (not shown) and are also generally
consistent with the spatial distribution of positive maxi-
mums in EOF2,. The negative anomalies cover the
Shandong Peninsula and the Qin Ling Mountain area.
The standard deviation, especially the CV (Fig. 6b), is
considerably higher in the Shandong Peninsula. The
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FIG. 7. Summer (JJA) rainfall (top) EOF spatial pattern and (bottom) PC time series during the 1951-99 period (mm month™'):
(a), (b) EOF1, (c), (d) EOF2, and (e), (f) EOF3.

negative anomaly areas are generally in agreement with
the negative areas in EOF2,,. The temporal patterns of
PC1, (Fig. 8b) are also similar to PC2,, with the corre-
lation coefficient between PC1, and PC2, being 0.77.

A wavelet analysis (Weng and Lau 1994; Torrence
and Compo 1998) has been conducted to more clearly
show the temporal variability. Figure 9a shows the real
part of the Morlet wavelet coefficients of PC1, for time
scales between 2 and 16 yr during the 33 yr. The signals
with large variability are mainly on the shorter, inter-
annual scales. A 6-yr, as well as a 16-yr, cycle are quite
stable, both of which are generally synchronized with
their counterpart in PC2, (Fig. 2b in WLX99) during
the 33-yr period.

EOF?2, explains 20.3% of the variance of total sum-
mer runoff in EC and represents opposite anomaly pat-
terns in the southern coast area and the area to the
north of Nan Ling Mountain (Fig. 8c). The maximum
positive anomaly is over the XJR basin, which also rep-

resents the major standard deviation in the runoff
dataset. The areas with maximum negative anomalies
are located between the CJR and the YR, that is, over
the Han Shui River basin. EOF2, has similar spatial and
temporal variations compared to EOF1, (Fig. 7a). The
temporal correlation between PC2, and PC1, is 0.71.
But, as in EOF1,, the spatial patterns in EOF2, are also
very closely associated/modified with/by the river ba-
sins. Similar to EOF1,, the signals with large variability
are on the shorter interannual or interdecadal scales
(Fig. 9b). A 10-yr cycle was strong in the 1950s, but
gradually gave way to the component with shorter time
scales (some 5-yr cycles), until a 13-yr cycle became
dominant in the 1970s. These two cycles and their varia-
tions during these decades are quite consistent with the
wavelet analysis on the variations in EOF1, (Fig. 2a in
WLX99). The high correlations between precipitation
and runoff EOFs are also consistent with the four re-
gions that we reported in Table 1.
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FIG. 8. As in Fig. 7 but for runoff during the 1951-83 period.

EOF3, explains 8.7% of the total variance; it repre-
sents a PNP anomaly pattern in a south-north direction
and also gradients in a west—east direction. PC3, has a
clear trend, which produces dry conditions in northern
EC and the southern coast area and wet conditions
along the CJR area after 1968. The spacing between
EOF3,’s and EOF4,’s eigenvalue is smaller than the
sampling error for EOF3,’s eigenvalue. For the same
reason as EOF3, we also report it in this paper.

The analyses from these modes show temporal vari-
ability at interannual and longer time scales. Different
modes have different signs over different subareas and
time periods. The climate anomaly patterns are deter-
mined by the dominant mode and interactions between
the modes. This kind of complexity produces complex
climate anomaly patterns.

5. Correlations between summer runoff,
precipitation, and SST

EOF analyses in the last section indicate that runoff
PCs consist of cycles close to the typical El Nifio time
scales (averaged as 3-6 yr). Numerous studies have

been conducted to investigate the relationship between
SST and rainfall variability over China (e.g., Wang and
Li 1990; Simmonds et al. 1996). It has been found that
although there is no consistent relationship between El
Nifno and rainfall over China as a whole (Ropelewski
and Halpert 1987), some subdivisions in China present
distinguishable modes of precipitation that were related
to SST and El Nifo (e.g., WLX99; Lau and Weng
2001). No effort has been made to investigate the rela-
tionship between continental-scale EC runoff and SST.
We used the monthly mean SST data from the United
Kingdom Hadley Center (Parker et al. 1999) with 1°
horizontal resolution for this study.

The multivariate ENSO index (MEI), developed by
Wolter and Timlin (1993, 1998), is applied in this study
to evaluate its relationship with runoff. The MEI is
calculated from an analysis of sea surface and air tem-
peratures, and other meteorological variables recorded
over the tropical Pacific region. The index is computed
every month using information recorded during the
preceding 2 months. The MEI time series are computed
at bimonthly time scales (and are available online at
http://www.cdc.noaa.gov/ENSO). The time series of ev-
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F1G. 9. Wavelet coefficients for (a) PC1 and (b) PC2 of the JJA runoff EOF modes.

ery month’s MEI from 1950 to 1983 is used to calculate
the correlation coefficients with runoff PCs.

The correlation coefficients between 12 MEIs and
three summer runoff PCs and three summer precipita-
tion PCs are shown in Fig. 10, in which the temporal
correlation coefficients +0.29 and =0.34 have 90% and
95% statistic significance level, respectively, and are
indicated by dashed lines. Figure 10 shows that most
months’ MEIs with PC1, and PC3, have correlations
with more than 90% statistic significance. In particular,
November/December, June/July, and July/August
MEIs have more than 95% significant correlations with
PC1,; and December/January, March/April, April/May,
May/June, and June/July MEIs have more than 95%
significant negative correlations with PC3,. This indi-
cates that winter and summer SSTs may have more
effect on summer runoff. The correlations for PC2, are
quite low, consistent with PC2,’s temporal scales that
are revealed in wavelet analysis (Fig. 9b). Similar com-

putation with precipitation fails to find correlations
with more than 90% significance level (Fig. 10).

To further delineate these relationships, the runoff
and precipitation PCs of EOF1 and EOF2 are regressed
to SST at every grid point. Figure 11 shows each mode’s
regression map. The contour interval is 0.1°C. The ar-
eas with more than 90% statistic significance level,
which largely appear in Figs. 11b and 11c, are shaded.
Because of the high correlation between EOF1, and
EOF2,, it is not surprising to see some similarity be-
tween Figs. 11b and 11c. Both figures show the warmest
anomalies in the eastern tropical Pacific, mainly in the
Nifo-3 region. However, the areas that are associated
with 90% statistic significance level in Fig. 11c are much
larger than in Fig. 11b, consistent with our MEI analy-
sis. Furthermore, SSTs in some midlatitude areas also
show a statistically significant relationship with EOFs
(Figs. 11a—d), especially over some parts of the western
Pacific, that is, to the east of the Philippines, Taiwan,
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and Japan. In addition, Fig. 11d shows that the results
over part of the Indian Ocean also have more than a
90% significance level. These results indicate that SST
variations underlie these EOF patterns. EOF1 of runoff
and EOF2 of rainfall are clearly related to El Niflo,
while EOF2 of runoff and EOF1 of rainfall are related
to a dipole SST anomaly pattern over the northwestern
Pacific. Studies (e.g., Lau et al. 2000) have shown the
importance of this dipole pattern in governing rainfall
variability over East Asia.

To further study the decadal relationship between
the JJA SST, JJA precipitation, and JJA runoff, singu-
lar value decomposition (SVD) analysis was conducted.
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SVD allows focus on the common patterns between
two variables (Wallace et al. 1992). SST, precipitation,
and runoff are filtered using a recursive low-pass filter
(Kaylor 1977), which is one of the infinite impulse re-
sponse filters. It filters oscillations with less than 8-yr
cycles in this study. The data anomalies have been nor-
malized by their standard deviations first, and SVD
analyses on SST/precipitation and SST/runoff covari-
ability are conducted. We focus on the variability rather
than absolute amounts in this section. Figures 12 and 13
show the first two SVD modes for precipitation and
runoff, respectively. For comparison with runoff and
for validation of the SVD calculation, we first briefly
present precipitation SVD results. We use the suffixe s
to denote the SST anomaly fields.

The first SVD mode of precipitation and SST ex-
plains 40.2% of the squared covariance between SST
and precipitation. The spatial pattern (Fig. 12a) sug-
gests an El Nifio-like structure, with warm water in the
tropical eastern Pacific, part of the western Pacific (to
the east of Taiwan and the Philippines), and the Indian
Ocean. There are two extensive and strong cold pools
in the extratropical Pacific in both hemispheres. This
pattern seems to be more connected with the ENSO-
like interdecadal SST signal (Zhang et al. 1997). It may
also be partially associated with the “linear trend sig-
nal” based on 50 yr of SST (Lau and Weng 1999) and
the long-term signal that is associated with increased
CO, warming based on coupled model experiments
(Knutson and Manabe 1995, 1998). The correlations are
very high for both positive and negative anomalies,
with many areas having correlation coefficients that are
higher than 60%, indicating more than a 99% statistic
significance level. PCI; and PC1, (Fig. 12c) are also
highly correlated (90% correlation), and exhibit pro-
nounced interdecadal decadal variations with a warm-
ing trend after 1976. SVD1,, is characterized by a NPN
pattern. The variation of summer runoff in central EC,
along the CJR basin, is opposite to the variability in the
areas to its south and to its north, especially the Shan-
dong Peninsula. PC1, indicates that there is a dry trend
in northern and southern EC and a wet trend in central
EC after the middle of the 1970s. This suggests that the
NPN rainfall pattern has a strong decadal to long-term
signal in addition to an interannual variability signal (as
shown in Fig. 7).

The fraction of the squared covariance that is ex-
plained by SVD2, of precipitation and SST is 18.2%,
with the correlation between PC2; and PC2, being
90%. The SST distribution (SVD2,, Fig. 12d) features a
wavelike structure linking the Tropics, subtropics, and
the extratropics in the eastern part of the North Pacific
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basin. This wave train consists of relatively warm water ~ western Pacific and the Indian Ocean. The spatial pat-
in the Tropics and extratropics, and cold water in the tern in SVD2, shows a southeast-northwest gradient.
subtropics off of the southwest coast of North America. PC2; and PC2, exhibit one cycle in the 33-yr period.
But there are no organized anomaly patterns in the After the 1970s, this cycle produces negative anomalies
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over most parts of northern EC and positive anomalies
in many areas over southern EC. SVD2, seems to be
associated with an interdecadal signal of SST/rainfall,
probably capturing part of the interdecadal signal left
over from SVDI. It is believed that the actual precipi-
tation variance that is associated with this mode may
be very small. Hence, the long-term signal in SST/
precipitation may be largely contained in SVD1.

The first SVD mode of SST and runoff explains
50.3% of the squared covariance between SST and run-
off. The spatial pattern (Fig. 13a) shows warm water in
the Indian Ocean and the eastern Pacific near the cen-
tral and southern American coast. SVD1, is also a long-
term trend signal that is mixed with an ENSO-like in-
terdecadal signal. There are two cold pools in the ex-
tratropical Pacific in both hemispheres. But, the cool
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F1G. 13. As in Fig. 12 but for runoff.

SST anomaly signals are not as strong as in precipita-
tion/SST SVD1,, especially the anomalies in the south-
ern Pacific. PC1; and PCl1, (Fig. 13c) are very highly
correlated (91% correlation) and exhibit a pronounced
warming trend since 1955, which is noted in previous
precipitation studies (Lau and Weng 2001), that is im-
posed to interdecadal variations. SVD1, shows a more
homogeneous pattern over EC with a few opposite
spots, including some areas along the XJR, the Huai He

River, and the lower reach of the CJR (Fig. 13b). PC1,
indicates that there is a dry trend in the river runoff
over EC since 1955 corresponding to climate changes
(Fig. 13c). The largest negative PCl1, appears in the
temporal series 1 yr after the major flood year, 1954.
Because SVD1, has larger loading in northern EC after
normalization of runoff anomalies, the results from
SVDI, suggest that the trend signal is mostly in north-
ern China. The dryness is highly related to the SSTs in
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the eastern Pacific and the Indian Ocean. It is interest-
ing to note that runoff variability seems to have more
clear signatures corresponding to SST variability than
precipitation. Based on the correlation with MEI, run-
off in the summer is also highly correlated with winter
SSTs. Therefore, the anomalies in summer runoff are
very likely integrated/accumulated results, as is also
evident in the lag response to precipitation discussed in
section 3.

SVD2, explains 16% of the total squared covariance.
The SVD2, pattern (Fig. 13d) is similar to Fig. 12a, but
with a few important differences. The Indian Ocean
SST does not show organized anomalies as in Fig. 12a.
In the western Pacific, the warm pool is not significant,
but there is a strong cold center to the east of Japan.
SVD?2, has a dipole type of anomaly (Fig. 13e), with a
southeast-northwest gradient, which has the negative
anomaly covering the Huai He River basin and the area
to the south of the CJR. The negative maximum is
mainly over the southern tributaries of the CJR. The
positive anomalies are located to the north of the CJR,
with the maximum along the YR and Qin Ling Moun-
tain areas. The correlation coefficient between runoff
SVD2, and SST SVD2, is equal to 86%. The peaks of
the SST are about 1-yr lags to the runoff. The temporal
variations of PCs would produce negative anomalies in
northern EC and positive anomalies in southern EC
after 1965. Most interestingly, SVD, in Fig. 13 seems to
split the linear trend in the SST/rainfall mode (Fig. 12)
into two. SVD1 has the largest SST anomalies over the
Indian Ocean and the western Pacific and deficit runoff
over northern China. SVD?2 has the strongest SST sig-
nal over the tropical eastern Pacific and western North
Pacific and runoff anomalies over western, central, and
southern China.

These modes indicate that the runoff in northern EC
has a dry bias after the mid-1960s in response to the
SST anomalies. The runoff over the areas to the south
of the CJR is influenced by different SST modes, some
of which may contribute to the flooding in that area. To
more clearly visualize the overall effect of these modes,
the JJA rainfall and JJA runoff differences based on
observed data between 1966-80 and 1951-65 are shown
in Figs. 14a and 14b, respectively. Both observed pre-
cipitation and runoff figures show dry anomalies in
northern China, especially the Han Shui River basin,
the Shandong Peninsula, Qin Ling Mountain, and the
XJR basin. Figures also show wet anomalies in central
and southwestern China, where two major southern
tributaries of the CJR are located. The observed pre-
cipitation and runoff anomaly patterns are quite con-
sistent, which again confirm that our interpolation
methods are reasonable. For comparison, we recon-

XUE ET AL.

567

structed the precipitation and runoff differences be-
tween 1966-80 and 1951-65 based on first and second
SVDs (Figs. 14c and 14d). The drought in northern EC
and wet conditions over the CJR basin are evident in
the figures. Furthermore, they are also consistent with
the observed maps. In particular, the runoff SVDs al-
most reproduce the observed anomalies, which is an
indication that the decadal variation of runoff over EC
over that time period may well be influenced by the
SST variations. However, for the precipitation, two
SVDs apparently are not able to reproduce all precipi-
tation anomaly patterns. Other factors likely contribute
to rainfall anomalies.

Studies have shown that the nonuniqueness of the
left and right singular vectors related to SVDs puts limi-
tations on applications of the method (Newman and
Sardeshmukh 1995; Hu 1997). Hu (1997) suggested that
the SVD results can be used to assist us in gaining
information about the correlation and covariance struc-
ture of two data series after their physical relation is
known. By applying SVD in conjunction and consistent
with real data analysis in this study, it is confirmed that
the results discussed in this section are not an artifact of
SVD analysis.

6. Summary and discussion

In this study, data from 72 runoff stations and 160
precipitation stations are employed to investigate the
seasonal and interannual variability of runoff between
1951 and 1983 and its relationship with precipitation
and SST. A methodology has been developed to apply
the TRIP river network for spatial interpolation of run-
off depth. The gridded runoff data have been checked
and evaluated in this study and found to be generally
consistent with the precipitation data and some pub-
lished runoff maps at large scales. There is a clear sea-
sonal variation in runoff that is consistent with the de-
velopment of the East Asian summer monsoon. The lag
response in runoff in several subregions in different
seasons is also evident. The CJR and the YR appear to
be boundaries to divide the runoff into different re-
gimes. Nan Ling Mountain, Luoxiao Mountain, Qin
Ling Mountain, and three tributaries of the CJR play
important roles in producing/modulating the temporal
variations and spatial distributions of the runoff in EC
in this study.

Different spatiotemporal patterns of summer runoff
and precipitation are investigated in this study using
EOF and wavelet analyses. The analyses reveal inter-
annual, biennial, quasi-6-yr, and longer-term variations
in these patterns. The first runoff EOF mainly empha-
sizes the runoff over the CJR. The areas with maximum
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F1G. 14. Summer (JJA) rainfall and runoff difference between 1951-65 and 1966-80 (mm month ™). Based on (a)
precipitation observation, (b) runoff observation, (c) precipitation SVD1 and SVD2, and (d) runoff SVD1 and

SVD2.

EOF amplitude are located in two southern tributaries
of the CJR, where the runoff has the largest standard
deviation in this dataset. The areas with opposite sign
are mainly located in the YR and the Hai He River with
the maximum in the Shandong Peninsula, which has the

largest CV in the dataset. The second EOF shows a
dipole pattern with Nan Ling Mountain as the divider.
The positive maximum is located in the XJR and the
negative maximum is located in the Han Shui River.
The PCs for runoff, EOF1,, and EOF2,, are highly cor-
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related to the PCs for precipitation, EOF2,, and
EOF1,, respectively.

Relationships between runoff and SST are investi-
gated in this paper. The runoff’s EOF PCs show signifi-
cant correlation with one ENSO index (MEI) for the
summer and the winter months, but precipitation PCs
fail to show a significant relationship. By projecting
EOF PCs onto SST, it is shown that dipole SST
anomaly patterns in the western Pacific and the Indian
Ocean’s SST that are associated with El Nifio underlie
these runoff and precipitation EOFs. Furthermore,
SVD analysis has also been conducted to investigate
the interdecadal relationship between runoff and SST.
It is interesting to notice that, instead of a heteroge-
neous spatial distribution of precipitation in SST/
precipitation SVD analysis, the first runoff SVD shows
a homogeneous response to the warm Indian Ocean
and eastern Pacific, indicating that runoff over all of EC
is very sensitive to climate change and responds to SST
anomalies in one direction. A pronounced warm (SST)
and dry (runoff) trend that is imposed on interdecadal
variations in the PC has been identified. The second
runoff SVD shows a dipole pattern with a southeast—
northwest gradient. These SVDs are used to recon-
struct a decadal anomaly pattern, showing more flood-
ing in the CJR basin and dryness in northern China,
mainly in the YR, consistent with observations.

It is likely that because of the cumulative nature of
runoff, better separation of long-term SST-related sig-
nals is allowed compared to rainfall. Based on our re-
sult, one may now argue that the long-term drought
trend in northern and northeastern China is a long-term
signal, possibly related to the warming of the Indo-
Pacific region, with linkage to global warming trends.
On the other hand, long-term rainfall/runoff signals in
central and southern China may be related to natural
interdecadal variability. Notice that both PCs in Fig. 13
show an upward swing in the last two decades. The
sandwich rainfall pattern (SVD1 of Fig. 12) is, there-
fore, a combination of two long-term signals, with dif-
ferent SST forcings and origins. These findings will
have important implications in terms of causes of flood
or long-term drought, as well as water resources in
China.

Numerous studies have been conducted to investi-
gate the mechanisms of different precipitation modes
and precipitation-SST relationships in EC. The precipi-
tation patterns have been linked to midlatitude circu-
lation, Indian monsoons, SST anomalies, and land sur-
face processes (i.g., Yatagai and Yasunari 1995; Xue
1996; Zhang et al. 1996; Lau and Weng 1999; WLX99;
Xue et al. 2004). Further data analyses and model stud-
ies are necessary to verify the runoff modes and runoff/
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SST relationship that is discovered in this study and to
understand the causes of these climate modes.

River runoff is highly subject to human intervention.
Although this effect may not be a crucial factor on an
annual basis, it could be vital on a shorter temporal
scale. A correction to eliminate the human impact in
the runoff data requires a tremendous amount of effort
as well as necessary information, most of which resides
in classified documents and is beyond our reach. In fact,
because human intervention is so complex in EC, there
is no guarantee this effect can ever be accurately cor-
rected. Therefore, it is desirable to analyze the mea-
sured runoff and precipitation to see whether any
meaningful results can be produced. In this study, by
exhaustively comparing the gridded runoff and precipi-
tation data and other data sources, we believe that our
approach, especially the spatial interpolation of the
runoff data, may be useful for the analysis of seasonal,
interannual, and longer-term temporal and spatial vari-
ability of runoff and its relationship with precipitation
and SST. We hope that this study will provide a useful
resource for others interested in the large-scale hydrol-
ogy of this region and stimulate more comprehensive
data analyses and collection of runoff data for runoff,
precipitation, and SST interaction studies in the future.
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