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Abstract
Drought occurrence and its related impacts are a major concern in many basins throughout the world. Reservoirs play a very
important role in drought resistance. Compared with the reservoir flood limit water level, the drought limit water level belongs to
a new concept. This paper took the Yuqiao reservoir as the study area and proposed a new method to determine the drought limit
water level under changing environment. Firstly, theMann-Kendall (M-K) method and cluster analysis methodwere employed to
test the trend and change point of the series based on the runoff series of Yuqiao reservoir. On this basis, the runoff frequency
curve and design runoff process under current condition were obtained by Pearson-III frequency analysis. Secondly, copula
function was used to analyze the synchronous-asynchronous encounter probability of rich-poor runoff of Yuqiao reservoir and
Panjiakou reservoir. The available transferred volume of Yuqiao reservoir in dry year was analyzed. Finally, according to the
runoff and available transferred volume, the total inflow of Yuqiao reservoir in dry season was calculated. Combining water
demand and total inflow of Yuqiao reservoir, the drought limit water level was calculated by month to month. The study results
can provide necessary technique support for reservoir drought emergency management.

1 Introduction

In recent decades, intense drought events have been observed
on all continents with high economic and social costs (Mishra
and Singh 2010). Droughts are the world’s costliest natural
disasters, causing an average US$ 6–US$ 8 billion in global
damages annually and collectively affecting more people than
any other form of natural disaster (Wilhite and Svoboda
2000). Dams are important tools for managingwater resources
under scarcity conditions because they increase water avail-
ability during drought periods (Oweis and Hachum 2006;
Wisser et al. 2010). Therefore, reservoirs play a key role in

modifying the distribution of water over space and time
(Wurbs 1993; Nandalal and Sakthivadivel 2002), guarantee-
ing a more regular streamflow distribution (Komatsu et al.
2010).

The characteristic levels of reservoir include dead water
level, normal water level, flood limit water level, and design
flood level. The various water levels undertake different tasks
in different periods. The key level for control flood is the flood
limit water level, about which there are many research
achievements at present (Zhou et al. 2009; Li et al. 2010;
Chen et al. 2013; Ding et al. 2013; Zhou et al. 2014; Jiang
et al. 2015). However, among reservoir characteristic levels,
there is no key control level for drought resistance. The
drought control water level was first proposed as a new con-
cept by China Flood Control and Drought Relief Headquarters
Office in 2012. The new concept of drought control water
level is called the drought limit water level. When reservoir
water level continues to be low and inflow continues to be less
than normal, urban and rural life, industrial and agricultural
production, and ecological environment are affected by the
water shortage in the water supply zone of the reservoir.
That is, there is a potential drought threat, and the early
warning limit water level for initiating drought relief is taken
as drought limit water level. At present, the research on
drought limit water level is still in the initial stage with few

* Fawen Li
lifawen@tju.edu.cn

* Yong Zhao
zhaoyong@iwhr.com

1 State Key Laboratory of Hydraulic Engineering Simulation and
Safety, Tianjin University, Tianjin 300072, People’s Republic of
China

2 State Key Laboratory of Simulation and Regulation of Water Cycle
in River Basin, China Institute of Water Resource and Hydropower
Research, Beijing 100038, People’s Republic of China

Theoretical and Applied Climatology (2019) 137:1529–1539
https://doi.org/10.1007/s00704-018-2683-2

http://crossmark.crossref.org/dialog/?doi=10.1007/s00704-018-2683-2&domain=pdf
mailto:lifawen@tju.edu.cn
mailto:zhaoyong@iwhr.com


achievements. Liu (2014) proposed the hydrological index
system of drought early warning based on analysis cause
and process of drought, and put forward the concept and
determination method of drought limit water level. Sun
(2014) analyzed the changes of inflow and water consumption
(including industry, agriculture, life, and ecology water use)
based on the data of Shimen reservoir station, and discussed
the drought limit water level under the condition of meeting
the water demand. Han et al. (2015) determined the drought
limit water level of Changma reservoir based on the water
level corresponding to the sum of the dead capacity and the
maximum of monthly water supply. Liu et al. (2015)
discussed the principles, steps, and methods of drought limit
water level determination, and determined the drought limit
water level of Dahuofang reservoir in Liaoning Province.
Zhang (2016) discussed the determination method of the
drought limit water level of Chaihe reservoir based on the
survey data of inflow and water supply. Peng et al. (2016)
established an optimal control model of drought limit water
level for multi-year regulating storage reservoir to achieve the
greatest benefit of multi-year water supply.

The above studies on the determination of drought limit
water level were mainly based on the concept of the drought
limit water level proposed by China Flood Control and
Drought Relief Headquarters Office and ignored the influence
of reservoir environment change on the inflow. Meanwhile,
these researches were mainly aimed at a single reservoir, and
researches on inter-basin reservoirs have not been reported.
However, with the rapid development of regional socio-econ-
omy, inter-basin water transfer projects will be more and
more, which have become an important means to alleviate
regional water shortage all over the world (Jain et al. 2005;
Wan et al. 2018). After the inter-basin water transfer, the in-
flow condition of the importing reservoir will change, and
when calculating the inflow, the transferred water should be
taken into account.

The paper selected Yuqiao reservoir as the typical study
area. Yuqiao reservoir is an important water supply source
for Tianjin city and is crucial to its social and economic de-
velopment. As the water output from Yuqiao reservoir basin
cannot meet the water supply of Tianjin, the water from
Panjiakou reservoir is transferred into Yuqiao reservoir
through water diversion project. At the same time, with the
change of environment, the runoff into Yuqiao reservoir
changed significantly. Therefore, Yuqiao reservoir basically
covers all the conditions that the general reservoir faces in
the process of water supply. So, Yuqiao reservoir as a case is
suit to analyze the water supply problems in the changing
environment.

This paper analyzed the trend and variability of the long-
series runoff of Yuqiao reservoir, and obtained the runoff fre-
quency curve and design runoff process under the current
situation. Besides, the paper analyzed the transferable water

volume based on the synchronous-asynchronous encounter
probability of rich-poor runoff and calculated the total inflow
of Yuqiao reservoir. On this basis, combined with water de-
mand, the drought limit water level was calculated by month
to month.

2 Study area

Tianjin city is located in east longitude 116° 42′ 05″~118° 03′
31″ and north latitude 38° 33′ 57″~40° 00′ 07″. It is 172 km
from the south to north and 104 km from east to west. Yuqiao
reservoir is located in Ji County of northern Tianjin (Fig. 1),
where the average annual precipitation is 750 mm and the
average annual evaporation is 1000 mm. Yuqiao reservoir is
the largest reservoir in Tianjin with a total storage capacity of
15.6 × 108 m3, a flood control storage capacity of 12.6 ×
108 m3, an active storage capacity of 3.85 × 108 m3, a dead
storage capacity of 0.36 × 108 m3, a flood limit water level of
19.87 m, and a normal water level of 21.16 m at the end of the
flood season. Since the Luanhe-Tianjin Diversion Project was
put into operation in 1983, Yuqiao reservoir has played an
important role in adjusting and storing water, and also under-
takes the water supply for domestic and production use in
Tianjin. The Panjiakou reservoir, located in Hebei Province
of Northern China, was built at the outlet of the mountainous
region of the Luanhe River Basin, which is part of the Haihe
River Basin. Panjiakou reservoir has a capacity of 29.3 ×
108 m3, where the flood control storage is 9.7 × 108 m3 and
the active storage capacity is 19.5 × 108 m3. Yuqiao reservoir
imports water from Panjiakou reservoir in Hebei Province and
supplies 10 × 108 m3 water to Tianjin every year. The cumu-
lative water supply to Tianjin is more than 220 × 108 m3 since
1983.

3 Data and methods

3.1 Data

Annual discharge was available from 1960 to 2006 in both
Yuqiao and Panjiakou reservoir watersheds. Annual runoff
data were respectively recorded at Yuqiao reservoir and
Panjiakou reservoir hydrological stations. The runoff data of
Panjiakou reservoir was provided by the Hydrology andWater
Resource Survey Bureau of Hebei Province. The runoff data,
characteristic water levels, and water level-capacity relation
curve of Yuqiao reservoir were obtained from the Yuqiao
Reservoir Management Agency. The average monthly water
consumption data comes from Tianjin Water Resources
Bulletin.
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Fig. 1 The location of Yuqiao reservoir and Panjiakou reservoir

Determination of drought limit water level of importing reservoir in inter-basin water transfer project... 1531



3.2 Determination method of drought limit water
level

The drought limit water level is determined traditionally
based on the water level corresponding to the sum of the
dead capacity and the maximum of monthly water supply.
The maximum of monthly water supply can be computed
by comparisons of the design inflow and water demand
(Liu et al. 2012).

The key to the determination of drought limit water
level is to ascertain the process of design inflow and
water demand. The water demand can be obtained from
the statistical data of water users of the reservoir, while
there is a large uncertainty in the inflow process. For
importing reservoirs, when calculating the inflow, not on-
ly the runoff from importing reservoir basin, but also the
available transferred water volume from exporting reser-
voir should be considered. As climate changes and hu-
man activities intensified, runoff series in Yuqiao reser-
voir basin does not meet the consistency requirement
anymore, and it is necessary to carry out consistency test
on runoff. In addition, for a reservoir importing water
from other basins, the synchronous-asynchronous encoun-
ter probability of rich-poor runoff of the inter-basin res-
ervoirs needs to be calculated to get the most adverse
water transfer situation.

3.2.1 Analysis of the consistency of runoff

As runoff series of Yuqiao reservoir does not meet the
consistency requirement (Feng et al. 2011), the traditional
runoff frequency analysis cannot be satisfied (Gado and
Nguyen 2016; Liang et al. 2018). If the derivation of
design runoff does not consider the consistency of runoff,
the reliability of drought limit water level will be reduced.
Therefore, it is necessary to carry out consistency test on
runoff.

The consistency test is to judge whether there are trend
and change point components in the series and separate
these components from the series (Xie et al. 2005). In this
paper, the annual runoff series is divided into consistent
random components and inconsistent deterministic com-
ponents:

X t ¼ Y t þ St ð1Þ
where Yt is deterministic aperiodic components (including
trend Ct, change point Bt), St is random components (in-
cluding stationary or nonstationary random components),
and t is time.

Mann-Kendall (M-K) test is employed to identify the trend
of deterministic components (Li et al. 2007). The number of
pairs number xi < xj (i < j) in time series x(t) is determined first.

Then, the variance σ2
xn and statistics Un of the series are cal-

culated:

σ2
xn ¼ var xnð Þ ¼ n n−1ð Þ 2nþ 5ð Þ=72 ð2Þ

Un ¼ xn−xnffiffiffiffiffiffiffiffiffiffiffiffiffiffi
var xnð Þp ð3Þ

where n is the sample size.

xn ¼ ∑n
t−1xt; xn ¼ E xnð Þ ¼ n n−1ð Þ=4 ð4Þ

If Un > 0, there is an upward trend; conversely, there is a
downward trend. If ∣Un ∣ >U1 −α/2, the trend is significant;
conversely, the trend is not significant. For 5% significant
level, the value of U1 −α/2 is 1.96.

If there is a trend in the runoff series, the trend items should
be deducted, and cluster analysis method should be utilized to
test the change point of remaining items to find the significant
disturbance point τ of the hydrological series (Lei et al. 2007).
The mathematical description is as follows:

Vr ¼ ∑ xi−xτ
� �2

;Vn−r ¼ ∑ xi−xn−τ
� �2

ð5Þ

where xτ and xn−τ are the mean of pre-sequence and post
sequence of the disturbance point τ respectively.

The sum of squares of deviations is:

Sn τð Þ ¼ V τ þ Vn−τ ð6Þ

When S*n τð Þ ¼ minjSn τð Þj and 1 ≤ τ ≤ n, τ is the optimal seg-
mentation point. That is the disturbance point.

The decomposition of inconsistent hydrological series is
mainly to facilitate analyzing the rule of various components,
while the ultimate goal is series synthesis. The inconsistent
hydrological series is synthetized by utilizing distribution syn-
thesis method (Xie et al. 2009). The Monte Carlo method is
used to generate pure stochastic series that can meet the rule of
randomness (Lombardo et al. 2017; Sirangelo et al. 2017;
Whateley et al. 2016). The stochastic components and deter-
ministic components are numerically synthetized to obtain the
sample series. The sample series can be used to deduce the
design runoff under current condition by hydrological fre-
quency method (Xie et al. 2005).

3.2.2 Analysis of synchronous-asynchronous encounter
probability of rich-poor runoff of inter-basin reservoirs

For importing reservoirs, when calculating the inflow, the
transferred water volume should be considered. The actual
transferred water volume can be calculated according to the
established water diversion ratio and the water storage of the
exporting reservoir. Therefore, the synchronous-
asynchronous encounter probability of rich-poor runoff of
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inter-basin reservoirs has directly impact on the available
transferred water volume.

The copula method is an effective method to deal with non-
linear correlation variables (Nelson 2006). It has been widely
applied to determine reservoir status and future water regime
(Chang et al. 2016; Wan et al. 2018). Assuming that X and Y
are continuous random variables, their edge distribution func-
tions are respectively FX(x) and FY(y), and the joint distribu-
tion function is F(x, y). If FX(x) and FY(y) are both continuous,
there is a unique copula function Cθ(u, v) that makes:

F x; yð Þ ¼ Cθ FX xð Þ; FY yð Þð Þ; ∀x; y ð7Þ

where Cθ(u, v) is a copula function and θ is an undetermined
parameter. Among copula functions, three types of
Archimedes functions are most widely used, as shown in
Table 1 (Liu et al. 2013).where τ is the Kendall rank correla-
tion coefficient which is calculated utilizing the following for-
mula:

τ ¼ C2
n

� �−1 ∑
i< j

sign xi−x j
� �

yi−y j
� �h i

ð8Þ

where sign (*) is the symbolic function. When (xi − xj)(yi − y-
j) > 0, sign = 1; when (xi − xj)(yi − yj) < 0, sign = − 1; when (xi
− xj)(yi − yj) = 0, sign = 0.

The edge distributions of the reservoir runoff FX(x) and
FY(y) employ Pearson-III distribution, whose probability den-
sity function f (x) is:

f xð Þ ¼ b
Γ að Þ x−a0ð Þα−1e−β x−a0ð Þ ð9Þ

where Γ(a) is gamma function and α, β, and a0 are respec-
tively shape, scale, and location parameters of Pearson-III
distribution, α > 0, β > 0.

The parameters of copula function can be estimated by the
maximum likelihood method (Liu et al. 2013). In this paper,
the fitting test on copula function employs K-S test method,
with OLS (sum of squares of deviations) as the evaluation
index of goodness-of-fit (Yan et al. 2007). The formulas of
the K-S test statistic D and OLS are shown in (10) and (11):

D ¼ max1≤ i≤n jF xi; yið Þ− m ið Þ−1
n

j; jF xi; yið Þ− m ið Þ
n

j
� �

ð10Þ

where F(xi, yi) is the joint distribution of (xi, yi) and m(i) is the
number of joint observations in the sample that satisfy the
conditions of x⩽ xi and y⩽ yi.

OLS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n
∑
n

i¼1
Pei−Pið Þ2

s
ð11Þ

where Pi and Pei are respectively the theoretical frequency and
empirical frequency of the joint distribution.

The goodness-of-fit is evaluated by minimum OLS criteri-
on, and the optimal coupling function can be selected out. On
this basis, the characteristics of synchronous-asynchronous
encounter probability of rich-poor runoff of inter-basin reser-
voirs are analyzed.

If the annual runoff is divided into wet year, mean year, and
dry year by frequency method, there are nine types of
synchronous-asynchronous encounter probability of rich-
poor runoff of the two reservoirs (Guo et al. 2015). For
importing reservoir, the guarantee rate of water supply mainly
depends on how much transferred water it can get from
exporting reservoir when dry year occurs in importing reser-
voir. That is:

(1) The two reservoirs are in synchronic situation of rich-
poor runoff: This case is adverse to water transfer. The
transferred water volume can be calculated according to
the inflow of exporting reservoir in dry year.

(2) The two reservoirs are in asynchronous situation of rich-
poor runoff: This case is conducive to water transfer. The
transferred water volume can be calculated according to
the inflow of exporting reservoir in wet year.

4 Results and discussion

4.1 Modified calculation of the design inflow
in Yuqiao reservoir

According to formulas (2) and (3), the trend of the annual
runoff series of Yuqiao reservoir from 1960 to 2006 is
tested. Statistic Un= − 9.41 and U1 − α /2 = 1.96, so
∣Un ∣ > U1 − α/2, which indicates that the series has a sig-
nificant trend of decrease. Figure 2 shows the trend of 5-
year moving average annual runoff. From the figure, it
can be seen that the trend of runoff is down from the
early 1960s to the early 1970s, a sharp rise from the early
1970s to the highest point in the mid-1970s, down dra-
matically from the mid-1970s to the low point in the
early 1980s. The trend of runoff starts to rise from the
early 1980s to a higher point in the mid-1990s, then falls,
and continues to this day. In general, the runoff is in the
trend of decrease, which is consistent with the M-K test
results.

According to the result of runoff trend, the overall trend of
annual runoff series of Yuqiao reservoir from 1960 to 2006
can be described by a straight line. That is Yt, 2 = 131.9366 −
0.0642t, as shown in Fig. 3.

If the series contains only pure consistent random com-
ponents, the data should fluctuate up and down on its
mean value. That suggests the ideal trend line of the series
should be a horizontal line (such as Yt,1). This study
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selected annual runoff series from 1960 to 2006, so the
trend line is a horizontal line that passes through the
starting point of trend line (t = 1960).

However, if the runoff series has some trend change,
the trend would deviate from the horizontal line. Since a
significant decrease trend has been detected in Yuqiao’s
inflow series, there is a negative slope in the trend line
equation. Thus, the deterministic trend component of the
annual runoff series can be denoted as Eq. (12). Getting
the trend component eliminated, the stochastic compo-
nents can be obtained. The horizontal line Yt,1 = 6.1046
shows the average level of the annual runoff series from
1960 to 2006.

Y t ¼ 0; t⩽1960
125:832−0:0642t; 1960 < t⩽2006

�
ð12Þ

The change point test is carried on the remaining items after
deducting trend items from the runoff series. The test result
shows that the change point is not obvious, so the trend can be
used to describe the deterministic components of the runoff
series.

According to the decomposition principle of the series Xt,
random component St = Xt − Yt, so:

St ¼ X t; t⩽1960
X t− 125:832−0:0642tð Þ; 1960 < t⩽2006

�
ð13Þ

For the random component St that meets the consistency,
Pearson-III curve can be directly utilized to fit the runoff dis-
tribution. The fitting results reflect the frequency distribution
of natural runoff unaffected by climate change and human
activity. The frequency distribution curve (past) is shown in
Fig. 4.

The deterministic components and random components are
synthesized by the synthetic method of inconsistent hydrolog-
ical series. The 1000 sample points (N) of annual runoff con-
sistent with random distribution are generated randomly by
Monte Carlo method. The random sample point and the de-
terministic forecasting value are synthetized to the new sam-
ple point of annual runoff. On the basis, the distribution func-
tion of synthetic runoff can be fit by Pearson-III curve, and the
synthetic hydrological frequency curve (present) consistent
with current characteristics is obtained (Fig. 4).

Fig. 2 The trend of 5-year moving average annual runoff Fig. 3 Trend change of annual runoff of Yuqiao reservoir

Table 1 Three common copula functions

Type Copula function Cθ(u, v) Parameter scope Relationship between τ and θ

Clayton (u−θ + v−θ − 1)−1/θ θ > 0 τ ¼ θ
θþ1

Frank − 1
θ ln 1þ 1

θ

	 

θ > 0 τ ¼ 1− 1− 1

θ ∫
θ
0
1
θ dt

h i
Gumbel-Hougaard exp{−[(− ln u)θ + (− ln v)θ]1/θ} θ⩾ 1 τ ¼ 1− 1

θ
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It can be seen from Fig. 4 that the annual runoff at present is
much lower than that in the past. Therefore, when calculating
the design runoff, the modified annual runoff data should be
utilized. Table 2 shows the modified design runoff process in
design dry year (p = 75%).

4.2 Calculation of the transferred water to Yuqiao
reservoir

Yuqiao reservoir and Panjiakou reservoir respectively belong
to Haihe River Basin and Luan River Basin. According to the
water diversion ratio of Tianjin and Hebei, 60% of the dis-
charge of Panjiakou reservoir supplies to Tianjin. Therefore,
the actual transferred water volume to Yuqiao reservoir is
related to the transferable water volume from Panjiakou
reservoir.

By establishing a joint distribution model based on copula
function, synchronous-asynchronous encounter probability of
rich-poor runoff of Yuqiao reservoir and Panjiakou reservoir is
analyzed. The Pearson-III distribution is utilized to represent

the edge distribution of the reservoir runoff, and the statistical
characteristic parameters x, Cv, and Cs of the reservoir are
estimated by linear moment method (Zhang and Hall 2004),
as shown in Table 3.

According to the copula fitting test and optimization
theory, statistics D and OLS are computed according to
formulas (10) and (11). The calculation results are shown
in Table 4. All three copula functions are tested by K-S
method, and Clayton with the smallest OLS is selected as
the joint function.

The fitting curve of the theoretical frequency and empirical
points of the runoff of Yuqiao reservoir and Panjiakou reser-
voir is obtained by utilizing Clayton coupling function
(Fig. 5).

It can be seen from Fig. 5 that the theoretical distribu-
tion obtained from Clayton copula is well fitted to the
empirical points, so it is reasonable to adopt Clayton as
the coupling function. According to the established joint
distribution model, the synchronous-asynchronous encoun-
ter probability of rich-poor runoff of Panjiakou reservoir
and Yuqiao reservoir at different times can be computed.

Fig. 4 Frequency curve of Yuqiao
reservoir

Table 2 Reservoir design inflow in drought year (108 m3)

Drought year
(p = 75%)

Oct Nov Dec Jan Feb Mar Year
0.05 0.03 0.01 0.01 0.01 0.03

Apr May Jun Jul Aug Sep

0.05 0.07 0.12 0.24 0.23 0.09 0.94

Table 3 Statistical characteristic parameters of the annual runoff of
Yuqiao reservoir and Panjiakou reservoir

Parameters Panjiakou reservoir Yuqiao reservoir

x 20.18023 4.790973

Cv 0.472646 0.614812

Cs 0.534969 1.20904
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The corresponding joint distribution contour is shown in
Fig. 6. The probability of various runoff encounters of
Yuqiao reservoir and Panjiakou reservoir can be found
out in the figure.

Nine forms of synchronous-asynchronous encounter prob-
ability of rich-poor runoff are shown in Table 5.

As can be seen from the table, the synchronous encounter
probability is maximum, accounting for 64.4%. Thereinto, the
synchronous encounter probability of dry year is 27.15%.
According to conditional probability calculation, when
Yuqiao encounters a dry year, the probability that Panjiakou
reservoir contemporaneously encounters a dry year is 72.43%.
This high synchronization is adverse to water transfer. So, it is
reasonable to assume that when Yuqiao reservoir is in dry year
(p = 75%), Panjiakou reservoir storage is in a similar low
level. In this paper, the transferable water volume is calculated
in a condition that both the donor and recipient reservoirs are
in the same drought year degree (p = 75%). The result is rel-
atively safe to direct the determination of the drought limit
water level.

Table 6 shows the design runoff process of Panjiakou res-
ervoir in dry year (p = 75%). According to the established

water diversion ratio of Hebei and Tianjin, the water trans-
ferred to Yuqiao reservoir is 6.37 × 108 m3 in dry year (p =
75%).

According to the proportion of the monthly transferred wa-
ter accounting for that of the whole year in Yuqiao reservoir
(Tianjin Water Conservancy Bureau), the water transfer pro-
cess in dry year (p = 75%) is shown in Table 7.

4.3 Determination of water demand in the water
supply area of Yuqiao reservoir

At present, water supply to Tianjin is mainly composed of
water transferred from Luanhe River, surface water, and
groundwater. Yuqiao reservoir supplies most water for ur-
ban life and industrial production in Tianjin. Its water sup-
ply area covers almost the entire Tianjin. In recent years,
the average annual water consumption of the users in water
supply area of Yuqiao reservoir is 8.16 × 108 m3. Besides,
the overall trend of water consumption is relatively stable
with little fluctuation throughout the year, and the average
monthly water consumption is 0.68 × 108 m3 (Tianjin
Water Resources Bulletin).

Fig. 5 The fitting curve of the theoretical frequency and empirical points
of the runoff of Yuqiao reservoir and Panjiakou reservoir

Table 4 Copula parameters and calculation results of evaluation
indicators

Clayton Frank Gumbel-
Hougaard

θ 8.66124 2.672318 3.344

D 0.100952 0.100669 0.105699

OLS 0.029197 0.037295 0.041147

Fig. 6 Joint distribution contour of the annual runoff of Yuqiao reservoir
and Panjiakou reservoir

Table 5 Synchronous-asynchronous encounter probability of rich-poor
runoff of Yuqiao reservoir and Panjiakou reservoir (%)

Yuqiao Panjiakou Wet year Mean year Dry year

Wet year 27.56 7.46 2.49

Mean year 7.47 9.69 7.85

Dry year 2.48 7.85 27.15

1536 J. Wu et al.



4.4 Determination of drought limit water level
of Yuqiao reservoir

The runoff of Yuqiao reservoir has remarkable rich-poor
changes throughout the year, and the dry season is from
November to May each year. At the same time, it is the water
supply period. So, the drought limit water level must be set to
alleviate water scarcity in the period. The drought limit water
level is determined based on the water level corresponding to
the sum of the dead capacity and the maximum of monthly
water supply. The maximum of monthly water supply can be
computed by comparisons of the total inflow and water de-
mand, with the calculation process carried on by month to
month. The modified design runoff plus the transferred water
in dry year is taken as the total inflow. The calculation results
are shown in Table 8.

The sum of the dead capacity and the maximum ofmonthly
water supply is 0.89 × 108 m3, and the corresponding water
level is 16.65 m. Therefore, the drought limit water level is set
to 16.65 m. That is, in early warning period, if the water level
is lower, a drought resistance mechanism will be initiated.

The determination of the drought limit water level has
taken into account the influence of environmental change
on the inflow as well as the most adverse situation of water
transfer that the two reservoirs encounter dry year synchro-
nously. Therefore, the determination of the drought limit
water level can help to supply water flexibly in drought pe-
riod and serve as an important index for drought resistance
and reservoir management; it has potentially broad applica-
tion prospects.

5 Conclusions

The drought limit water level of a recipient reservoir in an
inter-basin water transfer project has been determined

considering the environment changing effects in this paper.
The design inflow of the drought year is one of key elements
to calculate reservoir drought limit water level, while the trend
and change point of the runoff series caused by environment
change can significantly impact the result of design inflow. A
consistency modification of the inflow series has been con-
ducted to better estimate the available water for a drought year.
In addition, the synchronous-asynchronous encounter proba-
bility of rich-poor runoff of donor and recipient reservoirs has
been analyzed, and the greater possible encounter situation
has been chosen to calculate the transfer water in the design
drought year, which is more reasonable. As climate changes
and inter-basin water transfer is becoming a long-term option
to correct the spatial and temporal mismatch of water avail-
ability and demand all over the world, to establish a key res-
ervoir control level for drought resistance is significantly im-
portant to water-deficient regions.

(1) The environmental change of Yuqiao reservoir has
been remarkable, especially since the Luanhe-Tianjin
Diversion Project was completed in 1983. Therefore,
when determining the drought limit water level of
Yuqiao reservoir, it needs to consider the influence of
environmental change and the inter-basin water
transfer.

(2) According to the annual runoff data of Yuqiao reservoir
from 1960 to 2006, the trend and change point of the
runoff data are tested. It is found that there is a significant
trend of decrease without apparent change point. The
random runoff and synthetic runoff series were obtained
by utilizing decomposition and synthesis method. The
Pearson-III curve of runoff between the last and the pres-
ent exists with significant differences. The design runoff

Table 7 Water transfer process of Yuqiao reservoir in drought year
(108 m3)

Drought year
(p = 75%)

Oct Nov Dec Jan Feb Mar Year

0.52 0.35 0.17 0.14 0.14 0.30

Apr May Jun Jul Aug Sep

0.37 0.23 0.51 1.03 1.61 1.00 6.37

Table 6 Design runoff of Panjiakou reservoir in drought year (108 m3)

Drought year
(p = 75%)

Oct Nov Dec Jan Feb Mar Year
1.01 0.67 0.33 0.27 0.27 0.57

Apr May Jun Jul Aug Sep

0.72 0.44 0.98 1.98 3.11 1.94 12.29

Table 8 Calculation of the drought limit water level of Yuqiao reservoir

Items
(108 m3)

Water
demand

Runoff Transferred
water

Total
inflow

Water
supply

Jan 0.68 0.01 0.14 0.15 0.53

Feb 0.68 0.01 0.14 0.15 0.53

Mar 0.68 0.03 0.30 0.33 0.35

Apr 0.68 0.05 0.37 0.42 0.25

May 0.68 0.07 0.23 0.30 0.38

Jun 0.68 0.12 0.51 0.63 0.05

Jul 0.68 0.24 1.03 1.27 0

Aug 0.68 0.23 1.61 1.84 0

Sep 0.68 0.09 1.00 1.09 0

Oct 0.68 0.05 0.52 0.57 0.10

Nov 0.68 0.03 0.35 0.38 0.30

Dec 0.68 0.01 0.17 0.18 0.49
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must be modified, and the modified annual runoff is
0.94 × 108 m3 in dry year (p = 75%).

(3) The paper uses the copula function to analyze the
synchronous-asynchronous encounter probability of
rich-poor runoff of the two reservoirs. The synchronous
encounter probability is maximum, accounting for
64.4%. Thereinto, the synchronous encounter probabil-
ity of dry year is 27.15%. This situation is most adverse
to water transfer. According to the established water
diversion ratio of Hebei and Tianjin, the water trans-
ferred to Yuqiao reservoir is 6.37 × 108 m3 in dry year
(p = 75%).

(4) According to the determination method of drought limit
water level, the sum of the dead capacity and the maxi-
mum of monthly water supply is 0.89 × 108 m3, and the
corresponding water level is 16.65 m. Therefore, the
drought limit water level of Yuqiao reservoir is set to
16.65 m.
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