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Data analysis and characterization of precipitation in the Haihe River Basin (HRB) of China are required for management practices
for the purpose of flood water control and utilization. In the companion paper, we presented precipitation data in the HRB during
1951–2010 and reported its basic statistics such as temporal trend and spatial variability. In this study, spatiotemporal variability
on the precipitation was further investigated comprehensively for the underlying physics and the implication to water resource
management. During the summer flood season of the study area, basin-wide precipitation was negatively correlated to average
NINO3.4 index. Spatially, summer precipitation was correlated with gridded sea surface temperature (SST) observed in the eastern
tropic Pacific Ocean and the western tropic Indian Ocean. SST in two representative areas was identified as potential predictors for
precipitation in the HRB. No spatial or temporal correlations were confirmed between precipitation and soil moisture as annual
averages in the study area. Copula analysis suggested about 40% possibility in a year with a potential for cross-watershed water
diversion within HRB.

1. Introduction

Precipitation is considered as one of themost important vari-
ables for characterizing water resources and understanding
the climatic impacts on local hydrologic system, especially
for the areas facing severe water crisis such as the Haihe
River Basin (HRB) of China. Sustainable socioeconomic
development of the HRB was threatened by serious water
shortage, relating to the rapid growth in population and
economy, limited water resources and their uneven distribu-
tion in both time and space, and low water use efficiency.
Enclosing Beijing and other metropolitan areas, the HRB is
the political, economic, and cultural center of China. Annual
per capita water resources are only 300m3, significantly
lower than that at national and global averages [1, 2]. In

addition, precipitation decline was reported in our previous
study, suggesting a 20%decrease of precipitation between two
periods of 1951–1979 and 1980–2008 [3]. Between the same
periods, consequently, surface runoff in this area remarkably
decreased by about 40% [4]. Located in the monsoon region
of the East Asia warm temperate zone, precipitation in the
HRB is concentrated in a very short period, causing serious
floods during rainy seasons. Hydrologic morphology of the
HRB has been heavily modified for flood control and water
supply. More than 1,900 reservoirs were built in the basin,
with total storage capacity of 31.4 billion m3, similar to the
total natural runoff amount of 31.6 billion m3 [1]. About 97%
of the capacity is contributed by reservoirs in the mountain
areas [5]. Due to the lack of comprehensive analysis on the
variations of precipitation on time and space, systematical
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management of the reservoirs is not available, resulting in
inefficient utilization of water resources in the basin.

Favorable conditions to the sustainable development in
the HRB are predicted for the near future, but they are associ-
ated with great uncertainties. It is projected that precipitation
in the HRB will increase during the 21st century according
to the projection of Intergovernmental Panel on Climate
Change (IPCC) climate models [6–9]. This is in contrast
to the observed decreasing trend for the past 60 years. In
addition, latest measurements in the 21st century did not
show a significant increase trend for precipitation.Therefore,
the actual effects of climate change on the hydrologic cycle
and water resources are associated with great uncertainty. To
secure sustainable development and minimize groundwater
exploitation, the “South-to-North Water Transfer Project”
(SNWTP) of China is under construction with proposed
water diversity capability of 13 billion m3 annually from the
Danjiangkou Reservoir on the Hanjiang River, a tributary
of the Yangtze River to the North China Plain (including
9.0 billion m3 to the HRB, comparable to the total amount
of current industrial and domestic uses in the basin). The
central route will be ready to divert water starting from
the year 2014 and reach its full capacity by 2030 [10].
However, the construction and operation of the SNWTP are
associated with great uncertainty. For example, our previous
study indicated that the water supply area (the Danjiangkou
Reservoir) for the central route might not have sufficient
water for diversion in the near future [11]. In addition, an
increasing probability of simultaneous dry years between the
water source and destination areas was detected, indicating
that there would be more of years when the Danjiangkou
Reservoir could not meet the demand of water diversion [12].

Atmospheric circulation at global scales has significant
effects on regional climate. Because of the large heat capacity
and thermal inertia of oceans, the variability of sea surface
temperature (SST, usually in the form of anomalies) has
been widely used as predictors for regional precipitation
over land at various time scales of seasonal to interannual
variations. For example, associations between precipitation
over the continental United States and SST in the tropical and
North Pacific and in the Atlantic were reported in numerous
studies [13–18]. Precipitation in the southern China was
mainly related to tropical Indo-Pacific SST [19–21], while
less studies have been published for the precipitation-SST
correlations in North China. Characterization of the spa-
tiotemporal variability on precipitation and its associations
with local and global stressors are required for effective
water management including the control and utilization of
flood water. In addition to remote forcing, local land surface
conditions also affect the spatial and temporal variations of
seasonal precipitation. Results of previous studies demon-
strated potential positive feedback between soil moisture and
precipitation [22–24]. For example, antecedent soil moisture
could be a predictor for seasonal precipitation in the Upper
Mississippi River Basin and the Great Plains of the USA
especially during years of large precipitation anomalies [13].
The relationships between soil moisture and precipitation in
North China are not reported previously.

Given the limited water resources and great uncertainties
on climate change and water diversion, efficient water man-
agement with flood control and floodwater utilization would
play important roles in the sustainable development of the
region. Based on the general analysis on precipitation trend
and distributions in our previous study [3], this study aims
to further investigate regional and global climate variables
as potential predictors for precipitation and evaluate the
possibility for cross-watershed water diversion within the
basin. The specific study objectives are as follows: (1) to
identify the statistical relationships between SST and seasonal
precipitation in the HRB, (2) to analyze the correlation
between precipitation and antecedent soil moisture in the
HRB, and (3) to estimate the joint probability of wet/dry years
encountered by different subregions of the basin.

2. Materials and Methods

2.1. Site Description. The Haihe River is the largest water
system in North China, located between 35–43∘N latitude
and 112–120∘E longitude (Figure 1). The total drainage area
is about 318,200 km2, and majority of the basin is within
the Province of Hebei. A very complex hydrology system
is observed in the basin. There are nine main rivers and
more than 300 tributaries. All rivers are originated from the
Taihangshan Mountains to the west or from the Yanshan
Mountains of the Mongolian Plateau to the north. Streams
generally flow from west to east and discharge into the
Bohai Sea. The mountain and plateau region, conventionally
defined as areas with elevation higher than 50m, accounts
for 60% of the total area. Mountain areas, with more than
1,000 reservoirs which contribute 97% of the total reservoir
capacity of the basin, are important for both flood control
and water supply in the study area. In the basin floor, stream
runoff is highly controlled by dams and reservoirs to satisfy
water demands by agricultural and industrial production.

The study area belongs to the semihumid climate in
the monsoon region of the East Asia warm temperate zone
[2, 25], characterized by hot and wet summers and cold
and dry winters. Average temperatures in the basin are
between −4.9 and 15.0∘C. The average annual precipitation
was 535.7mm with a coefficient of variation of 0.18 during
1957–2008 [3]. Annual precipitation was mainly contributed
by summer months. According to the long-term monthly
average precipitation, calendarmonths are further grouped as
the flood season of June to August and the winter dry season
of December to February. The flood season includes three
months with highest precipitation over a year, accounting
for 67% of annual precipitation. The winter consists of
three most dry months contributing only 3% to the annual
precipitation.

2.2. Data Acquisition

2.2.1. Precipitation. The monitoring network used in this
study included 43 evenly distributed weather stations in the
study area (Figure 1). Daily precipitation data during 1951–
2010 was retrieved from China Meteorological Data Sharing
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Figure 1: The Haihe River Basin and the precipitation monitoring network.

Service System [26]. Monthly and annual averages of pre-
cipitation were then calculated from the daily measurements
and used in the data analysis of this study. For monthly data,
there are about 16% data missing, mainly for the first three
years of 1951–1953. The weather stations without valid data
will not be used when calculating basin-wide averages during
the months of data missing. More information on the data
and network has been provided in the previous study [3].

2.2.2. Sea Surface Temperature. The SST data used in this
study are retrieved from the Met Office Hadley Cen-
tre Sea Ice and Sea Surface Temperature (http://www
.metoffice.gov.uk/hadobs/hadisst/) [27]. Downloaded data
includes a monthly global data set spanning the period of
1951–2010, with a 1∘ × 1∘ spatial resolution [27]. The data set
was constructed based on in situ sea surface observations and
satellite advanced very high resolution radiometer (AVHRR)
data.

The Haihe River Basin is dominated by the continental
temperate monsoon climate. The variability and predictabil-
ity of the Asian summer monsoon onset are associated
with specific atmospheric circulation characteristics [28].
The atmospheric circulation parameter of Niño3.4 index

(NINO3.4) was selected in this study to investigate the
temporal trend of annual rainfall observed in the study area.
NINO3.4 is one of El Niño-Southern Oscillation (ENSO)
indicators based on sea surface temperatures (SST). It is
defined as the average SST anomaly in the region bounded
by 5∘N to 5∘S, from 170∘W to 120∘W [27]. Spatial average of
SST in this regionwas calculated and summarized asmonthly
NINO3.4. An El Niño or La Niña event is identified if the
5-month running average of the NINO3.4 exceeds +0.4∘C
for El Niño or −0.4∘C for La Niña for at least 6 consecutive
months [29]. The 5-month running average (data is averaged
over 5-month, overlapping periods incrementing one month
at a time) is used to smooth out variations in sea surface
temperature not associated with ENSO.

2.2.3. Soil Moisture. Daily soil moisture data is obtained from
the global essential climate variable (ECV) soil moisture data
set [30] with spatial resolution of 0.25∘ × 0.25∘, available
for the period between 11/1/1978 and 12/31/2010. The data
set was generated based on observations from the C-band
scatterometers on board of ERS-1, ERS-2, and METOP-A.
Data was downloaded for the study area and calculated as
monthly average during 1979–2010 for each grid node.
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The observed ECV soil moisture was compared with the
model-calculated NOAA Climate Prediction Center (CPC)
soil moisture (version 2).The CPC data covers monthly aver-
age soil moisture from 1948 to 2011 with spatial resolution of
0.5∘ × 0.5∘ [31, 32]. A one-layer “bucket” water balance model
was applied in generating the CPC soil moisture, driven
by observed monthly precipitation and temperature. In the
HRB, preliminary data analysis showed that modeled soil
moisture data had significant association with precipitation
(annual average: 𝑟 = 0.608, 𝑃 < 0.001; monthly data:
𝑟 = −0.214, 𝑃 < 0.001). However, modeled data showed
higher soil moisture from September to November and did
not match the observed seasonal variation on soil moisture
withwetter conditions in summermonths of July–September.

2.3. Data Processing and Analysis. Spatial and temporal vari-
ations of precipitation in the HRB have been characterized in
our previous study [3].This studywasmainly based on spatial
averages of precipitation data during a 60-year period of 1951–
2010 for their implications for water resources management.
In addition to the basin-wide average, precipitation was also
summarized over subregions of the study area. According to
our previous study [3, 33], the HRB could be divided into
mountain area and basin floor by the elevation of 50m and
into north and south regions by the latitude 39∘N.

Two approaches to analyzing the SST-precipitation cor-
relation are examined. Monthly NINO3.4 was calculated for
1951–2010 and investigated with the monthly/annual precip-
itation in the HRB. Based on a sequential Mann-Kendall
analysis [34, 35], our previous study indicated an abrupt
decrease in the flood-season precipitation (June–September)
around the year of 1979 [3]. The same statistical method was
applied to NINO3.4 to detect its temporal trend and potential
“breakpoint.” In addition, nonparametric Kruskal-Wallis test
was conducted to compare precipitation under moderate-
to-strong El Niño and La Niña years. The other approach
was based on the spatial correlation between precipitation
in the HRB and antecedent SST of the globe. By generating
a global map of correlation coefficients, this method could
identify oceanic areas with the most significant signal of
teleconnection to the HRB. Similar to data analysis on SST,
precipitation is to correlate with antecedent soil moisture in
the HRB.

Mountain areas, with more than 1,000 reservoirs which
contribute 97% of the total reservoir capacity of the basin,
are important for both flood control and water supply
in the study area. Therefore, probability analysis on the
synchronous-asynchronous encounter was conducted for
precipitation between north and south mountain regions.
For a specific year, the region with above-normal precipi-
tation could be a water supplier to the other region which
coincidentally experiences a drought condition.This analysis
was designed to generate information for the management
and optimization of local water resources within the HRB,
given the great uncertainty associated with climate change
and water diversion project. Clayton copula was used in this
study to estimate the joint probability distribution between
the two regions of north and south mountains [36].

2.4. Statistical Approaches

2.4.1. Sequential Mann-Kendall Analysis. Temporal trend
in the NINO3.4 was analyzed based on the rank-based
nonparametric Mann-Kendall statistical test [34, 35]. The
method has been commonly used for trend detection due to
its robustness for nonnormally distributed data, which are
frequently encountered in hydroclimatic time series [37, 38].
Although climate change is considered to occur in a transient
manner, the magnitudes or relative contributions to the total
detected changes in a period vary fromyear to year.Therefore,
a “breakpoint” of the change may be statistically determined,
and based on the “breakpoint” the entire study period could
be segmented into subperiods for further investigations.This
approach was widely used for studies on hydrologic and
climatic studies inmany regions [37, 39–42]. In this study, the
sequential version of the Mann-Kendall test was conducted
to analyze the abrupt change of the hydroclimatic time series
[34, 35].
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The terms of the 𝑢(𝑑
𝑘
) (1 ≤ 𝑘 ≤ 𝑛) constitute a

forward sequence curve (C1). The same method is then
applied to the inversed series and gets a backward sequence
(C2).The intersection point of C1 and C2 located between the
confidence interval is the timewhen a change point occurred.

2.4.2. Probability Analysis on Annual Precipitation. Monthly
rainfall data in the study area was assumed to follow a Log-
Pearson III distribution (PL3). The PL3 has been widely used
in charactering hydrological variables including both precip-
itation and streamflow and generates better fits for annual
precipitation in the HRB compared to other commonly
used functions. The probability density function, 𝑓(𝑥), and
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cumulative distribution function,𝐹(𝑥), of the distribution for
the PL3 are expressed as follows [43]:
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where 𝑥 is the time series of monthly rainfall data at each
station or is averaged at a given subregion. The distribution
parameters (𝛼, 𝛽, and 𝛾) were calculated by the maximum
likelihood estimation. Γ(𝛼) and Γ(𝜔, 𝛼) are gamma function
and incomplete gamma function, respectively. Note that
some statistical package, for example, MATLAB, considers
the ratio of Γ(𝜔,𝛼)/Γ(𝛼) as incomplete gamma function.

2.4.3. Copula Analysis. Copula theory was applied in this
study for determining the joint probability of annual pre-
cipitation in the north and south mountain areas of the
HRB. A copula is a function that joins or couples multiple
distribution functions to their one-dimensional marginal
distribution functions [44]. For two dependent variables 𝑥
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where the function 𝐶 is a copula function representing
the bivariate dependence structure of variables 𝑋 and 𝑌.
The copula representation is unique for (5), if the marginal
distributions of 𝑋 and 𝑌 are continuous [33]. Among the
different types of copulas, Clayton copula [36] was used in
this study with the following bivariate copula function:
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For theClayton copula [36], the generator𝜑(𝑢) = 𝑢−𝑎−1,
and the corresponding bivariate copula function is defined as
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The Clayton copula parameter 𝛼 is given based on
Kendall’s correlation coefficient (𝜏) of the bivariate data set:

𝛼 =

2𝜏

1 − 𝜏

. (8)

3. Results and Discussion

3.1. SST-Precipitation Correlation. Average NINO3.4 during
the summer flood season of the HRB (June to August)
is negatively correlated with precipitation (𝑟 = −0.316,

𝑃 = 0.013) during the same season, also correlated to annual
precipitation (𝑟 = −0.326, 𝑃 = 0.010). Similar relationships
were also observed between summer precipitation in the
HRB and antecedent NINO3.4. Generally, higher NINO3.4
suggests lower summer and annual precipitation, and this is
also confirmed by the fact that precipitation in years with
moderate and high El Niño events was significantly lower
than other years (445 versus 532mm/year, Kruskal-Wallis
test, 𝑃 = 0.005).

Results of the sequentialMann-Kendall analysis indicated
that the significant change of NINO3.4 from June to August
was started in early 1980s and confirmed in 1985. This is
consistent with the abrupt change of precipitation detected
during the 1980s in the study area [3]. Two years with
extremely high NINO3.4 (1987 and 1997) were observed in
the later period, although the medians of NINO3.4 were not
significantly changed between the two periods (before and
after 1986).

Summer (June to August) precipitation over the HRB
was correlated with gridded SST to generate a map showing
the precipitation-SST association at global scale (Figure 2).
Critical values of correlation coefficients are determined to
be 0.250 (for the significance level of 𝑃 = 0.05) and 0.33
(𝑃 = 0.01) with the given degree of freedom (𝑛 − 2,
where 𝑛 = 60 is the total number of years in this study
period). In addition to the scattered areas around the global
ocean, significant correlations were mainly observed in the
eastern tropical PacificOcean and thewestern tropical Indian
Ocean, suggesting the important roles of the two oceans in
influencing summer precipitation in the HRB, especially for
the south part of the basin. The spatial pattern of correlation
coefficients suggested that the summer precipitation in the
HRB was most likely associated with the Eastern-Pacific (EP)
type El Niño for which the El Niño SST anomalies are located
near the South American coast. Therefore, a representative
area was identified as the area with strong teleconnection for
precipitation in theHRB. Area 1 is located in the ENSO center
of action and with a coverage comparable to the east portion
of the El Niño region 3 (90∘–150∘W and 5∘N–5∘S). Similarly,
SST area 2 was identified between 45∘–60∘E and 5∘N–5∘S,
generally enclosed by the region of Western Tropical Indian
Ocean SST index (WTIO, 50∘–70∘E and 10∘N–10∘S).

The capability of SST in the identified areas on predicting
summer precipitation in the HRB was evaluated with the
leave-one-out cross-validation approach. For a specific year
in the 60-year period, precipitation was predicted based on
the linear regression function derived using the other 59-
year data of observed precipitation and spatial average SSTs
in the two areas (Figure 3). SSTs in areas 1 and 2 generated
significant prediction on summer precipitation of the HRB
at 95% confidence interval and explained 25% of the total
variance in precipitation. Further investigation indicated that
better model performance (𝑅2 = 0.90) was observed for years
with EP type El Niño events identified by Yu et al. [45].

3.2. Soil Moisture. Annual average soil moisture over the
HRB ranged from 0.16 to 0.21 during 1979–2010. Tempo-
rally, a significant decreasing trend was detected for annual
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averages of soil moisture according to the Mann-Kendall test
(𝑃 = 0.002). As annual averages, soil moisture was not related
to precipitation. However, monthly data of soil moisture and
precipitation showed significant associations (𝑟 = 0.49, 𝑃 <

0.001). Highest correlation coefficient was observed with a
lag of −1 (𝑟 = 0.57), suggesting about one-month delay of
soil moisture in response to the change on precipitation.This
relationship also explained the seasonality of soil moisture:
highest values were observed during summer months of July
to September with long-term average of 0.21, while for other
months the values were relatively lower (0.17). Antecedent
soil moisture had negligible effects on monthly precipitation
according to the results of cross correlation analysis between
the two time series. The months immediately before rainfall
season, that is, April to June, were associated with low-than-
average soil moistures.
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Spatially, relatively wet soils were observed in the coastal
area and over the Taihangshan Mountains (Figure 4). The
Yanshan Mountains (north to Beijing) and metropolitan
areas of Beijing, Tianjin, Baoding, and Shijiazhuang were
associated with lower soil moistures. For annual precipita-
tion of the HRB, there was a general decreasing trend in
precipitation from east to west or from the coastline to the
mountainous area [3]. Therefore, no spatial correlation was
confirmed between soil moisture and precipitation as basin-
wide averages.

3.3. Synchronous-Asynchronous Encounter Probability Anal-
ysis. Copula analysis was conducted for the precipitations
between subregions of north and south mountain areas. In
this study, we defined a “wet year” or a “dry year” based
on the cumulative distribution of precipitation summarized
for the corresponding subregion. Specifically, a dry year was
associated with annual precipitation <37.5th percentile of the
precipitations in the study period, while a wet year was with
annual precipitation >62.5th percentile (Figure 5). This def-
inition was consistent with that suggested in the Handbook
for Surface-Water Resources Investigations published by the
Chinese Ministry of Water Resources. In addition, similar
classification was used in the previous studies in analyzing
precipitation in the same study area [12, 46].

Critical values (presented as dashed line in Figure 6) of
dry and wet years in each region divided the joint probability
into sections. For example, the section for simultaneous dry
years for both north and south regions was related to a joint
probability of about 20%, suggesting that, in about 20% of
all years, north and south mountains of the HRB would
experience dry conditions in terms of annual precipitation. It
was consistent with the observed data, in which simultaneous
dry years were detected in 12 years during the 60-year period
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Figure 5: Cumulative distribution of annual precipitation in the
north and south mountainous regions of the Haihe River Basin.
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Figure 6: Isolines of the joint probability distribution by the
Clayton copula for the annual precipitation in the north and south
mountainous regions of the Haihe River Basin. Crosses and dots
are measured precipitation in north and south region, respectively.
Dashed lines indicate the critical values for dry year (<37.5%) and
wet year (>62.5% of the cumulative precipitation) for each region.

of 1951–2010, with 5 years in Period I (before 1980) and 7
years in Period II (after 1980). Simultaneous dry conditions
within the HRB were more frequently observed in Period
II, suggesting an increasing demand of water supply from
outside of the basin.

Copula results of joint probability of precipitation
between north and south mountain areas provided infor-
mation for potential cross-watershed water diversion within
the HRB. Within the HRB, water management and flood
utilization should focus on the situation where one region is
in wet years, while the other is in either a dry or a normal
year. In this case, the former region could be considered as a

Table 1: Probabilities of synchronous-asynchronous encounter of
precipitation in the Haihe River Basin.

Wet in the north
and normal/dry
in the south

Wet in the south
and normal/dry
in the north

Total

Theoretical probability 14.8% 24.3% 39.1%
Years in Period I 4 6 10
Years in Period II 6 3 9

potential water resource for the latter one. Copula analysis
suggested a theoretical probability of 39.1% from cross-
watershed water diversion, including 14.8% for diversion
from the north to south and 24.3% from the south to north
(Table 1). With measured precipitation, 19 years during the
60-year period of 1951–2010 were identified with the potential
for cross-watershed management, with 10 years in Period I
(1951–1980) and 9 in Period II (1981–2010). In Period II, there
were 6 years with the south mountains as a source of water
supply to the northHRB, while there were only 3 years for the
north mountain areas. This was consistent with the temporal
trend of precipitation in the study area: although the south
mountains were associated with higher annual precipitation
(541mm) than its north counterpart (495mm) during the
study period, it is also showed a higher rate of decrease (10%)
than that for the north mountains (5.7%) between the two
periods before and after 1980.

4. Conclusions

The economic development in the Haihe River Basin has
been increasingly constrained by water scarcity, especially
for agricultural water demands. The region produces about
30% of wheat and 20% of corn of China and requires a
significant amount of irrigation water during winters and
early springs. Extreme weather conditions have imposed
substantial effects on the food security in HRB. For example,
the 2010-11 drought in North China, which was the worst
drought to hit the country in 60 years, affectedmost of wheat-
producing regions in HRB. Given limited water resources in
the study area, water management is required to improve the
efficiency in stormwater utilization, storage, and allocation.

This study investigated the spatiotemporal variability on
the precipitation in the Haihe River Basin during 1951–2010.
During the summer flood season in the study area, basin-
wide precipitation was negatively correlated with average
NINO3.4. Generally, higher NINO3.4 suggests lower sum-
mer and annual precipitation. Spatially, summer precipitation
was correlated with gridded SST observed in the eastern
tropic Pacific Ocean and the western tropic Indian Ocean.
SST in two representative areas was identified as potential
predictors for precipitation in the HRB. No spatial or tem-
poral correlations were confirmed between precipitation and
soil moisture as annual averages in the study area. Copula
analysis of joint probability of precipitation between north
and southmountain areas provided information for potential
cross-watershed water diversion within the HRB. The results
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suggested about 40% possibility in a year with a potential for
cross-watershed water diversion within HRB.
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