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Preface

The “2016 International Conference on Water Resource and Hydraulic
Engineering” was held at the Hebei University of Engineering, Handan, China, on
October 9–12, 2016. More than 160 professionals attended. This conference was
sponsored by the Hebei University of Engineering.

The central theme of the conference focused on sustainable development of
water resources and the environment. Papers for conference presentation were
selected from a wide variety of research areas, including watershed hydrology, river
hydraulics, groundwater hydrology, water resource management and sustainability
development, water supply planning under climate change, water quality analysis
and water pollution, Sponge City Development and urban watershed management,
environment and sustainability, global connection of air and water, irrigation and
drainage issues for agricultural engineering. Out of 72 submitted papers, 34 were
selected for this proceedings.

Global climate change and variability have had great impacts on the hydrologic
cycle and subsequently on our living environment. Human activities have placed
significant roles in an altered hydrologic environment. China has already experi-
enced some environmental impacts from its rapid economic development in recent
years. Issues such as air quality, surface water and groundwater environment,
flooding especially in big cities, sustainable water resources, etc., have become
major concerns by the Chinese government and general public. The central gov-
ernment of China is promoting the Sponge City or Low Impact Development con-
cept to address these issues to sustain the continuing economic growth in China and
at the same time to create a healthier and eco-friendly environment. Papers selected
from this conference for the proceedings covered research related to these on
advanced technology for air quality and water quality monitoring, and research on
sustainable water resource development under global climate change and variability.
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Papers in this proceedings shall be of interest to a worldwide audience in addressing
emerging problems a developing country might face and by research and practice
to successfully deal with these issues for a greener and eco-friendly living
environment.

Handan, China Wei Dong
Champaign, USA Yanqing Lian
Handan, China Yong Zhang
Tuscaloosa, USA Jim LaMoreaux
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The original version of the book was revised:
A new chapter has been included. The
erratum to the book is available at
https://doi.org/10.1007/978-3-319-61630-8_36
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Establishment of Groundwater Level
Warning for Covered Karst Areas
in Northern China

Xiaowei Wang, Lizhi Wang, Jingli Shao and Zhiwei Zhao

Abstract In view of the resources shortage and geological environment problems
caused by over-exploitation of groundwater in northern China, the delineation of
the groundwater level warning (GLW) is urgently needed. Based on the compre-
hensive consideration of the management objectives of water resources supply
guarantee and karst collapse hazards warning, this paper proposed a method for the
delineation of karst GLW in covered karst areas. Specific steps include: (1) estab-
lish the criterion of GLW based on statistical analysis of groundwater level using
the groundwater depth criterion model of Pennsylvania as a reference; (2) establish
the criterion of GLW for karst collapse in line with the experience and mechanism
research; (3) establish the comprehensive judgment criterion model to determine the
GLW of a single observation well; and (4) determine the GLW divisions based on
observation wells cluster and issue and renew the warning afterward. The method
was verified in the Chengqu-Jiuxian Karst System (CJKS) of Taian City in
Shandong Province. It is demonstrated that the GLW conducted by the method in
the study area was reasonable and reliable, and was appropriate for decision making
for water authorities and governments.

Keywords Groundwater level warning � Covered karst areas � Statistical analysis
Karst collapse
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1 Introduction

As the most important water resources of covered karst areas in northern China,
groundwater is severely overexploited due to rapidly increasing demand in recent
years. The groundwater level is continuing to decrease. A series of karst collapse
hazards were initiated by the intense groundwater level fluctuation when the
over-exploitation occurred in strong flow areas of karst groundwater. It is necessary
to research groundwater warning to prevent a water supply crisis and
geo-environmental problems.

Groundwater Warning (GW) is identified as the evaluating model of ground-
water status based on the integrated analyses of factors of groundwater benefits,
qualities and geo-environmental hazards initiated utilizing groundwater monitoring
data [1]. The groundwater level is composed of Groundwater Warning Level
(GLW) and Groundwater Quality Warning (GQW). Common methods in current
GLW research consist of numerical simulation [2, 3], multiple regression [4],
combining relevant indicators [5] and statistical approaches. The statistical
approach can warn and predict groundwater level states rapidly and dynamically
compared with other methods due to its available analyses of groundwater moni-
toring data which is relatively easy to gather. A typical research was conducted to
monitor dynamic warning based on the mathematical statistics method in
Pennsylvania, USA by the United States Geological Survey (USGS) in 2002, which
was adapted for the GLW in the Beijing plain areas [1].

There is not enough research on GLW of covered karst areas in northern China,
especially on comprehensive consideration of groundwater supply and
geo-environmental problems in an integral karst system. This study promoted a
method for GLW in covered karst areas using the groundwater depth criterion
model of Pennsylvania as a reference and combining the GLW of karst collapse.
The method was verified in Chengqu-Jiuxian Karst System (CJKS) of Taian City in
Shandong Province. It is demonstrated that this method was rational and feasible
and was suitable for decision making of water authorities and governments.

2 Method

2.1 Establishment of the Criterion Model of GLW

An observation well cluster would be selected for analysis. It is stipulated that the
selected wells should: (1) have monitoring data with a long-term time series which
is more than 15 years; (2) have high quality monitoring data with the deficit no
longer than half a year; and (3) be equally distributed in the area.

2 X. Wang et al.



The percentile of long-term monitoring data for each observational day was
calculated with the centile of 5, 25 and 75. The criterion model of GLW is
established by the percentile curves of the whole hydrological year consist of
minimum curve, 5 centile curve, 25 centile curve and 75 centile curve.

2.2 Establishment of the Criterion for GLW
of Karst Collapse

It is proven that the karst collapse is initiated commonly due to the rapid fluctuation
of groundwater level around the roof of the bedrock in covered karst areas in
northern China [6]. The criterion for GLW of karst collapse can be established with
the expression h ± i (m), where h is the roof of karst bedrock, i the threshold of
water level wave of karst collapse initiation according to mechanism research or
experiences.

2.3 Evaluation of GLW for Single Observation Well

The comprehensive judgment criterion model for single observation well would be
elaborated as follows: (1) area above centile 75 curve is safe area; (2) area between
centile 25 and 75 curve is green area; (3) area between centile 5 and 25 curve is blue
area; (4) area between minimum curve and centile 75 curve is orange area; (5) area
beneath minimum curve is red area; and (6) area between the threshold i is red area
overlapping other types of areas. The GLW for single observation well can be
obtained by verifying the designated area in the criterion model of updated mon-
itoring data. It is necessary that the criterion model be updated every year in each
hydrological year.

2.4 Issue of Warning

Warning divisions for the entire area that are based on the geological hazard sus-
ceptibility partitions will be determined by the combination of GLW results of
observation well clusters and illustrated. A warning should be issued for different
divisions, respectively, as well as suggestions such as reducing groundwater
abstraction amount or more circumspect on karst collapse hazard.

Establishment of Groundwater Level Warning … 3



3 Verification

3.1 Study Area

The Chengqu-Jiuxian Karst System (CJKS) is located in and to the southeast of the
urban area of Taian City in Shandong Province. The CJKS is a monoclinic karst
system [7] with an area of 112 km2. The system is restrained and divided by faulted
structures and stratigraphic, the main in which are Cambrain-Ordovician stratum.
The depth of the aquifer is about 70–80 m. The aquifer has karst grown strongly
and good water retention properties as the flow of a single-well can be up to 1000–
5000 m3/d. This system contains two water-rich areas—Chengqu and Jiuxian, both
of which have been developed to groundwater-source locations. The main recharge
of the karstic groundwater consists of inter-aquifer flow from Quaternary deposits
through “skylights”, lateral flow and surface water from the Muwhen River in the
south. The flow path is from east to west in the east side of the Daidaoan Fault and
from north to south in the west. Groundwater discharges to surface or Quaternary
around Jiuxian village and Xujiapu village at the southernmost area of CJKS in
natural station. Groundwater abstraction formed wells are currently the most
important discharge. The Quaternary deposits overlaying on CJKS are thicker from
northeast to southwest with a depth of 0–40 m.

The Chengqu groundwater-source location was constructed in the 1950s. The
abstraction amount was up to the peak of 5–6 � 104 m/d during 1982. Karst col-
lapses were initiated by overexploitation. Abstraction from the water supply
company was prohibited in 1993 and from enterprises had been reduced to 2.1 �
104 m/d since 2012. The Jiuxian groundwater-source location was set up for
operation in 1982 by the water supply company. The peak pumping amount was
about 5 � 104 m/d around 2002. Karst collapse occurred in a large area soon
afterwards. Although the pumping was presently limited, there still are more than
100 wells for municipal water supply and rural drinking and irrigation supply in the
location with the abstraction amount up to 5 � 104 m/d during extreme drought.

3.2 Results

Seven observation wells were selected along with the groundwater flow direction in
CJKS (Table 1). Monitoring frequency is 3/month or 6/month. The percentile
curve, including minimum 5, 25 and 75, were illustrated as the criterion model
using long-term monitoring data. The roof of bedrock h for each observation well
was from drilling data. Karst collapse intensively occurred when the water level
was fluctuating around the roof of bedrock when the inter-aquifer recharge was
occurring [6]. Therefore, h ± 2 m is determined to be the karst collapse warning
criterion. According to the established comprehensive judgment criterion model,
GLW for every observation well was obtained by taking the monitoring water level

4 X. Wang et al.



on June 5, 2016 for example. Then the warning division of the whole study area
was illustrated based on the geological hazard susceptibility partitions of Taian City
(Fig. 1).

Table 1 Information of selected observation wells and GLW for June 5, 2016

ID Depth Time
series

Frequency/
month

h ± i(m) Water level
June 5, 2016

GLW for single well
on June 5, 2016

201 294.77 1997–2015 3 130.57 ± 2 118.54 Safe area

206 150.26 1990–2015 6 126.79 ± 2 118.82 Safe area

208 100.03 1990–2015 6 118.14 ± 2 112.66 Green area

212 175.00 1990–2015 6 109.19 ± 2 124.49 Safe area

225 294.77 1990–2015 3 110.41 ± 2 107.68 Green area

230 120.90 1990–2015 3 117.14 ± 2 115.85 Red area

236 150.05 1990–2015 3 132.44 ± 2 109.97 Red area

Fig. 1 Groundwater warning division of CJKS in June 5, 2016. 1-Study area boundary,
2-Stratigraphic boundary, 3-Warning divisions boundary, 4-Safe area, 5-Green area, 6-Red area,
7-Observation wells with ID, 8-Metamorphic rocks group, 9-Cambrian stratum, 10-Ordovician
stratum, 11-Eogene stratum, 12-Groundwater-source location

Establishment of Groundwater Level Warning … 5



4 Conclusion

In this study, a method for groundwater level warning (GLW) in covered karst areas
was put forward. The method was based on statistics of percentile and groundwater
warning of karst collapse. This approach was verified in a typical study area of
Taian City in Shandong Province. The study area identified as Chengqu-Jiuxian
Karst System (CJKS) is a typical covered karst system in northern China where
groundwater overexploitation coexists with serious karst collapse. The basis of this
verification is a reasonably comprehensive groundwater observation net. Results
showed that the warning divisions can be illustrated with four partitions in the study
area including one safe area, one green area and two red areas on June 5, 2016. It is
indicated that the method promoted is reasonably clear and easy to calculate. The
verification result corresponds to the fact of the study area and powerfully sustains
the method to be used for other locations in northern China.
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Flow Chocking Characteristics
of Leak-Floor Flip Buckets

Shu-fang Li and Ji-wei Yang

Abstract Leak-floor flip bucket is a new type of flip bucket recently proposed. It
has the advantages of decreasing flow choking on the bucket in small flow regimes
and improving energy dissipation by a typical long-narrow nappe. However, if the
structure parameters are designed unreasonably, flow choking may also occur on
the bucket if the impact location of the lower jet trajectory is too near to the base of
the structure, and will threaten the safety of the dam. The purpose of this paper is to
study the critical conditions when flow choking begins to disappear or appear on the
leak-floor flip bucket, during the increasing and decreasing discharge regimes,
respectively. Five leak-floor flip bucket models were conducted, and one
circular-shaped flip bucket was prepared for comparison. The critical conditions
were investigated under a systematic variation of the approach flow depth, gap
width and gap length. It concludes that the critical Froude numbers are primarily
influenced by the relative bucket height and the area ratio of the gap; empirical
equations for the prediction of critical conditions are obtained and conformed to the
test data reasonably.

Keywords Leak-floor flip bucket � Flow choking � Critical condition
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1 Introduction

Ski jumps are a major element of high dam spillways or tunnel outlet for its
satisfactory energy dissipation, especially when the velocity is larger than about 15–
20 m/s [1, 2]. Many types of flip buckets were designed as ski jump generators.
After the traditional continuous circular-typed (CCT) flip bucket [3–6], a series of
different types of energy dissipaters such as slit-type flip bucket [7],
triangular-shaped flip bucket [8–10] and deflector dissipaters [11] were proposed.
However, a significant disadvantage of the mentioned bucket is the increased level
of local flow choking, which is the breakdown of supercritical flow and a local
hydraulic jump due to small approach Froude number and the presence of the
bucket. When flow choking occurs, the water flow on the bucket is unstable, the jet
trajectory impinges almost vertical and causes significant scour at the toe of the
dissipater. Further, the choking makes the hydrodynamic and fluctuation pressures
on the sidewalls much greater, thus flow choking must be carefully checked.

Leak-floor (LF) flip bucket has firstly been proposed by Deng [12] (Sichuan
University, China) in 2009 to improve flow choking, energy dissipation and impact
location. It is made up of a curved bed and two side walls, with a gap in the center
axis of the bed, and that the length of the two beds which connect the two side walls
can be designed to be the same or different, and the bed may be curved or distorted.
As its plan view is like a swallowtail, it is also called the swallowtail-type flip
bucket. Figure 1a gives a specific LF flip bucket with an equal side wall length
proposed by Deng [12]. The LF flip bucket mainly has three advantages as a
dissipater: (1) it can decrease flow choking on the bucket and reduce the incipient
ski-jump discharge; (2) it makes the water jet diffuse in the longitudinal direction
due to the existence of the gap, and reduces the pressure that effects on the side
walls; and (3) by changing the length of the two side walls or the bed forms, it can
adjust the jet direction into the downstream water flexibly, and adapt to complex
terrain conditions to protect the banks of the downstream river.

The LF flip bucket has firstly been used in the right spillway tunnel of Jinping I
hydropower project in China [13], and is also being used in the testing stage of Nam
Ngiep II spillway [14]. In 2015, Deng [15] studied the flow pattern, the formation and
the mechanism of the LF flip bucket based on experiments and numerical simulation.
Until now, several questions have so far not been systematically addressed, such as
flow choking characteristics, cavitations, energy dissipation, and so on. Although the
flow choking characteristic is somewhat not as important as the other problems,
the research on it will fill in the gaps in the systematic study of LF flip bucket. In this
paper, the flow choking characteristics of LF flip bucket are experimentally inves-
tigated. As a preliminary research, this paper only considered a simple condition with
equal side bucket length and an axis symmetric gap as shown in Fig. 1b.
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2 Experimental Setup

The experiments were conducted in a rectangular channel as described by Wu et al.
[16]. It involved a horizontal approach channel to simplify the research. It is 1.25 m
long, 0.15 m wide and 0.38 m high. Water was pumped from a laboratory sump to
a water tank and then entered the horizontal approach channel. The maximum pump
capacity was 400 Ls−1, and the working head was about 1.50 m.

The discharge Q was measured by discharge measurement weir at the end of the
tail water channel. The flow depth in the scope of 0.04 m � ho � 0.18 m was
controlled by a radial sluice gate, which separates the pressure and the free-surface
flow section at the inlet of the channel, approach Froude number Fr = vo/(gho)

1/2

was generated by the jet box and the average approach flow velocity
vo = Q/bho = q/ho (q is the unit discharge), was adjusted by the working head.

The test model, made of Perspex, including five LF flip buckets inserted at the end
of the channel, and one circular-shaped bucket was tested for comparison. Figure 1b
gives a schematic view of LF flip bucket, where the width B = 0.15 m, the side
bucket radius R = 0.50 m and deflection angle b = 45° were fixed. The gap deflec-
tion angle h and the gap width bwas changed for h = 0°, 15° and 30°; b = 0.03, 0.05

side bucket

β

θ

R

B

L

l 
w

b gap

wall
bottom

(a)

(b)

Fig. 1 Schematic view of
leak-floor flip bucket
a proposed by Deng [12];
b the present research
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and 0.07 m, with the gap area ratio coefficient S = lb/BL changed accordingly.
Table 1 lists the experimental cases and geometric parameters in this paper, in which
case M1 is a CCT flip bucket, and cases M2 to M5 are LF flip buckets.

3 Observations of Flow Choking

Figure 2 shows flow choking regimes for all the cases. From visual observations,
several aspects can be derived: for the CCT flip bucket of case M1, a hydraulic
jump occurs on the bucket, associated with significant air entrainment at the
air-water interface, water depth on the bucket increasing dramatically and even part
of the turbulent roller climbs over the side walls, the outlet flow flapping sharply,
with a jet trajectory impinges almost vertical at the toe [2]. This situation must be
avoided in practical engineering because it will endanger the hydraulic structure’s
foundation; As for the LF flip bucket, case M2 has almost the same flow choking
regime as M1 except it is a little weaker, and has a small fin below the nappe
because of the small gap on the bucket bed and a small part of water flow from the
gap; as for case M3, when the gap deflection angle is decreased to h = 15°, a fully
developed hydraulic jump still exists on the bucket, but the surface turbulence is
much weaker than M1 and M2, and the fin extends longitudinal along the gap;
when decrease h to 0° as is the case for M4 (Fig. 2d), there is only a little water
block near the bucket outlet. If seen from the plan view (Fig. 3), it can be found
that, shock waves intersect on the axis when the water flow direction changed by
the gap; observations from Fig. 2e, f found that, when the gap width is decreased to
b = 0.03 m, a slight surface hydraulic jump appears again; but if the gap width is
enlarged to b = 0.07 m, the hydraulic jump is then replaced by shock waves once
again. It can be obtained from the experiments that the shock wave height is
decreased with the increasing of the gap width b.

In conclusion, the flow choking regimes of LF flip bucket can be divided into
three types by visual observation: strong hydraulic jump (SHJ) (Fig. 2a, b), weak
hydraulic jump (WHJ) (Fig. 2c, e) and shock wave (SW) flow choking (Fig. 2d, f).

Table 1 Test program with
basic parameter variation

Cases b (m) h (°) S ho (m)

M1 0 0 0 0.04, 0.07, 0.10, 0.18

M2 0.05 30 0.11

M3 0.05 15 0.22

M4 0.05 0 0.33

M5 0.03 0 0.20

M6 0.07 0 0.47
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(a) (b)

(c) (d)

(e) (f)

Fig. 2 Flow choking a M1: b = 0 m, h = 0°, Fr = 1.97; b M2: b = 0.05 m, h = 30°, Fr = 1.91;
c M3: b = 0.05 m, h = 15°, Fr = 1.54; d M4: b = 0.05 m, h = 0°, Fr = 1.22; e M5: b = 0.03 m,
h = 0°, Fr = 1.64; f M6: b = 0.07 m, h = 0°, Fr = 1.11

Fig. 3 Plan view of shock
waves for M4: ho = 0.04 m
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The first two situations need special consideration in hydraulic operation, but the
last can be ignored. Table 2 lists all the flow choking cases in the experiments.

Similarly, as with the CCT flip bucket, flow choking also occurs in the
decreasing discharge regime, and it is just the opposite process as the increasing
discharge regime. As the decreasing discharge process is always less important [17]
in the hydroelectric operation, it will not be discussed here.

4 Critical Flow Choking Froude Number

The flow choking characteristics can be defined by the critical Froude number Fcri,
where i = 1 and 2 represent that flow choking completely disappeared in the
increasing discharge regime and appeared in the decreasing discharge regime,
respectively. From Heller’s [4] result it can be obtained that the relative bucket
height w/ho is the main influence parameter of the flow choking characteristics for
the CCT flip bucket, and it can be noted from Wu’s [16] experimental results that
the outlet width, the contraction angle and the approach flow depth are important in
the critical flow choking Froude number of the slit-type flip bucket. As for the LF
flip bucket, the relative bucket height w/ho and the area ratio S = lb/LB are con-
sidered as the main parameters influencing the flow choking characteristics.

The critical Froude numbers Fcri were recorded during experiments. The
experimental results were plotted as Fcri versus w/ho (Fig. 4a, b). It can be found
that both Fcr1 and Fcr2 are increasing with w/ho, and Fcr1 is obviously larger than
Fcr2. This is reasonable as w enhances the flow depth choked on the bucket and a
larger momentum is needed to push the choked flow jump out of the bucket.
Otherwise, the depth below the hydraulic jump increases with the flow depth ho and
it is relatively easy to push the hydraulic jump out of the bucket. This is similar to
the result of the CCT flip bucket proposed by Heller [4]. It can be obviously
observed that the critical Froude numbers of the LF flip buckets are much smaller

Table 2 Experimental
observations of flow choking
regimes

Cases ho (m) Flow choking types

M1 0.04–0.18 SHJ

M2 0.04–0.18 SHJ

M3 0.04–0.18 WHJ

M4 0.04–0.10 SW

0.18 WHJ

M5 0.04–0.18 WHJ

M6 0.04–0.18 SW
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than the corresponding CCT flip buckets (Fig. 4). Figure 5a, b relate to Fcr1 and
Fcr2 versus the gap area ratio parameter S for LF flip buckets of cases M2 to M6.
Both Fcr1 and Fcr2 are decreased with S when w/ho are fixed.

Considering all of the parameters above, a combined parameter K = (1−S) (w/
ho) was proposed and Fig. 6a, b relate to Fcr1 and Fcr2 versus K, in which, the
dashed line represents results of ho = 0.04 m, and the solid line represents ho =
0.07, 0.10 and 0.18 m. For ho = 0.04 m, the data can be expressed as:

Fcr1 ¼ 1:63K � 0:93 ð1Þ

Fcr2 ¼ 0:79K þ 1:01 ð2Þ

with the correlation coefficients R2 = 0.95 for Fcr1 and R2 = 0.92 for Fcr2.
For cases when ho = 0.07, 0.10 and 0.18 m, the critical Froude number can be

expressed as:
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w/ho

M1 M2 M3 M4 M5 M6
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Fig. 4 Critical Froude
numbers versus w/ho:
a increasing discharge
regime; b decreasing
discharge regime
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Fcr1 ¼ 2:37K0:75 ð3Þ

Fcr2 ¼ 2:16K0:66 ð4Þ

with both correlation coefficients R2 = 0.97.
The limitations of the above equations are 0 � S � 0.5 for the bucket gap area

ratio and 0.8 � w/ho � 4.1 for the relative bucket height.
Figure 7 is the comparisons of the calculated critical Froude number Fcric by

Eqs. (1)–(4) with the experimental results; the dotted lines represent the ranges of
10% error. The results show that the error is mostly less than 10% and Eqs. (1)–(4)
have high precision in the critical flow choking Froude number.
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Fig. 5 Critical Froude
numbers versus S:
a increasing discharge
regime; b decreasing
discharge regime
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5 Discussions

Scale effects may exist when the approach flow depth is too small, such as when
ho = 0.04 m, resulted in a different relationship of Fcri and K, thus Eqs. (1) and (2)
actually have no practical meanings and just for reference only. Equations (3) and
(4) can be expressed in a uniform format as:

Fcri ¼ ai
w
h0

1� Sð Þ
� �bi

ð5Þ

where a1 = 2.37, b1 = 0.75 for Fcr1 and a2 = 2.16, b2 = 0.66 for Fcr2.
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The experimental data of the CCT flip bucket was also included in Fig. 6 while
considering S = 0. This represents that the critical flow choking Froude number, for
both LF flip bucket and the CCT flip bucket, has the same tendency with Eq. (5).

From the experiments, it can be shown that the flow choking decreased with
S but increased with w/ho. Besides, it also can be concluded that when S � 0.33
and w/ho � 0.81, or S � 0.47 and w/ho � 4.06, only slightly a weak shock wave
appeared, and these situations are far-fetched to be called flow choking, can be
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discharge regime and Fcr1c is
calculated by Eq. (1) and
Eq. (3); b decreasing
discharge regime and Fcr2c is
calculated by Eqs. (2) and (4)
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considered as reasonable situations in practical engineering. In addition, the design
standard suggested that 4 � R/ho � 10 for CCT flip bucket [18]. Then, consid-
ering from the aspect of avoiding flow choking, the LF flip bucket can be designed
as S � 0.33 and w/ho � 0.81, or S � 0.47 and w/ho � 4.06. Additionally, the
trajectory distance must be avoided being too close to cause scour at the toe of
bucket.

6 Conclusions

Flow choking regimes and critical conditions of LF flip buckets are explored
experimentally. The critical flow choking Froude numbers Fcr1 and Fcr2 are focused
on and empirical equations to calculate them are obtained. Comparisons between
the empirical equations and the test data showed that the paper’s equations are
reasonable in critical flow choking prediction, both for LF and CCT flip buckets,
and can be used for hydraulic design as a preliminary estimation. Furthermore, a
preliminary design standard of S � 0.33 and w/ho � 0.81, or S � 0.47 and w/
ho � 4.06 for LF flip bucket was proposed from the consideration of avoiding flow
choking.
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Effects of Brackish Water Salinity
on the Soil Salt and Water Movements
and the Cotton Seedling Growth Under
Film Hole Irrigation

Chao Ma, Haoyun Hu, Lihua Jia, Ce Zhang and Fei Li

Abstract Use of brackish water is becoming more and more important in
agricultural irrigation, and it has not been effectively utilized. The effects of
brackish water on the soil salt and water movements and the emergence rate of
cotton with different salinities of brackish water (0 g/L (control group—CK), 2, 3, 5
and 7 g/L) through film hole irrigation were examined. The results showed that:
(1) the cotton emergence rate significantly decreased under the salinity of brackish
water more than 5 g/L, whereas the brackish water salinity of 0–5 g/L barely
affected the cotton seedling growth; (2) the leaf net photosynthetic rate (Pn) and
transpiration rate (E) gradually decreased with the increasing salinity brackish
water; (3) the soil salinity increases with the increase of salinity brackish water; and,
as time increased, soil salinity gradually moved downward. The results suggested
that high salinity of brackish water may have impacts cotton seedling growth. The
results may have important significance on cotton plantations with brackish water
film hole irrigation.
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1 Introduction

With the growing shortage of freshwater resources, the brackish water used in
irrigation has become one of the important ways to alleviate irrigation water supply
and demand contradiction [1]. As one of the salt tolerant crops, it is a major
difficulty of how to improve the cotton seedling emergence and protect the seeding
when it is cropped on saline land [2]. Studies show that when soil salinity was 2–
3 g/kg, the cotton seedling emergence will not be greatly impacted; when soil
salinity exceeds 4 g/kg, the cotton seedling emergence is only about 40%; the
survival rate of cotton is less than 30% [3]. Yumian No. 15 seed germination limit
of salt tolerance mass fraction is 0.7%. When NaCl is more than 0.5%, the seedling
root length, cotyledon area and seedling dry weight are significantly lower than CK
[4]. With increasing levels of soil salinity, transpiration rate of cotton functional
leaves, water content and net photosynthetic rate decreases, but the leaf temperature
increases [5]. Due to the different experimental conditions, there are differences in
cotton seedling salt tolerance eigenvalues obtained. However, clearing the cotton
seedling emergence salt tolerance threshold and improving brackish water use
efficiency through improvement of the test conditions are important guiding sig-
nificances to make full use of brackish water.

Many previous studies mainly focused on the impacts of salinity on the emer-
gence and survival rate of cotton seedling under drip irrigation, while few studies
examined the physiological parameters of cotton seedlings under film hole irriga-
tion with brackish water. The objectives of this study were to investigate the
changes on the morphology and physiology of cotton seedlings under salt stress,
which may provide a theoretical basis for the later growth of cotton and improving
cotton production.

2 Materials and Methods

2.1 Experiment Design

The experiment was conducted in the experiments field of Hebei University of
Engineering in 2016. The soil is light loamy soil. The experiment used micro area
which was district 1.5, 1.2 m wide. The experiment set up five salinity treatments,
which were 0 g/L (CK), 2, 3, 5 and 7 g/L, repeated three times, and randomly
arranged. Cotton variety was Handan cotton 646, sowed on 26 April. The seeding
irrigate farming method of film mulching-seeding-irrigating was used with each
micro area planting 2 rows, each row planting 4, row spacing 60 cm, spacing
40 cm. The irrigation method was border irrigation with 450 m3/ha irrigation
amount.
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2.2 Observation Items and Methods

Soil moisture content and conductivity were measured by TDR (Moisture Meter
HD2 * Mobile). After land leveling, the 75 cm depth of the tube hole was hit with
the determination of depth of 70 cm, divided into 0–15, 15–30, 30–40, 40–50, 50–
60, 60–70 cm in each micro area from 10 cm of the plant location by drilling
machine, and then inserted the TDR observation tube. The initial soil moisture
content and conductivity were measured before irrigation at different depths, and
they were measured after 1, 7, 14, 21 and 28 d after irrigation.

Counting the number of cotton seedlings per hole per day for three days after
15 days after irrigation, the number of seedling emergence final count was the
statistical closing date count, calculating emergence rate, and then leaving one
seedling per hole.

Forty days after irrigation (at the latter period of the seedling stage), three plants
were marked in each micro area, and the plant height and stem diameter were
measured by ruler and vernier caliper. The leaf area was calculated by measuring
the length and width of the leaf. The following leaf area formula [6]: leaf area =
leaf length � leaf width � 0.84.

Forty-five days after irrigation, two cotton plants of the middle position were
marked in each micro area by selecting the fully expanded leaves and then deter-
mining its photosynthetic gas exchange parameters (Net Photosynthetic Rate (Pn),
Stomatal Conductance (Gs), intercellular CO2 Concentration (Ci) and Transpiration
Rate (E)) by Portable Photosynthesis Measurement System (Lcpro * SD, ADC
BioScientific Ltd, Hoddesdon, UK). In the determination process, the light intensity
was 1000 mol m−2 s−1, and the leaf chamber temperature was 30 °C.

3 Results

3.1 Effects of Brackish Water Salinity on Soil Water
Movement

As shown in Fig. 1, there was a large difference in the initial water content of the
soil in each micro area, and the changing trend of soil moisture content was dif-
ferent. However, it still could be seen that after the same salinity of brackish water
irrigation, topsoil moisture content increased significantly. With the depth of the
soil increasing, the rate of increase in the soil moisture content decreased; 1–7 days
after irrigation, the change of soil moisture content was mainly concentrated in the
0–40 cm soil layer, and the change was not obvious. Since the 5th day and 18th day
after irrigation of rainfall about 15 mm, the 0–30 cm soil moisture content
increased significantly. Deeper soil moisture content also gradually increased as
time increased. Soil moisture movement occurred mainly in the 0–60 cm soil layer.
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After different salinity of brackish water irrigation, soil moisture movement rates
were changed. At the same time, soil moisture movement rate increased as salinity
increased.

Fig. 1 Movement characteristics of soil moisture content in different salinity a CK(0 g/L);
b 2 g/L; c 3 g/L; d 5 g/L; e 6 g/L; f 7 g/L
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3.2 Effects of Brackish Water Salinity on Soil Salt
Movement

As shown in Fig. 2, after brackish water irrigation, the soil salinity significantly
increased, especially in the topsoil. Soil salt content increased in the layer of 0–
60 cm soil; the salt content of 0–15 cm topsoil increased the maximum; and the
amplitude of salt content decreased as the soil depth increased in each salinity
treatment. Along with the prolonging of time, the topsoil salt content decreased;
however, it increased in the lower soil, which showed soil salt moved down after
irrigation. The salt content of the topsoil dropped the largest amount in 0–7 days
and it decreased less in 7–28 days. That indicated that the soil salt moved down-
ward faster in the early stage after irrigation, then slower.

With the increasing of brackish water salinity, soil electrical conductivity
increased at the same time after irrigation. Comparing the soil moisture and con-
ductivity with the depth at the same salinity in the cotton seedling, it can be seen
that the soil salt movement had obvious synchronization with the soil moisture
migration, which showed that soil salt took the soil moisture as the carrier along
with the moisture movement. Two rains led to the topsoil salt content of the relative
increase in each salinity treatment and soil salt moved down and accumulated at
lower level in the 5th day and 18th day after irrigation.

3.3 Effects of Brackish Water Salinity on Emergence Rate
and Seedling Height, Stem Diameter and Leaf Area
of Cotton

As shown in Fig. 3, when brackish water salinity was 0 g/L (CK), the cotton
emergence rate was 70.83%; and it had no notable change with salinity increased to
5 g/L. However, when the salinity was 6 g/L, the cotton emergence rate was
59.17%, which reduced 11.66% the salinity for 0 g/L and it changed significantly
(p < 0.05). When continuing to increase the salinity, the cotton emergence rate
decreased.

Apart from cotton emergence rate, there was an impact of brackish water salinity
on cotton seedling height, stem diameter and leaf area. As Figs. 4, 5 and 6 showed
that when the salinity was less than 5 g/L (including 5 g/L), there were no sig-
nificant effects on cotton emergence rate and seedling plant high, stem diameter and
leaf area. However, when the salinity was larger than 5 g/L, they were significantly
impacted (p < 0.05); and with salinity increasing, the effects were more obvious. In
addition, statistical results showed that the difference did not reach significant levels
(p > 0.05) between 0 and 5 g/L treatments.
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3.4 Effects of Brackish Water Salinity on Gas Exchange
Parameters of Cotton Seedling

As shown in Table 1, the leaf net photosynthetic rate (Pn) decreased with the
increasing of brackish water salinity. The Pn reduced by about 41.5% when the
salinity changed from 7 g/L to 0 g/L, which was a significant difference (p < 0.05).

Fig. 2 Movement characteristics of soil salt content in different salinity
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When the salinity was less than 5 g/L, Pn did not change significantly. That
indicated the brackish water did not greatly impact on leaf net photosynthetic rate in
which salinity was less than 5 g/L.

Fig. 3 Effects of salinity on
emergence rate

Fig. 4 Effects of salinity on
height

Fig. 5 Effects of salinity on
stem diameter
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When the salinity was 7 g/L, cotton seedling transpiration rate (E) was the
lowest and it increased with the salinity decrease until it reached the maximum of
0 g/L. However, when the salinity was less than 5 g/L, the difference was not
significant; only when the salinity reached 7 g/L, the cotton leaf transpiration
decreased significantly (p < 0.05) with a decline of about 42.4%. In this study,
there were not many effects of salinity on leaf stomatal conductance (G); the leaf
intercellular CO2 concentration (Gi) increased with increasing salinity while not
significantly (p > 0.05).

Fig. 6 Effects of salinity on
leaf area

Table 1 Effects of salinity on gas exchange parameters of cotton seedling

Gas exchange
parameters

Brackish water salinity (g/L) p-
values0 2 3 5 6 7

Net photosynthetic
rate Pn (lmol m−2 s−1)

11.24
(1.33)
a

9.41
(4.11)
a

8.54
(1.62)
a

8.01
(2.97)
a

7.12
(2.91)
a

6.58
(3.92)
b

0.323

Transpiration rate
E (mmol m−2 s−1)

3.09
(0.29)
a

2.75
(0.47)
a

2.49
(0.64)
ac

2.33
(0.73)
ac

2.24
(0.89)
ac

1.78
(0.67)
bc

0.137

Stomatal conductance
Gs (mmol m−2 s−1)

0.17
(0.03)
a

0.14
(0.05)
a

0.13
(0.06)
a

0.11
(0.06)
a

0.12
(0.09)
a

0.08
(0.05)
a

0.514

Intercellular CO2

concentration Ci

(mmol L−1)

241
(15)a

242
(28)a

252
(38)a

257
(36)a

259
(30)a

264
(31)a

0.849
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4 Discussion

After brackish water irrigation, soil salt content increased which affected the
absorption and utilization of the soil water in the cotton root and affected the growth
of the cotton. The cotton emergence rate increased with the salinity of brackish
water decrease; especially when the salinity was 7 g/L, the cotton emergence rate
showed a significant difference. However, when the salinity was less than 5 g/L,
there were no difference with emergence which showed that it did not impact cotton
emergence after brackish water irrigation of 0–5 g/L. At the same time, cotton
seedlings grew well after low salinity brackish water irrigation. With the increase of
the salinity, cotton seedling plant height, stem diameter and leaf area decreased
gradually, especially when salinity increased to 6–7 g/L, which further showed that
salinity which was less than 5 g/L of brackish water can be used for irrigation of
cotton seedling.

Net photosynthetic rate reflects the growth conditions of plants. The study found
that salt treatment directly affected the structure and photosynthetic enzyme activity
and other physiological and biochemical processes such as the photosynthesis
system which led to impaired photosynthesis [7, 8]. Under salinity condition, the
inhibiting nature in the plant growth process was mainly caused by a water deficit.
The reason was that the massive soil salt ions made soil osmotic potential decrease
and the plant root absorbed water resulting in plant physiological drought [9].
Under the related analysis between the different salinity conditions of cotton net
photosynthetic rate, this paper found that the cotton leaf stomata had narrowed or
closed when brackish water salinity increased and leaf net photosynthetic rate
(Pn) gradually decreased; however, if the salinity was less than 5 g/L, there was not
much impact on Pn. Cotton seedling transpiration rate was lowest with the 7 g/L of
salinity and it increased with the decrease of salinity. The effects of brackish water
salinity on leaf stomatal conduction were not obvious; the leaf intercellular CO2

concentration increased with increasing salinity, but not significantly.

5 Conclusion

1. After brackish water irrigation, the soil moisture moved down gradually with the
time increase when migration was mainly concentrated in the 0–60 cm of soil
layer; the soil salt moved along with the water transport and accumulated at the
edge of the water movement.

2. Brackish water had no significant effect (p > 0.05) on the rate of cotton seedling
emergence rate and seedling growth (plant height, stem diameter, leaf area)
when its salinity was less than 5 g/L.

3. Cotton seedling leaf photosynthetic rate and transpiration rate decreased with
the increase of brackish water salinity; when the salinity was greater than 5 g/L,
the effect was significant (p < 0.05).
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Risk Assessment of Rainstorm
Waterlogging in New District Based
on MIKE Urban

Ying Wang, Qinghua Luan, Haichao Wang, Jiahong Liu and Jun Ma

Abstract Due to the urban rainstorm waterlogging problem which has frequently
occurred in recent years, this paper establishes a rainwater pipe network system
model for the newly built future science park area in Beijing based on the MIKE
Urban model under the support of fundamental data in aspects of catch basin, storm
sewer, land utilization, etc. Because of the lack of measured runoff data, this paper
uses the runoff coefficient as the check objective to implement the experience
calibration of the model parameters, verifies the model through the “6.23” storm
runoff process in Beijing and establishes the regional model. On this basis, this
paper simulates three designed rainfall runoff processes under different recurrence
periods and obtains the simulation result of cumulated water quantity, pipe load,
etc. in the corresponding catchment area of the research area. This paper concludes
through analysis that the easy flooding and waterlogging points under different
simulation scenarios in the research area provide the decision basis for the storm
waterlogging risk management and rainfall resource utilization in this area.
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1 Introduction

The reasons for frequent occurrence of urban waterlogging in recent years can be
analyzed and summarized as follows: 1. rapid urbanization causes the urban
impervious area to increase; changes the rainwater infiltration process and forms the
hydrological effect of urbanization; 2. change in the urban thermal radiation and
conduction cause urban areas to appear as the “heat island effect”, which thereby
leads to the occurrence of “rain island effect”; 3. urban drainage infrastructure is
insufficient and seriously lags behind the urbanization process; for example: the
designed storm return period for most of the storm water sewers in the original
urban drainage system is one year or so, and the storm return period in some of the
old cities is even lower than this lower limit; 4. with the development of urban
three-dimensional transportation, the number of easy waterlogging areas increased,
such as the recessed overpass, underground passage, deep groove road sections,
etc.; 5. insufficient maintenance and management of urban drainage facilities as
well as the blockage and siltation of drainage facilities in wet season directly
influence the rainwater drainage effect.

The underlying surface condition and storm sewer system gradually becomes
complicated and variable during the urbanization process. To reasonably and
accurately simulate the urban hydrological process and assess the urban flood
waterlogging risk, the urban rain flood simulation model method is commonly
applied at home and abroad. At present, the widely applied urban hydrological
models include SWMM, STORM, MOUSE, QQS and DR3M models [1].
The MIKE Urban water supply and drainage pipe network simulation software used
in this paper is an urban water simulation system developed by Danish Hydraulic
Institute (DHI) through integrating the ArcGIS of ESRI, drainage pipe network
system CS and water supply pipe network WD. This software is based on the AO
(ArcObject) framework and the documents are stored in the Geodatabase data
format to facilitate its combination with GIS and utilization of powerful functions of
GIS. This software is widely applied at home and abroad, for example: Søren
Thorndahl et al. [2] realized the simulation of mutual action between the under-
ground water movement and sewage pipe flow through coupling of MIKE SHE and
MIKE Urban. Lee et al. [3], used MIKE Urban to simulate for reducing the flood
damage of green park in flood-prone areas around South Korea’s Incheon Bridge
landfill. Wu et al. [4] applied MIEK Urban, MIKE 21 and MIKE FLOOD to assess
the current situation of the rainwater system in Wuhan City. In addition, this
software was also applied in the flood-prevention simulation of rainwater
system for the Beijing Olympic central area [5]; simulation of running optimization
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and energy-saving and cost-reducing of the drainage pipe network system in
Haining City; urban flood simulation in Lujiazui area of Shanghai City, China [6,
7]; and simulation of urban rainfall flood disaster in Jinan urban district, China, etc.

2 Regional Overview

The future science park in Beijing is in the northwest suburbs of Beijing City, and
its construction was officially started in July 2009. It is in the most eastern end of
the high-tech industry corridor on the North 7th Road in the Changping district and
has an overall flat terrain; however, it also faces a high pressure of flood drainage
and mitigation. In accordance with the Fig. 1 Distribution of Historical
Waterlogging Disaster Risk, it is seen that the research area is in the region with a
relatively higher occurrence frequency of waterlogging disaster risk. The
inter-annual and intra-annual distribution of precipitation is uneven; the annual
precipitation is 600–650 mm concentrated in June–September; and the multi-year
average evaporation is 1700.5 mm. The soil type is dominated by light loam soil
and sandy soil with a good permeability, and the permeability coefficient of surface
soil is within 1.50 � 10−6–9.25 � 10−5. Main types of land use include roads
among land plots, main roads, green space, water area, industrial and residential
land, etc. In combination with the planning report and site investigation result, the

Fig. 1 Historical flood risk layout
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impermeable stratum area of this area is about 45% and is mainly dominated by the
area of impermeable pavement and buildings.

Scope of the research area: it reaches the western extension of Shunyu Road in
the north, Beijing-Chengde Expressway and Changping district boundary in the
east, Planning Road No. 28 in the south and east boundary of the central cluster of
Beiqijia Town in the west, with a total planning area of 10.00 km2. The future
science park is divided into the north and south parts by using Wenyu River and
Dingsi Road (Government Street) as the boundary; the north area is in the southeast
of Xiaotangshan Town, with a floor area of 2.15 km2; the south part is in the east of
Beiqijia Town, with a floor area of 4.47 km2. The area of core green land between
these two parts is 3.38 km2. This paper only researches the northern and southern
area covered by the rainwater pipe network, and the green land between these two
areas is the zero discharge area and is not within the scope of this research.

3 Construction of Model

3.1 System Generalization

In accordance with the Storm Sewage Discharge Planning for the Future science
park (South Area) (modified) and plan for the rainwater drainage planning in the
External Storm Sewage Planning; and based on the MIKE Urban model, this paper
establishes the rainwater pipe network model for the future science park in Beijing
under the support of fundamental data about the catch basin, storm sewer conduit,
land utilization status, etc.

In accordance with the boundary of river basins (as shown in Fig. 2) and con-
fluence direction, this paper makes systematic partitioning of rainwater pipe net-
work in the research area by regarding the water delivery pipeline in the existing
water source plant No. 9 as the boundary of river basins, and then divides the
rainwater pipe network in the southern area into four systems (A, B, C and D) in
accordance with the arrangement of the discharge outlet and divides the northern
area into three rainwater systems (E, F and G), as shown in Fig. 2 in which the
rainwater from A and B systems is drained into the Wenyu River and its old course,
while the rainwater from the C and D systems is discharged into the Lutuanxi Ditch.
Rainwater from the E system is discharged into the Wenyu River; rainwater from
the F system is discharged into the planned earth drainage ditch, while the rainwater
from the G system is discharged into the existing cross-culvert of Beijing-Chengde
Expressway.

After model generalization, the rainwater pipe network system for the future
science park in Beijing has the following number of nodes: 50 nodes in the northern
area, 154 nodes in the southern area, and a total of 204 inlets for storm water in
which there are three outlets in the northern area, which are, respectively, E6, F6
and G4. The outlets in the southern area are, respectively, A8, B14, C6 and D16, as
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shown in Fig. 2. The length of the rainwater pipe: there are 47 sections of rainwater
pipes in the northern area, with a pipe length of 13,060 m; there are 150 sections of
rainwater pipes in the southern area, with the pipe length of 33,240 m. The total
length of the rainwater pipeline in the research area is 46,300 m.

3.2 Division of the Catchment Area

The catchment area was divided into sub-areas in accordance with the ground
elevation and small watershed line in this area in which the northern area has 32
sub-areas and the southern area has 59 sub-areas. Therefore, the total number of
sub-areas is 91 in which the catchment area in the northern area is 122.67 ha and
the catchment area in the southern area is 417.27 ha, so the research area is about
540 ha. Except for the area under construction and the undeveloped area, the area
controlled by the rainwater pipe network is basically covered. The arrangement of
confluence points in the catchment sub-area take account of the local topography
and actual confluence direction and will use the adjacent nodes as the confluence
points, as shown in the Fig. 2.

Fig. 2 Beijing Future
Science Park storm sewer
network
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3.3 Model Verification and Calibration

Due to lack of actually measured and calibrated data, this paper uses the runoff
coefficient as the check objective [8] to implement the experience calibration of the
model parameters and verifies the model through the actually measured typical
“6.23” storm in Beijing to prove the model reliability.

Model selection during the verification in the runoff model setting will include:
calculation of impervious surface coverage and setting of hydrological parameters.
The hydrological model will use the MOUSE Time-Area (A), while the time-area
curve is selected by using the ratio of (Area-50)/Area to determine the default
time-area curve type of the model. When the ratio is within 0.00–0.37, the
TA-Curve3 will be selected; when the ratio is within 0.38–0.60, the TA-Curve1 will
be selected; when the ratio is within 0.61–1.00, the TA-Curve2 will be selected.

In the calculation of runoff coefficient, the weighted average calculation method
is usually adopted to calculate the average runoff coefficient of single confluence
area in accordance with the ground types. However, for more complicated areas [9],
its value of comprehensive runoff coefficient can be taken by referencing Table 1.

The actually measured typical “7.21” storm data (precipitation of 264.5 mm and
rainfall duration of 26 h) in Beijing as the rainfall boundary conditions of the model
is typed in. The runoff coefficient of each catchment area during this precipitation
through loading the accumulative rainfall simulation result is calculated; the
comprehensive runoff coefficient of the whole research area is calculated to be 0.43
through weighted average of the catchment sub-areas in the research area; the
impervious surface coverage of this area is 45% and the corresponding urban
comprehensive runoff coefficient takes 0.40–0.60, which match with the model
result.

After multiple adjustment of parameters with the impervious surface coverage of
this area is set to be 45% (fixed value) after generalized calculation; setting of
hydrological parameters adopt the default value of the model, including the average
ground velocity of 0.3 m/s, hydrological attenuation coefficient of 0.9 and initial
loss of 0.0006 m. The calibration result of model parameter is shown in Table 2.

Table 1 The experience value of integrated runoff coefficient

Unit type Impervious percentage (%) The integrated runoff coefficient

Central dense habitations >70 0.60–0.80

Dense habitations 50–70 0.50–0.70

Sparse habitations 30–50 0.40–0.60

Very sparse habitations <30 0.3–0.50

Table 2 Parameters calibration result

Parameters
calibration result

Imperviousness
(%)

Mean surface
velocity (m/s)

Hydrological
reduction factor

Initial
loss (m)

Value 45 0.3 0.9 0.0006
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On this basis, the model is verified through the actually measured typical “6.23”
storm process in Beijing, and this storm has a precipitation of 121 mm and duration
of 10 h. In the model, this precipitation process is used as the precipitation
boundary to simulate the precipitation runoff process. The simulation result shows
that the integrated runoff coefficient of the whole region is 0.403, which is within
the range of urban integrated runoff coefficient. According to the sub-catchment
runoff hydrograph statistics, the maximum surface flow occurred at about 17:00 and
the maximum surface runoff depth is 5 cm; the total flow-accumulated of the
northern region is 59816.605 m3. The amount of runoff is small and in accordance
with the actual investigation result and reflections of local residents, the precipi-
tation process on June 23, 2011 had a small influence on the future science park and
the roads had no obvious water accumulation phenomenon, which matches with the
model simulation result and proves the reliability of the established model.

4 Result and Analysis

4.1 Scenario Simulation

In accordance with the Hydrologic Handbook of Beijing—Rainstorm Atlas [10]
and Standard of Rainstorm Runoff Calculation for Urban Stormwater Drainage
System Planning and Design of Beijing (DB11/T 969-2013) [11], and assuming
that the return period is, respectively, 10 years, 20 years and 50 years and the
rainfall duration is 24 h, the designed precipitation process is calculated under
different return periods and the MIKE Zero software was used to process the
designed precipitation data and generate the “*.dfs0” file [12, 13] complying with
the model input requirements. By regarding this as the precipitation boundary input
model, the simulative analysis of the designed rainfall flood of the research area was
implemented and then the waterlogging risk in its urban area was assessed. The
designed rainfall process is shown in Fig. 3.

4.2 Simulation Result and Analysis

By regarding the above-mentioned design rainfall process as the precipitation
boundary condition of the model, the parameters of runoff model used the
parameters calibrated by the model and default value of the model, and the step
length of simulation time is set to be the 60 s. The pipe network confluence model
should use the dynamic wave equation of the Saint-Venant equation set to simulate
the pipe flow.

The accumulative runoff of each catchment sub-area in accordance with the
runoff simulation result was loaded, the typical catchment sub-area with a larger
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cumulative water quantity was selected, the corresponding confluence node was
determined and statistics of the maximum cumulative water volume of the typical
catchment sub-area were made. The summary of simulation result of the catchment
area is shown in Table 3. Statistics of the corresponding maximum ground flow in
each typical catchment area were made and compared with the pipeline design
standard, as shown in the following Table 4.

In accordance with the analysis of the simulation result of the typical catchment
area, the catchment sub-area with a large cumulative water quantity will have the
water ponding phenomenon during the whole precipitation process and there will
be a high waterlogging risk, but the main problem is that the pipe network has an
insufficient rainwater discharge capacity. However, not all areas will have this kind
of phenomenon; for example: Catchment9 has a high pipeline design standard and
can meet the drainage requirements.

Fig. 3 Design rainstorm processes in different return period

Table 3 Catchment result summary

Rain event 10 yrs 20 yrs 50 yrs

Total flow-accumulated of north region (m3) 211897.139 315867.421 565576.797

Typical catchment flow—
accumulated (m3)

Catchment50 6286.0133 31346.036 56129.144

Catchment67 4691.4329 23392.960 41887.473

Catchment55 3664.6886 18274.920 32723.821

Catchment43 3049.5383 15209.545 27235.819

Catchment30 3128.6283 15597.458 27927.571

Catchment9 10060.982 14996.259 26850.987
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On account of the above-mentioned phenomenon, the runoff yield and con-
fluence mode should be connected with the pipe flow model in order to further
assess the waterlogging risk degree in this area. The following Fig. 4 shows the
pipe pressure classification diagram under different design return period of the
rainfall.

Table 4 Typical catchment discharge compare

Typical catchment flow—
accumulated (m3)

Converge
manhole

Pipe drainage
capacity (m3/s)

Maximum discharge

10
years

20
years

50
years

Catchment50 E5-6 1.247 2.428 2.708 4.865

Catchment67 E5-3 2.829 2.001 2.147 4.025

Catchment55 E5-16 1.799 1.407 1.566 2.821

Catchment43 E5-18 0.924 1.220 1.301 2.515

Catchment30 E5-14 1.022 1.442 1.555 2.843

Catchment9 E5-4 9.546 1.253 1.440 2.487

(10 yrs)  (20 yrs)

(50 yrs)

Fig. 4 The grade of pipe drainage capacity
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Different colors of the pipe section represent different loads. The deeper the
color, the larger the pipe load and the rainwater drainage capacity of the corre-
sponding pipe section will be difficult to meet the demands of designed precipi-
tation, and the waterlogging risk will be higher. The time shown in the figure is the
selected observation time after taking full account of the occurrence time of the
peak value of each pipe section; on this basis, the pipe operation status at the same
time in the whole area can be intuitively judged so as to assess the waterlogging
risk.

After integrating the simulation result of the precipitation runoff process and
confluence result of the pipe network and through combined analysis on the
accumulative water quantity in the typical catchment sub-areas and the diagram for
classification of pipe drainage ability, it can be concluded that the sub-area
Catchment50 has the highest waterlogging risk. In combination with the above
cause analysis of urban waterlogging, the main reason of higher waterlogging risk
in this area is that the drainage capacity of pipe network is insufficient and the pipe
network arrangement is sparse. This area is mainly the scientific research and
development area with an area of 2.4 ha, so it is recommended to suitably
strengthen the rainwater utilization measures, which not only can accommodate the
waterlogging flood, but also can realize the utilization of rainwater.

The easy waterlogging points in this area also include E5-3, E5-22, E5-21,
E5-11 and E5-10, etc. shown in the figure. Speaking from the drainage capacity of
rainwater pipe network in this area, there are relatively many easy water ponding
and waterlogging points, so a series of rainwater control and utilization measures
can be taken to mitigate the waterlogging disaster in the area.

5 Conclusion and Suggestion

In this paper, MOUSE module of MIKE Urban software is used to construct
stormwater drainage system model of the new district in Beijing Future Science
Park. Under the condition of no measured runoff and other related data, integrated
runoff coefficient method is used for model parameter calibration, and the results
obtained by simulation can meet the accuracy requirements; therefore, the avail-
ability and applicability of this method proved that it can be used for the areas in the
absence of observed runoff data.

Under design rainstorm processes in different return period scenario simulation
for the model, according to the typical catchments flow-simulation results and the
load of pipes, the easily waterlogged or plot nodes were analyzed, and the risk of
waterlogging in typical catchments was assessed. With the return period of rainfall
increasing, the easily waterlogged or plot nodes are also increased; the load of
network is also increased; and the risk of waterlogging in typical catchments are
greater.

This area has an overall flat terrain and faces a relatively higher waterlogging
discharge and mitigation pressure. It can be seen from the distribution diagram of
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historical flood disaster risks that the research area is located in the area with a
higher occurrence frequency of flood disaster risk. Speaking from the drainage
capacity of rainwater pipe network in this area, there are many easy water ponding
and waterlogging points in this area. As this area is still in the planning construction
stage, the rainwater control and utilization into the urban rainwater drainage system
are integrated, which can enhance the drainage capacity of urban rainwater system;
the regional waterlogging drainage pressure and the waterlogging disaster in this
area were mitigated [14]. In addition, the future science park in Beijing is the first
batch of “Wisdom City Pilot Areas” approved by the Ministry of Housing and
Urban-Rural Development of the People’s Republic of China and the first batch of
“Green Ecological Demonstration Areas” approved in Beijing City [15]. These
policy advantages can be utilized to develop the rainwater control and utilization
measures to give full play to the comprehensive benefit of the rainwater control and
utilization project and realize the low carbon, energy saving, harmony and ecology.

The deficient points of this paper are that it does not consider the rainwater
utilization facilities under construction in this area as well as the link between the
outlet of rainwater pipe network and the river water level; and the model simulation
is only limited to the one-dimensional simulation. These deficient points will be
further completed and discussed in the future research.
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International Comparison of Water
Resources Utilization Efficiency in China

Long Yan, Jing Ma, Lanchao He, Fei Wang and Tao Chen

Abstract To obtain knowledge of the standard of water utilization of China from
an international point of view, this paper analyzes the annual variation of water
resources utilization in China, and compares with other typical countries. The study
shows that water resources utilization efficiency has been greatly improved in China
in the last 20 years and the water use amount per ten thousand-dollar GDP has
declined by 88.6%. However, there is still room for improvement of water resources
utilization efficiency compared to developed countries. The comparison of water
utilization and human development shows that the higher Human Development
Index (HDI) the country is, the more efficient water utilization the country has. The
water utilization in China corresponds to its economic and social development with
a little step forward. Development is the fundamental way to improve the standard
of water utilization.
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1 Introduction

China has been supporting the largest scale population and economy as well as
social activities in the world based on scarce water resources and fragile ecological
environment. With the rapid development of industrialization and urbanization,
total water consumption will increase in the future for a long time, and water
resources will face more serious challenges. China has implemented the strictest
management system on water resources; it is the first time for China to incorporate
total water consumption control into national strategy and establish a total water
consumption index and water utilization efficiency index as restrictive indexes in
the national economy and society development program. Therefore, it is imperative
to solve the problem of how to achieve the goal of total water consumption control
on the premise of maintaining stable social and economic growth. For this reason,
China’s position on water resources development and utilization level must also be
determined in the rest of the countries in the world and reference made to and ideas
borrowed from the course change of water utilization efficiency and total water
consumption in developed countries. However, for a long time, due to the lack of
effective data and failure to carry out follow-up plans in a systemic way, it is
difficult to reflect the present situation of water resource development and utiliza-
tion in various countries in the world in an all-around manner. An inaccurate
understanding of the present situation of water resources development and uti-
lization level in the rest of the countries, especially in developed countries in the
world, makes it difficult to determine China’s position on water resources devel-
opment and utilization level in the world in an accurate manner. Ma et al. [1, 2]
have carried out international follow-up and made comparison in terms of water
resources utilization efficiency in previous researches in China. Some researches
indicate that if the urbanization rate in China increases 1%, the comprehensive
utilization efficiency of water resources in China will increase by 7.68% [3] and the
water resource utilization efficiency in China has significantly improved because of
building the water-saving society in an all-around manner in China. It is necessary
to re-evaluate the current situation of water resource utilization in China; under-
stand the present situation and development pattern of water consumption and water
resource utilization efficiency in major countries in the world; keep follow-up of
and make comparison with developed countries in this field so as to determine
water resource development and utilization level in China from an international
perspective; provide an objective basis for implementation of the strictest water
resource system; and abide by total water consumption control, water utilization
efficiency control, and pollution control in the water function area in China.
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2 Change in Water Consumption and Water Resource
Utilization Efficiency in China

2.1 Water Consumption

It is observed from the change course (Fig. 1) of water consumption more than
60 years since the establishment of the People’s Republic of China (PRC), before
1980 the water consumption grew rapidly, indicating rapid growth in agricultural
water consumption. With the reconstruction and expansion of irrigation area,
construction of water storage project and diversion works in river channels and
popularization of lifting irrigation by a pump station, agricultural water consump-
tion in this period increased by 2.7 times. After 1980, water consumption was
steady. During this period the farmland under irrigation increased by about 100
million mu, while water consumption norm decreased due to application of water
saving technology. Water utilization efficiency has significantly improved, and
agricultural water demand has remained at 360 billion–390 billion m3. After 2005,
with the improvement of the water supply condition and expansion of the irrigation
area, China’s water consumption entered a slow growth period, with a gradual
increase of agricultural water and industrial water consumption and rapid increase
in domestic water consumption. Total water consumption increased from 563.2
billion m3 in 2005 to 618.3 billion m3 in 2013. Since 1997, the per capita water
consumption in China has insignificantly changed, remaining at approximately
430–460 m3, with the exception that agricultural water consumption decreased by
about 30 billion m3 due to drought and less rainfall in south China in 2003, which
resulted in the lowest per capita water consumption since 1997, being 412 m3.
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With regard to the water consumption structure in China, in 1949, the percentage
of agricultural water consumption was up to 97%; industrial water consumption was
only up to 2%; and domestic water consumption was lower than 1%. Since then, with
the application of water saving technology and adjustment of the industrial structure,
the percentage of agricultural water consumption has been on the decrease and
industrial water consumption and domestic water consumption have been on the
increase. After 2005, water consumption in tertiary industries has been on the gradual
increase; their water consumption structure has maintained at 63:23:14. It can be seen
that with sustainable development of urbanization and industrialization in China,
China’s domestic water consumption and industrial water consumption will be on the
increase, while agricultural water consumption will remain steady as a whole due to
the constant generalization of water saving irrigation technology, making the per-
centage of agricultural water consumption decrease and domestic water and industrial
water consumption increase to a certain extent.

2.2 Water Consumption Efficiency

Water consumption per USD 10,000 of GDP and water consumption per USD
10,000 of industrial added value are usually adopted to evaluate the comprehensive
water consumption efficiency in a country in the world. This paper shows statistical
analysis of comprehensive water consumption efficiency and industrial water
consumption efficiency in China from 1997 to 2013 (Fig. 2), in which GDP data is
based on the current price of USD from WDI database in World Bank [4]; water
consumption data is from China Water Resources Bulletin since 1997 [5–21]. It is
observed from the calculation that China’s water consumption efficiency has greatly
increased in the last 20 years, with water consumption per USD 10,000 of GDP
decreased from 5843 m3 in 1997 to 669 m3 in 2013, decreased by 88.6%. Water
consumption per USD 10,000 of industrial added value decreased from 2475 m3 in
1997 to 347 m3 in 2013, decreased by 86.0%.

To analyze the key driving factors of the above indicator decrease, a complete
decomposition model of water use amount per ten thousand-dollar GDP between
1997 and 2013 was built [22, 23]. The equation of the contribution rate which the
change of water consumption per USD 10,000 of industrial added value made by
industrial structures change cstrð Þ and by water efficiency improvement ceff
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It is observed from Table 1 that from 1997 to 2013, the improvement of
industrial water consumption efficiency and structural adjustment are the key
driving factors for substantial decrease in water consumption in China, with a
higher rate of contribution by improvement of industrial water consumption effi-
ciency and rate of contribution after 2006 having been higher than 70%.
Contribution of improvement in industrial water use efficiency is due mainly to
industry and agriculture: the rate of contribution made by industry maintained at
about 18% after 2006; and the rate of contribution made by agriculture increased
year after year, which is up to 47.65% in 2013. Given the worsening situation of
shortage in water resources in China, improvement in water resources utilization
efficiency has been upgraded to a national strategy. The total water consumption
and water resource utilization efficiency have been used as a restrictive index
incorporated in a national economic and social development program, embodying
the position and function of water resource in national macro control. Several
measures, including legislation, policy guidance and economic leverage, will be
taken to improve water resource utilization efficiency. The contribution made by
industrial restructuring to decrease water consumption per USD 10,000 of GDP is
mainly embodied in adjustment of agricultural structure. The rate of contribution
made by change of percentage of industry and other industrial structures is
insignificant, the reason for which is that agricultural water consumption in China
has been large in percentage. Its water consumption per USD 10,000 of GDP is
much higher than water consumption of industry and other industries. From 1997 to
2013, the agricultural structure changed substantially in percentage, decreasing
from 18.3% in 1997 to 10% in 2013.
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3 International Comparisons

This paper presents the collections of and analyzes water consumption, water
consumption structure, water consumption efficiency and industrial structure in
more than 100 countries and regions in the world based on statistics, in which,
global water resources quantity and water consumption data are difficult to obtain.
The paper adopts the prevailing and latest data from (FAO) AQUASTAT database
[24]; the database is upgraded every five years. China and the US adopt the most
authoritative official data related to water resources in their countries, respectively
[21, 25]. Data about added values in GDP and tertiary industries in other countries
are from WDI database in the World Bank.

3.1 International Comparisons in Water Consumption

Water Consumption in Industry. In 2013, total water consumption in the world
was 4 trillion m3; the total water consumption of top 10 countries in water con-
sumption ranking was up to 2.61 trillion m3, accounting for 65.2% of total water
consumption in the world, in which, water consumption in China was 618.34
billion m3; next is India, which is 1.26 times that in the US. Industrial water
consumption in China was 140.64 billion m3, being the second in the world, 55.6%
of that in the US. Agricultural water consumption in China was 392.15 billion m3,
being the second in the world and 0.57 times that in India and 2.46 times that in the
US. Domestic water consumption in China was 85.55 billion m3, being the first in
the world.

Change of Water Consumption in Representative Countries. Economic scale
and production mode determine total water consumption and water consumption
efficiency. The top three countries of GDP ranking in the world in 2013 were the
US, China and Japan, in which, the total water consumption in the US and Japan
was up to the peak value in 1980 and 1990, respectively. Since then, their total
water consumption showed negative increase or slight increase. The change course
of water consumption in the US and Japan may serve as an example and reference
for China to control water consumption in the future.

It can be seen from Fig. 3 that from 1950 to 1980, total water consumption in the
US has grown rapidly, with total water consumption increased by 360 billion m3 in
30 years, in which industrial water consumption increased by about 250 billion m3,
mainly due to the rapid development of high water consuming heavy industry during
that period, with steel output up to all-time highs in 1973. Since 1980, low water
consuming infant industry and service industry achieved rapid development and
became the leading industry stimulating economic growth. With water consumption
efficiency greatly improved, water consumption in industry and agriculture con-
stantly decreased due to technological advance. Although domestic water con-
sumption has kept increasing, total water consumption remained stable as a whole.
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After 2005, the US shut down some thermal power stations to decrease coal-fuel
electricity share and developed natural gas power generation with significant effort.
In 2010, total water consumption in industry and agriculture decreased to a mini-
mum level since 1970. With the economic development, relatively steady water
consumption in the US can be described by a word “decoupling”, proving that water
consumption is not necessarily to increase based on the sustainable and steady
growth of the economy and society. Therefore, the goal to stabilize water con-
sumption is achievable with effort.

Total water consumption in Japan has not changed greatly in the past 40 years,
characterized by water consumption in industry and agriculture on the decrease and
domestic water consumption on slow increase (Fig. 4). In terms of agriculture,
Japan popularizes water saving irrigation technology with earnest effort. They have
established a waste water purification treatment and then irrigated the farmland with
recycled water. In terms of industry, Japan has been striving to develop
electro-mechanical device manufacture, and transportation appliance manufacture
with high output and low water consumption by industrial restructuring with
repeating utilization rate of industrial water significantly improved. From 1965 to
1980, its repeating utilization rate increased from 36% to 74% in these 15 years. It
is also in this period that Japan’s economy has developed rapidly and achieved
industrialization. In terms of domestic water, the Japanese government has carried
out a water saving policy with to enhance water-saving awareness, and reduce the
leakage rate by renewal of water supply systems and popularization of water
economizer, and established a waste water treatment and recycle system and a
rainwater utilization apparatus to utilize recycled water and rain water, with
domestic water consumption on a stable increase.
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The water consumption process in the US and Japan (two developed countries)
shows water consumption is not always on the increase with the development of
society and economy, characterized by certain stages. In the early and middle stage
of industrialization, industrial water consumption is on a rapid increase, with per-
centage of its water consumption accounting for total water consumption which
increased constantly. In the latter stage of industrialization, influenced by resource
shortage, government starts to adjust the industrial structure to gradually eliminate
high water consuming industries and strive to develop low water consuming pro-
cess industries. In addition, with water saving technology and process popularized
and industrial water consumption efficiency significantly enhanced, the economic
scale in the period achieved a steady increase but the industrial water consumption
remained basically stable. With the popularization and application of water saving
technology, agricultural water consumption is on a slow decrease and domestic
water consumption is on the increase with the increase of population and
improvement of living standards. After completion of industrialization and entering
the post industrialization stage, industrial structure changes, low water consuming
tertiary industry begins to achieve rapid development, the water consumption in
industry and agriculture remains stable with a slight decrease and total water
consumption on the negative increase. It is suggested from the experience of the US
and Japan that on the premise of sustainable and steady development of society and
economy, water consumption is not necessarily on the increase; therefore, the goal
to stabilize water consumption is achievable with great effort. China is in the middle
and latter stage of industrialization, according to the experience of the US and
Japan. This period is characterized by substantial industrial restructuring, with low
water consuming process industry and high tech and high value-added industry
coming into leading industry in industrial development and low water saving costs.
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It is convenient to popularize and generalize water saving technology; therefore,
during this period the water resource utilization efficiency grows rapidly. China will
grasp this opportunity to develop water saving technology and enhance water
consumption efficiency rapidly.

3.2 International Comparisons in Water Consumption
Efficiency

Water Consumption Efficiency in Representative Countries. This paper selects
20 representative countries including China, US, France and Japan for international
comparisons in water consumption efficiency. These 20 countries covering six
continents, with the national territorial area accounting for 57.8% of the total in the
world, the population accounting for 61.5% of the total in the world, and GDP
accounting for 73.2% of the total in the world. The gap between China and
developed countries in water consumption efficiency can be seen according to the
difference in water consumption efficiency shown in the comparison analysis of
these 20 countries.

Water consumption data per USD 10,000 of GDP in every one of these 20
countries in 2010 and 2013 are shown in Fig. 5. Water consumption data per USD
10,000 of GDP in developing countries including China, India and Egypt in 2013
obviously decreased compared with those in 2010; the water consumption per USD
10,000 of GDP in developed countries including US, France and Spain in 2013
remained unchanged or was on the slight decrease compared with those in 2010,
indicating that there is room for China to enhance water consumption efficiency.
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Fig. 5 Water consumption data per USD 10,000 of GDP
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Water consumption per USD 10,000 of GDP in China in 2013 was 669 m3, being
17.6 times that in Switzerland, 10.6 times that in Israel, 7.7 times that in Germany,
2.3 times that in the US, which has a wide gap compared with developed countries
in this field, but the gap was narrowing compared with that in 2010. China was still
in advanced level in water consumption efficiency compared with those in other
developing countries, being equivalent with that in Argentina and Mexico and
being far superior to that in Egypt and India.

For industrial water consumption, water consumption per USD 10,000 of
industrial added value in a majority of countries in 2013 was on the decrease
compared with that in 2010. The decrease in water consumption in developing
countries is more than those in developed countries; water consumption in devel-
oped countries remained unchanged or was on a slight decrease. Water consump-
tion per USD 10,000 of industrial added value in Canada, Brazil, Turkey and Spain
in 2013 was higher than those in 2010, the reason for which was that the four
countries had adjusted their industrial structures, with percentage of industrial
added value on a slight decrease and without apparent change in industrial water
consumption. Water consumption per USD 10,000 of industrial added value in
China in 2013 was 347 m3, being 12 times that in Israel, 4.2 times that Japan.
Compared with 2010, China was gradually narrowing the gap between China and
developed country in industrial water consumption efficiency (Fig. 6).

Water Use Efficiency in Countries at Different Development Levels. To deter-
mine China’s water resource utilization level based on international perspective, Ma
et al. [2] introduced Human Development Index (HDI) to analyze the difference in
water resource utilization efficiency between China and other countries in different
development levels. The closer the HDI nearer to 1 indicates the higher human
development level. The paper divides statistical water consumption efficiency in
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more than 100 countries and regions according to HDI level and obtained water
consumption efficiency of countries in different development level in 2013
(Table 2).

Development and utilization of water resource in a country is not only influenced
by climate and living habit but also is closely associated with the development stage
and development level of economy and society. A country with a higher devel-
opment level of society and economy is superior to the country with a lower
development level of society and economy, in terms of index, including water
consumption structure and water consumption efficiency to evaluate water resource
development and utilization level. Table 2 shows that with the increase of HDI,
water consumption per USD 10,000 of GDP and water consumption per USD
10,000 of industrial added value are on the decrease and water consumption per
capita is on the increase. For three major industries, lower percentage in agriculture
will result in lower percentage in agricultural water consumption in a water con-
sumption structure, in which water consumption per USD 10,000 of GDP is the
most obvious. Water consumption per USD 10,000 of GDP in a country with HDI
> 0.9 is 145 m3, being 4.3% of that in a country with HDI from 0.5 to 0.6.

In 2013, China’s HDI was 0.719; water consumption per USD 10,000 of GDP
was 669 m3, being equivalent to those countries with HDI from 0.7 to 0.8 and much
lower than those countries with HDI from 0.6 to 0.7. Water consumption per USD
10,000 of industrial added value was 347 m3; industrial water consumption effi-
ciency is superior to those countries with HDI from 0.7 to 0.8. Water consumption
per capita was 456 m3 is lower than those countries with HDI from 0.7 to 0.8.
Agricultural water consumption percentage was 63.5%, slightly superior to those
countries with HDI from 0.7 to 0.8. In a word, water resources utilization efficiency
in China is superior to that in a similar country in HDI, indicating that water
resource utilization efficiency is not only suitable for but also ahead of the economic
development level in China.

4 Conclusion

This paper clearly determines water resource development and utilization level
based on information on water resource development and utilization in the rest of
the countries in the world. In 2013, China’s HDI was 0.719, but the water con-
sumption efficiency was slightly superior to those countries with HDI from 0.7 to
0.8, indicating that there was no change in water resource utilization efficiency in
China. China has significantly improved the water resource utilization efficiency in
recent years, although there is a wide gap compared with developed country in this
field, the gap has been narrowing constantly.

It is observed from the experience of the two developed countries of the US and
Japan that on the premise of sustainable and steady development of society and
economy, water consumption is not necessarily on the increase. Therefore, the goal
to stabilize water consumption is achievable with great effort. The 18th CPC
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National Congress put forward that GDP in 2020 should be doubled compared with
that in 2010. In addition, with the constant increase in population and continuous
improvement in urbanization, contradiction between supply and demand in water
resource will become more and more obvious. No. 1 Central Document in 2011
indicated that the threshold for development and utilization of water resource
should be established to control total water consumption and that total water
consumption in 2020 should be within 670 billion m3. China is in the middle and
latter stage of industrialization, according to the experience of the US and Japan.
This period is characterized by substantial industrial restructuring, with low water
consuming process industry and high tech and high value-added industry becoming
leading industries in industrial development and low water saving costs; and it is
convenient to popularize and generalize water saving technology. Therefore, during
this period water resources utilization efficiency grows rapidly. China well grasp
this opportunity to develop water saving technology and enhance water con-
sumption efficiency rapidly and fulfill the goal to control total water consumption in
industrialization.

At present, global water resource shortage is becoming more and more serious,
especially in those countries in lower development level, with total water demand
on the increase due to economic development and increase in population. Water
consumption structure and water consumption efficiency are closely associated with
the development stage and development level of society and economy. The expe-
rience of developed countries shows that industrial restructuring due to national
economic development is the source power of stabilizing total water consumption.
Countries with higher development level of society and economy are superior to
those countries with lower development level of society and economy, in terms of
index, including water consumption structure and water consumption efficiency to
evaluate water resource development and utilization level. Water resource utiliza-
tion efficiency in China is not only suitable for but also ahead of their economic
development level. The fundamental approach to improve water resource utilization
efficiency and achieve the goal to control total water consumption is none other than
development.
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Dynamic Water Environmental
Capacity Calculations of Rivers Based
on Hydrological Processes

Wei Deng, Jing Ma, Long Yan and Ying Zhang

Abstract The process and mechanism of the water environmental capacity, and the
coupling mechanism between it and the hydrological processes were studied. Then,
a dynamic approach based on the hydrologic processes was developed in which
distributed hydrological and water environmental capacity models were coupled to
solve the problem in a traditional way. The Tieling Section of the Liao River Basin
was taken as the study area for the purpose of demonstrating the proposed method.
The results indicated that the water environmental capacity was uneven during
different times and spaces. The results also explained that, contrary to the dynamic
methods which separately calculated the years with different frequencies, seasons,
or months, the traditional method was too conservative to make full use of the water
environmental capacity.

Keywords Water environment management � Dynamic water environmental
capacity calculation � Distributed hydrological model � Hydrologic process

1 Introduction

Water pollution is one of the most serious water issues in China, which is essen-
tially due to a severely overdrawn water environment carrying capacity (WECC).
Therefore, it is important to regard the WECC as a rigid constraint for the future
sustainable development of China’s economy and society. The water environmental
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capacity (WEC) is usually used as a quantitative indicator of carrying capacities of
the water environment. In China, the WEC is normally defined as the maximum
amount of pollution the system allows within a unit of time and in given hydro-
logical conditions, discharging patterns, and water quality targets [1]. The calcu-
lation methods include analytical formula [2, 3], model trial [4, 5], and system
optimization methods [6, 7]. Regardless of the method used, the WEC is calculated
under designed hydrological conditions (usually the most withered month average
discharge in a 90% assurance rate, or the most withered month average discharge
during the most recent ten years) without consideration being given to the uncer-
tainty of the hydrology within a time scale according to the definition. Furthermore,
the design hydrological conditions are often derived from the analysis of the
hydrological station data, which also ignore the influence of the hydrological
process along the rivers. Many mathematical approaches have been introduced to
improve the calculation methods. These have generally included negative mathe-
matical methods [8], a stochastic differential equation [9] and stochastic opti-
mization models [10]. These approaches have been found to only partially solve the
uncertainty problem of hydrology and water quality. The water environmental
capacity is considered to be closely related to the hydrological factors, and
two-dimensional or three-dimensional hydrodynamic models have been developed
and applied on a small scale, such as in lakes [11] and reservoirs [12]. However, the
excessive data requirement has been found to limit further applications on larger
scales. A dynamic accounting method which uses the historical hydrographic data
of hydrological stations has also been introduced to solve the problem [13].
However, due to the limitations of the layouts of the hydrological stations, it cannot
dock well with the computing unit and the spatial changes of the hydrological
elements.

The changes of the water environments are the associated phenomena of the
water cycle. The WEC is a significant quantitative indicator of the water envi-
ronment, and is hypersensitive to the river runoff and hydrodynamic conditions.
Therefore, based on the study of the process and mechanism of the water envi-
ronmental capacity, and the coupling mechanism between it and the hydrological
process, a dynamic WEC calculation method was developed in which the dis-
tributed hydrological and water environmental capacity models were coupled in
order to solve the hydrological uncertainty problem for which the traditional
methods had previously ignored. The Tieling Section of the Liao River Basin was
taken as the case study area for the purpose of demonstrating the proposed method,
and to explore the feasibility of the application on a large scale. The results
potentially provided technical support for both future dynamic and delicate water
environmental management.
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2 Methods

2.1 Study Area

Tieling City (41°59′–43°29′ N, and 123°27′–125°06′ E) is in the northeastern
section of Liaoning Province, east of Jilin Province, and west of the Inner Mongolia
Autonomous Region. The total area of Tieling City is 13,000 km2. With the rapid
development of the economy and society, the pressure on the water environment
has increased. The total discharge of the waste water increased from 75 million tons
in 2008, to 86 million tons in 2013. Also, this special geographical location has led
to serious pressures from pollution which originates from the upstream. In this
study, seven rivers which had drainage areas of at least 500 km2 were chosen,
including the Liao, Zhaosutai, Qing, Chai, Fan, Kou, and Erdao Rivers (Fig. 1).
The basic calculation units were the 19 water function zones (including 5 types)
(Fig. 1) in these seven rivers. In Fig. 1, AWCR, PDCR, BR, TR, DWSR,
respectively, are the agricultural water consumption region, the pollutant discharge

Fig. 1 Location of basin, distribution of water function zones and delineation of sub-basins
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control region, the buffer region, the transitional region and the drinking water
source region.

The seven rivers were mainly located in the Liaohe River Basin above Liuhekou,
of which the total area was 30,000 km2. A distributed hydrological model was
established in the river basin.

The control pollutant index of the Liao River Basin was COD (chemical oxygen
demand) and NH3-N, according to the planning documents of the management
department of the Liao River Basin. Also, the water environmental monitoring
results for the Tieling section of the Liao River also showed that the primary
pollutant was NH3-N. Therefore, this study focused on the COD and NH3-N levels
in the basin.

2.2 Framework and Methodology

In this study, a dynamic method was developed to calculate the WEC, which was
composed of a distributed hydrological model, an empirical model for the con-
version between the discharge and flow velocity, and a water environmental
capacity calculation model.

Distributed Hydrological Model. The water environmental capacity is closely
related to the hydrological and rainfall-runoff processes, and even is the direct driver
of the formation of non-point source pollution [14]. Therefore, the analysis of
hydrological process of a river basin laid the foundation for the calculation of the
dynamic water environmental capacity in this study. The river basin was divided into
several sub-basins using GIS, with consideration given to the basin’s natural
boundary (watershed terrain, DEM, characteristics of the water system); monitoring
station (mainly included the hydrologic and water quality station); management
factors (mainly the location of the water function zone); and the characterization of
the pollutant emission. The sub-basins were nested with the water function zone,
which formed the basic coupling unit of the distributed hydrological and calculation
models of the WEC. Furthermore, based on the soil, land use, slope, and other
characteristics, the sub-basins were divided into hydrological response units
(HRUs), which were used as the basic computing units of the hydrologic simulation.
Then, the hydrological cycle of the sub-basins was obtained by the simulation of the
runoff yield and concentration. Finally, the hydrological factors required by the
dynamic calculation of the WEC, such as water yield and outlet runoff, were output.

Empirical Model for the Conversion Between the Discharge and Flow Velocity.
As the distributed hydrological model was unable to output the discharge, the
dynamic flow velocity data were updated from the data obtained from the dis-
tributed hydrological model by an empirical model, which was obtained by a linear
fitting of the observation data of the hydrological stations.

Under normal circumstances, an empirical formula for the conversion between
the discharge and discharge flow velocity can be given by Eq. (1) as follows [15]:
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u ¼ aQb ð1Þ

where u (m/s) is the average velocity of the river; Q is the discharge of the river
section; and a and b are the parameters which can be determined by the observa-
tional data.

Then, Eq. (1) was converted to a linear form (Eq. (2)) as follows:

y ¼ aþ bx ð2Þ

where y ¼ ln u, x ¼ lnQ, a ¼ ln a and b ¼ b; and a and b are the parameters which
can be determined by the observational data.

Dynamic Water Environment Capacity Calculation Model. The basic calcula-
tion unit of the WEC is usually the water function zone (in this study, the sub-basin
combination was the basic calculation unit). The water quantity and pollutant
balance in every river link of the sub-basin is conceptualized in Fig. 2.

The water quantity balance equation in the river link is as follows [16]:

DVi ¼ Qi�1 þRi þQai � qi � Qi ð3Þ

The water quality balance equation in the river link is as follows [16]:

DCi ¼ Qi�1Ci�1 þWP þRiCRi þQaiCai � CiðDVi þQiÞ � Cqiqi �Wd

Vi
ð4Þ

where DVi is the incremental discharge of the river link i; Qi�1 is the inflow
discharge; Qi is the outflow discharge; qi is the local water withdrawal; Ri is the
local water yield; Qai is the inflow of the tributary into the river link; Vi is the water
storage of the river link i; CRi is the pollutant concentration of the local water yield
(dependent on the non-point source pollution); Cai is the pollutant concentration of
the tributary; Ci�1 and Ci are the pollutant concentrations of the inflow and outflow,
respectively; Cqi is the pollutant concentration of the local water withdrawal; WP is

Fig. 2 Water quantity and quality balances in the river link
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the total point source pollution load of the river link i; DCi is the incremental
pollutant concentration of the river link; andWd is the pollution degradation amount
of the river link.

The time scale management is generally months or years (the time scale for this
study was months) in which the water quality can be considered stable [16]. That
meant that the DCi could be assumed to be 0. Then, the WEC was obtained by
Eq. (5) as follows:

Wi ¼ WP þRiCRi ¼ CiðQi�1 þRi þQaiÞþ ðCqi � CiÞ � Qi�1Ci�1 � QaiCai þWd

ð5Þ

Therefore, Ci is the water quality target in the time scale management in this
study. As the water quality target was often set up to consider the requirements of
the water withdrawal, it could be assumed that Cqi was equal to Ci. Then, Eq. (5)
could be converted to Eq. (6) as follows:

Wi ¼ WP þRiCRi ¼ CiðQi�1 þRi þQaiÞ � Qi�1Ci�1 � QaiCai þWd ð6Þ

where CiðQi�1 þRi þQaiÞ � Qi�1Ci�1 � QaiCai is the dilution capacity; and Wd is
self-purification capacity which could then be divided into four parts: the pollutant
degradation of the upper reaches WdSð Þ, tributary WdZð Þ, point source pollution
WdPð Þ, and non-point source pollutants WdMð Þ.
Also, the Wd could be calculated using the water quality model.

A one-dimensional steady water quality model was used in this study when con-
sidering the large-scale applications. This one-dimensional steady water quality
model is described by Eq. (7):

C ¼ C0e
�Kx

u ð7Þ

where C is the pollutant concentrations following the degradation; C0 is the initial
pollutant concentration; u is the average velocity of the river; L is the distance along
the channel; and K is the degradation coefficient.

According to Eq. (7), WdS and WdZ can be computed by Eqs. (8) and (9), as
follows:

WdS ¼ ð1� e�KL
uÞCi�1Qi�1 ð8Þ

WdZ ¼
Xn
j¼1

ð1� e�K
xj
u ÞCaijQaij ð9Þ

where Qaij is the inflow of the tributary j into the river link; Caij is the pollutant
concentration of the tributary j; xj is the distance from the end of the river link to the
tributary j (j ¼ 1; 2; . . .; n, n is the number of the tributary); and L is the length of
the river link.
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WdP and WdM are related to the pollutants entering the river and the route of the
pollutant emission. If the pollutant emission was simplified to emission through a
generalized outlet, then WdP and WdM could be obtained by Eq. (10), as follows:

Wdg ¼ WdP þWdM ¼ 1� e�K
xG
u

� �
ðWP þRiCRiÞ ð10Þ

where Wdg is the pollutant degradation of the generalized outlet discharge; and xG is
the distance from the generalized outlet to the end of the river link. The specific
location of the generalized outlet is determined by the analysis of the current
pollutants entering the river, and the route of the pollutant emission.

Finally, the WEC calculation model of the river link was obtained using Eq. (11)
as follows:

Wi ¼ e�K
xG
u CiðQi�1 þRi þQaiÞ � eK

xG�L
u Qi�1Ci�1 �

Xn
j¼1

ðeK
xG�xj

u ÞCaijQaij ð11Þ

The WEC calculation model was coupled with the empirical models for con-
version between the discharge and flow velocity and distributed hydrological fac-
tors in the sub-basin, and the output of the WEC in each sub-basin. The
hydrological factors in Eq. (11), such as the local water yield, the inflow discharge,
inflow of the tributary and average velocity of the river were dynamic data which
could be output by the distributed hydrological and empirical models.

3 Data Preparation

Distributed Hydrological Model. A SWAT (soil and water assessment tool) was
selected to be used in this study. A SWAT is a basin or watershed scale model
developed at the USDA-ARS [17] and has a strong physical mechanism. The model
showed good applicability in large areas and had been applied and verified in many
regions of the world.

The necessary data for a SWAT model include a digital elevation model (DEM),
soil, land use, and weather data. However, other data, such as river discharge,
reservoir information, sediment, pesticide, fertilizer, chemical, and water quality
data are optional for the model development [18]. The basic data, and its sources
and uses, are listed in Table 1.

Empirical Model for the Conversion between the Discharge and Flow Velocity.
This model included the discharge and velocity data from the hydrological stations.

Dynamic Water Environment Capacity Calculation Model. This model inclu-
ded the degradation coefficient K and length data (distance from the end of the river
link to the tributary and the length of the river link). The K of the COD was set
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between 0.05 and 0.2, and the K of the NH3-N was set between 0.05 and 0.15, as
per the “Guideline for Check and Ratification Technology of National Water
Environmental Capacity” and the research results put forward by Meng [19]. The
length data was determined by the water function zone of Tieling City.

4 Results and Discussion

4.1 Calibration, Validation, and Simulation of the SWAT
Model

The basin was divided into 88 sub-basins according to the DEM, river water
system, and distribution of the water function zone. Then, the sub-basins were
subdivided into 1,624 HRUs based on the soil, land use, slope, and other charac-
teristics of the study region. The sub-basins were nested with the water function

Table 1 Basic data for the research

Data type Data type Source Usage

DEM Raster
graphics

Elevation, slope, slope length
and slope direction of river
channel

USGS, 30 m resolution SWAT
(water
cycle
simulation)

Land
use

Raster
graphics

Spatial distribution of land use
type

Chinese Academy of
Sciences, 1:250000

SWAT
(water
cycle
simulation)

Soil Raster
graphics

Spatial distribution of soil types FAO, 1:1000000 SWAT
(water
cycle
simulation)

Database Physical and chemical properties
of soil

FAO SWAT
(water
cycle
simulation)

Meteorological
data

The maximum and minimum
temperature, daily precipitation,
relative humidity, solar radiation,
wind speed

10 meteorological
stations within or around
the calculation area
(Fig. 1)

Basic
hydrologic
data

Hydrological
data

Monthly mean discharge and
velocity

10 hydrological stations
in the calculation river
(Fig. 1)

Basic
hydrologic
data

Data of water
function zone

Length data “The report of water
environment function
zones of Tieling”

WEC
calculation
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zone, which formed the basic coupling unit of the distributed hydrological and
calculation models of the WEC. The basic corresponding relationship between the
water function zone and sub-basins is shown in Fig. 1.

The observational flow rate data of two typical hydrological stations (Tieling and
Tongjiangkou) were used for the calibration and validation. The model calibration
was performed using a monthly time scale. The calibration period was from 1991 to
2000, and the validation period was from 2008 to 2010. Two quantitative statistics,
the Nash-Sutcliffe efficiency (NSE) and the coefficient of determination (R2), were
used to evaluate the performance of the model in this study. The results of the
hydrological simulation were shown in Table 2.

Generally speaking, a score of the R2 which was above 0.5 was considered
acceptable. Regarding the NSE, the simulation results were “excellent” when the
NSE[ 0:75 in both the calibration and validation periods, and the simulation
results were “good” when the 0:65\NSE\0:75 in both the calibration and vali-
dation periods [20]. Therefore, the simulation results of the Tieling Station were
determined to be “excellent”, and the simulation results of the Tongjiangkou Station
were determined to be “good” in this study. This implied that the results of the
model were reliable, and could thereby be used to calculate the WEC.

4.2 Fitting the Results of the Discharge and Velocity

A least squares linear fitting was applied; and the main parameters of the empirical
model for the conversion between the discharge and velocity of each station, as well
as the linear regression coefficients, were obtained (Table 3). The results showed
that the fitting effect was relatively ideal when r was above 0.8 in all the stations
except the Songshu Station (r = 0.79). These results confirmed that the empirical
model was reliable for the computation of the WEC.

4.3 Dynamic Calculation Result of the WEC

In this study, the hydrological process between 1991 and 2010 was simulated; and
the related discharge data were obtained by the calibrated SWAT. Then, the

Table 2 Results of the
hydrological simulation

Hydrological
station

NSE R2

Calibration (1991–
2000)

Tongjiangkou 0.71 0.72

Tieling 0.83 0.84

Validation (2008–
2010)

Tongjiangkou 0.65 0.85

Tieling 0.76 0.86
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discharge data were transformed to velocity data using the empirical model. Finally,
the WEC of the Tieling Section of the Liao River Basin was calculated. The
location of the sewage outfall was difficult to generalize when the lack of data
regarding the two extreme cases (xG ¼ L and xG ¼ 0) was considered in this study.
The results are shown in Table 4 and Figs. 3 and 4.

The annual average WEC of COD and NH3-N were determined to be 30,620
ton/year and 1,504 ton/year, respectively, when xG ¼ L; and 25,764 ton/year and
1,243 ton/year, respectively, when xG ¼ 0. The WEC of the COD and NH3-N were
found to be 10,551 ton/year and 513 ton/year, respectively, in the most unfavorable
conditions (when the frequency was 90%, and xG ¼ 0). For the most optimistic
conditions (when the frequency was 10%, and xG ¼ L), the WEC of the COD and
NH3-N were determined to be 55,640 ton/year and 2,418 ton/year, respectively.

There were found to be great differences among the WEC during years with
different frequencies. For example, the WEC in especially dry years was less than
half that in the normal years, or even a quarter of that in the especially wet years.

Table 3 Results of least
squares linear fitting

Rivers Hydrological
station

a b r

Liao River Fudedian 0.12 0.44 0.93

Tongjiankou 0.04 0.42 0.93

Chai River Chaihe 0.15 0.43 0.95

Qing River Kaiyuan 0.29 0.23 0.90

Bakeshu 0.26 0.31 0.95

Fan River Guanliangjiao 0.10 0.44 0.81

Zhaosutai
River

Wangbaoqing 0.19 0.41 0.91

Kou River Songshu 0.42 0.23 0.79

Erdao River Baoli 0.29 0.39 0.97

Table 4 The WEC (ton/year) in flood and non-flood season with different frequencies

Frequency (%) xG ¼ L xG ¼ 0

Flood season Non-flood
season

Flood season Non-flood
season

COD NH3-N COD NH3-N COD NH3-N COD NH3-N

10 37,382 1,928 18,258 904 35,462 1,844 16,165 817

25 32,336 1,642 11,817 579 30,320 1,560 9,633 489

50 17,676 867 9,311 444 16,292 809 7,695 379

75 9,676 475 6,848 321 8,648 431 5,440 265

90 7,386 348 5,538 251 6,296 305 4,255 208

Annual average 20,418 1,013 10,202 491 17,129 826 8,636 417
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The WEC in the flood (from June to September) and non-flood seasons was also
found to be uneven, and the capacity during the flood seasons was above 60%. The
differences of the WEC among the months were more obvious; and August was
determined to account for 20% of the entire year, while February accounted for only
1–2%. These findings revealed that the traditional method, which did not consider
the annual and inter-annual variation of the hydrology, tended to be conservative.
However, the dynamical method was able to make a greater use of the WEC.

In this research study, specifically related to these seven rivers, the WEC ranked
consistently in different frequencies, from top to bottom, as follows: the Liao,
Zhaosutai, Kou, Erdao, Qing, Chai, and Fan Rivers. The capacity of the Liao River
made up a significant share (more than half) of the entire region, with the annual
average WEC of the COD and NH3-N determined to be 15,246.13 ton/year and
762.31 ton/year, respectively.

(a) COD, Gx = L

(b) NH3-N, Gx = L 
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Fig. 3 The WEC (ton/year) in different months during years with different frequencies a COD,
xG ¼ L b NH3-N, xG ¼ L
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5 Conclusions

(A) In this research study, by using the analysis of the hydrological factors which
led to the changes of the WEC, along the coupling mechanism between the
hydrological factors and the WEC, a dynamic calculation method of the WEC
based on the hydrologic process was developed. In this method, distributed
hydrological and water environmental capacity models were coupled.

(B) The Tieling Section of the Liao River Basin was taken as the case study area,
for demonstrating this method. There were great differences among the WEC
observed in both time and space which suggested that the dynamic method
was able to consider the annual and inter-annual variations of the hydrology in
a more scientific manner. The calculation results could potentially be used as a
scientific basis for future pollutant emission reductions.

(C) In this study, the sewage outfall was generalized as two types of extreme cases
(the beginning and end of the river link) due to the limited observational data.
That meant that the calculation results of the two extreme cases were the upper
and lower thresholds. Moreover, a scientific calculation of the pollutant dis-
charges, as well as the pollutants discharged into the river, should be

(a) COD, Gx = L

(b) NH3-N, Gx = L
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Fig. 4 The WEC (ton/year) in rivers during years with different frequencies a COD, xG ¼ L
b NH3-N, xG ¼ L

68 W. Deng et al.



conducted to analysis the environmental assets and liabilities. These calcula-
tions could ultimately provide scientific support for future water environ-
mental management processes.
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Hourly Campus Water Demand
Forecasting Using a Hybrid
EEMD-Elman Neural Network Model

Xiao Deng, Shuai Hou, Wen-zhu Li and Xin Liu

Abstract Accurate and reliable water demand forecasting is important for effective
and sustainable planning and use of water supply infrastructures. In this paper, a
hybrid EEMD-Elman neural network model for hourly campus water demand
forecast is proposed, aiming at improving the accuracy and reliability of water
demand forecast. The proposed method combines the Elman neural network,
EEMD method, and phase space reconstruction method providing favorable
dynamic forecast characteristics and improving the forecasting accuracy and reli-
ability. Simulation results show that the proposed model provides a better perfor-
mance of hourly campus water demand forecast by using the real data of water
usage of our campus.

Keywords Elman neural networks � EEMD � Phase space reconstruction
Water demand forecasting

1 Introduction

In recent years, with the development of the economy and improvement of people’s
living standards, residential water consumption has been increased, which makes
great pressure on the water supply system and challenges the reasonable scheduling
of water resources. The better water resource scheduling approaches should be to
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reduce the cost of water supply and demand as far as possible, so as to save energy
and water. Hence, an accurate and reliable forecasting model will provide an
important data basis for the scheduling in the water supply enterprises.

Traditional methods for water demand forecasting include the quota method, the
end-use model, time series analysis, and linear regression analysis. The annual
water demand of Baiyangdian was predicted considering the economic factors by
the quota method [1]. However, the influence factors of annual water demand
method are determined by the experience of researchers which deteriorate the
prediction accuracy and application range of prediction model. The end use model
was established by a large number of historical data of demographic data and end
use water data [2, 3]. Time series analysis usually is used if the climatic and
socioeconomic data is unavailable, with forecasting future water demand only to the
past values without considering other factors [4]. Regression analysis forecasts the
future values not only based on the past data but also those determinants that cause
a change in the water demand [5]. Some static prediction models are often used,
including autoregressive moving average (ARMA) model [6], autoregressive
integrated moving average (ARIMA) model [7] and the seasonal autoregressive
integrated moving average (SARIMA) model [8, 9]. However, the prediction results
of these methods are not ideal when the fluctuation of the water use data is large.

With the rapid development of computer technology, several intelligent algo-
rithms with high prediction accuracy, such as the artificial neural network (ANN),
support vector machine (SVM) and other machine learning algorithms, were
introduced to predict the urban water consumption. Vijayalaksmi set up an adaptive
neural fuzzy inference system (ANFIS) to predict urban water demand, and obtain a
good prediction effect [10]. Candelieri presented a reliable urban water demand
forecasting for the entire day based on Support Vector Machine (SVM) regression
method [11]. Adamowski compared the results of three water demand forecasting
models which are established by multiple linear regression, time series analysis and
artificial neural network, and pointed out that the latter has a better performance in
the city’s daily water demand [12] Bennett used three conventional ANNs, which
are two feed-forward back propagation networks and one radial basis function
network, to build the more accurate forecasting models [13].

These methods mentioned above all were used to forecast urban water demand;
however, aiming to achieve more accurate water supply scheduling in a city, a
smaller target area as a community or a town was predicted. Forecasting water
demand for the small area can reduce the cost of urban water supply facilities and
save more water. In this paper, a hybrid ensemble empirical mode decomposition
(EEMD)-Elman neural network (ENN) model for hourly campus water demand
forecast is proposed by using the real data of water usage of the campus of the
Hebei University of Engineering.

As a feedback neural network, ENN is widely used in different fields. ENN is
optimized based on back-propagation (BP) neural network [14], which adds a
context layer to the hidden layer of feed-forward network as the time delay operator
so as to memorize and, therefore, make the system have the characteristic of
dealing with the dynamic information and enhance its capacity of nonlinear fitting.
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In consideration of the nonlinearity and randomness of water data, ENN will be an
effective method of water demand forecasting. ENN has better performance than the
BP neural network [15], but there are still shortcomings. On the one hand,
non-stationarity of the real data of water usage will reduce the accuracy of water
demand forecasting by the neural network method. On the other hand, it is difficult
to determine the structure of Elman neural network, limiting its applicability.
Therefore, this paper proposes an associated forecasting method based on Elman
neural network. First, for the non-stationarity of data, the EEMD is used to
decompose the original data into a series of subsequences as the input of the ENN,
that are relatively simple and show a regular pattern. Then, aiming at the difficult
problem of ENN’s structure, this paper presents the use phase space reconstruction
method to optimize the structure of ENN. Finally, the simulation results based on
the real data show that the hybrid forecasting model proposed in this paper has
higher accuracy than other methods.

2 Data Preprocess Based on EEMD

Empirical mode decomposition (EMD) is widely used for pre-process
non-stationary signal, so as to make the complex series of time smooth, and
obtain several intrinsic mode functions (IMF) components that are independent of
each other. However, when the time scale of the signal dramatic shift has occurred,
the EMD is not competent to separate effectively the different modal components
according to features of time scale. In other words, there will be the phenomena of
mode mixing among IMF components after the EMD decomposition, therefore,
improving the applicability of the method of water demand prediction. In this paper,
the EEMD improved from EMD method to pre-process water data was used. The
method will add white noise sequences to original series and then the EMD
decomposition is carried out repeatedly, and the mean value of the multi-group IMF
is obtained as the real component, thereby avoiding the mode mixing. Specific steps
are as follows:

Step 1: Initialization procedure. Initialize ‘m’ which is the execution time of
EMD and ‘k’ that is amplitude of noise.

Step 2: Add a white noise series to the original signal and decompose the signal
with added white noise into IMFs using EMD.

Step 3: Repeat steps 1 and 2 again and again but with different white noise series
each time (repeated 15 times in this work).

Step 4: Obtain the corresponding IMF components of the decompositions.
Step 5: Adopt the means of ensemble corresponding to the residue components

of the decompositions as the final result.

Hourly Campus Water Demand Forecasting Using a Hybrid EEMD … 73



The white noise sequence added in the decomposition satisfies the normal dis-
tribution and is independent to each other. According to the literature [16], it is
known that in the case: m = 100 and k = 0.01, the result is better.

3 Forecast Model Based on the Improved ENN

3.1 Elman Neural Network

The type of Elman neural network consists of the input layer, the middle layer
(hidden layer), the context layer and the output layer, as shown in Fig. 1 [17]. In
this sense, it is similar to a three-layer feed-forward neural network; the neurons of
the input layer only play the role of signal transmission; the output layer neurons
have a linear weighting function; the transfer function of hidden layer can use a
linear or nonlinear function. The context layer feeds back the hidden layer outputs
in the previous time steps. The neurons are contained in each layer used to prop-
agate information from one layer to another.

The Elman neural network has a character that the context neurons receive input
from the hidden layers and pass their output to the hidden layers. The context layers
always store the output from the hidden layer and relay this information in the next
iteration. This behavior allows them to form a sort of short-term memory. Adding to
internal feedback network increases the ability of dealing with dynamic informa-
tion, so as to achieve the purpose of dynamic modeling [18].

As Fig. 1 shows, the nonlinear state space expression of Elman neural network is
follows:

yðkÞ ¼ gðw3xðkÞÞ ð1Þ

xðkÞ ¼ f ðw1xcðkÞþw2ðuðk � 1ÞÞÞ ð2Þ

xnx1 xc1 xcn

y(k)

Output layer

Hidden layer

Input layer

       Context layer

           xc(k)

         u(k-1)

w1

        w2

      w3       x(k)

Fig. 1 Elman neural network architecture
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xcðkÞ ¼ xðk � 1Þ ð3Þ

where y is the node vector of m dimension output layer, x is the node vector of n
dimension hidden layer, u is the input vector of r dimension and xc is the feedback
state vector of n dimension. w3;w2;w1 denote the corresponding weights of the
hidden layer to the output layer, the input layer to the hidden layer, and the context
layer to the hidden layer, respectively. gð�Þ is the transfer function of output neuron,
which is a linear combination of the middle layer output. gð�Þ is the transfer
function of the hidden layer neurons, often using sigmoid function.

3.2 Improved ENN Based on Phase Space Reconstruction

In the process of forecasting, the previous and real value is usually used as input to
predict the water consumption of the next time, m, the number of nodes in the input
layer, is determined by the common test method and empirical formula. To avoid
the arbitrariness and loss of information in choosing the number of nodes in the
input layer,in this paper, the phase space reconstruction method is proposed, which
can reconstruct the nonlinear water data time series, and the phase space is obtained
to reflect the internal law of the sequence.

Its specific operation is to choose a suitable embedding dimension ‘m’ and delay
time ‘s’, for the time series of water consumption PðtÞf g, t ¼ 1; 2; . . .;N; then, the
new state space as the formula (4) can be obtained that is the reconstructed phase
space of the time series.

Pðtþ 1Þ ¼ PðtÞ;Pðtþ sÞ; . . .; Pðtþðm� 1ÞsÞf g ð4Þ

There have been many mature algorithms for time delay and embedding
dimension of the reconstructed phase space. In this paper, the C-C method [19] is
used to select the saturation embedding dimension as the number of input nodes of
neural network.

The number of hidden layer nodes of Elman neural network greatly influence on
prediction accuracy. If the number is too small, neural networks are barely able to
learn well; on the other hand,huge training data make the training time of Elman
neural network remarkably increased and the network becomes over fitted.
Kolmogorov theorem proved that the three-layer forward network can be satis-
factory reproduction of any continuous function, if the reasonable structure and
appropriate weight conditions are selected. When the number of nodes in the input
layer of the network is m, the number of nodes in the hidden layer is about 2mþ 1.
After determining the theoretical value of the number of nodes in the hidden layer,
the optimal node number is selected by the method of minimum training error. The
specific steps are as follows:
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(1) Use phase space reconstruction method to reconstruct the water consumption
sequence, and obtain the input data and node number m.

(2) Range the number of hidden layer nodes to be optimized as
N 2 ½2M � 4; 2Mþ 6�

(3) Select cyclically the number of nodes of the hidden layer to train the Elman
neural network, and the node with the minimum training error will be the
optimal node.

4 EEMD-Improved ENN

In this paper, the general idea of the method of water demand prediction: firstly,
decompose water data step by step according to the different frequency by EEMD,
so as to get different IMF components to reduce the non-stationary characteristics.
Then the phase space is reconstructed for each component, and respectively the
forecasting model of Elman neural network that is improved is established to reduce
the mutual interference between components. Finally, the final forecasting results
are superposed by prediction data of each component. The flow chart is shown in
Fig. 2.
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and initialize
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Fig. 2 Forecast flow chart of the EEMD—improved ENN
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5 Simulation

In this paper, the water data recorded the water consumption hourly for 31 days on
the campus of Hebei University of Engineering. The first 30 days of data are for
training; the thirty-first day of water consumption data is selected to validate the
EEMD-ENN algorithm. The water consumption data curve is shown in Fig. 3.

The EEMD method is used to decompose the original water data, resulting in 8
IMF components and 1 residue, as shown in Fig. 4.
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As the sub-sequences shown in Fig. 3, the frequency of components IMF1 and
MF2 is higher with their periodicity not obvious, and their volatility is still very
wide. The frequency of IMF3 to IMF7 is low, and their periodicity is more obvious.
The residue R(T) is a curve with higher amplitude and monotonically increasing.
Therefore, the EEMD method can effectively avoid the mode mixing phenomenon
of decomposition process.

After the water data is decomposed by EEMD, the value of each component is
larger; therefore, it is necessary to normalize the data before forecasting. It is
normalized and reduced, such as the formula (5) and (6):

yi ¼ xi � xmin

xmax � xmin
ð5Þ

xi ¼ ðxmax � xminÞ � yi þ xmin ð6Þ

where: yi is the results after the normalization of a sample, xmax and xmin are the
maximum and minimum values in the sample.

To evaluate the accuracy and reliability of the prediction results, the average
absolute percentage error (MAPE) is used as an index to predict the accuracy of the
prediction.

MAPE ¼ 1
n

Xn

i¼1

Ai � Pi

Ai

����

���� ð7Þ

where Ai is the actual water consumption, Pi is the predicted water consumption; n
is the number of points for prediction.
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Figure 5 shows the comparison of the predicted results of EEMD-improved
ENN model with the actual water consumption. From the graph we can see that the
trend of the change of forecast value and the actual value is roughly analogical,
which has a high fitting accuracy, and shows the validity of the proposed model.

At the same time, it is compared with the single BP and Elman neural network,
and the prediction error is shown in Table 1. From the results we can know that the
prediction accuracy of the combined forecasting model is higher than that of the
single prediction method.

6 Conclusion

Water demand forecasting is an essential component in effective water resources
planning and management because it can help to identify appropriate alternatives to
ensure the balance between water demand and supply. In this study, the
EEMD-improved ENN models for hourly campus water demand forecasting is
investigated. The original data decomposed to a series of relatively simple
sub-components by EEMD can effectively reduce the non-stationarity of the data,
so as to lay the foundation to the prediction of residential water demand. Elman
neural network has strong nonlinear fitting ability, and the parameters of model
structure can be obtained according to the method of phase space reconstruction and
minimum training error, which can improve the prediction accuracy. Finally, the
results indicate that the combined model have a good performance in forecasting
hourly water demand.

However, the combination model is bound to increase the complexity of the
algorithm and reduce the computational efficiency. Therefore, it should be possible
to reduce the complexity of the algorithm to improve the prediction accuracy.
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The Study on Groundwater Recharge
and Evolution in Northwestern China

Yunpu Zheng, Lili Guo, Liang Liu, Lihua Hao, Qiang Ma,
Jingui Wang, Fei Li, Lishu Wang and Ming Xu

Abstract The recharge and evolution of groundwater in the Wuwei Basin were
investigated using chemical indicators, stable isotopes, and radiocarbon data. The
results showed that the concentrations of Na+ and K+ in the groundwater were
controlled by the dissolution of halite and sylvite from fine-grained sediments,
whereas the increase of Na+ and Cl− was not in accordance with a ratio of 1:1,
indicating that the dissolution of halite and sylvite barely affected the concentrations
of Na+ and K+ in groundwater. Meanwhile, HCO3

− was the dominant ion with a
decreased ratio in the groundwater. The SO4

2−/Cl− ratio decreased with the sample
profile from Southwest to Northeast due mainly to the increases of Cl− concen-
tration. The Cl− was enriched in the hydrodynamic sluggish belt, and thus the Ca2+/
Cl− ratio decreased with the enhancement of Cl−. In addition, the d18O and d2H
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values of groundwater gradually increased from Southwest to Northeast along the
flow path. Compared with the isotopic values of precipitation, the heavy isotopic
values were strongly depleted in the groundwater samples, suggesting that the
recharge of groundwater in the plain region was very limited from precipitation.
Moreover, the groundwater in the phreatic aquifer was younger water with 3H
values from 47 to 71 a.BP, while the groundwater age in the confined aquifer was
1000–5800 BP evidenced by the 14C values between 48 and 88 pmc. These results
suggested that the recharge duration of the groundwater was from the late
Pleistocene or early Holocene. These results might have important significance for
inter-basin water allocation and groundwater management of the Wuwei Basin.

Keywords Environmental isotopes � Hydrochemistry � Groundwater circulation
Iron

1 Introduction

Water demand for agricultural, household and environmental uses is rapidly rising
due to the continuously increasing population, especially in the developing world;
and thus, many areas throughout the world are expected to experience imbalance on
the supply and demand for water in the near future [1]. Meanwhile, the climate
change, population growth, and economic development may also affect the avail-
ability of water resources in the arid and semi-arid regions. One of the most
prominent issues in these arid areas is climate change which may have impacts on
the quality and quantity of the water resources, which are supplied to the growing
population. Previous studies have reported that the increasing population density,
economic activity, and unsustainable water management practices have result in
over-exploitation of many more easily accessible freshwater resources [2]. Some
cities in the drier parts of the world are likely to have exhausted their groundwater
reserves in a little more than a decade. Water scarcity has brought into focus the
urgent need for planned action to manage water resources effectively as it is widely
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acknowledged that water is a major limiting factor in the socio-economic devel-
opment of a world with a rapidly expanding population. Sustainable management of
water resources to meet human and ecosystem needs will require accurate estimates
of groundwater recharge, as the surface water resources are generally scarce and
highly unstable in semi-arid and arid regions with the result that groundwater is the
primary source of water in these regions [3, 4].

Situated deep in the hinterland of Eurasia, China’s northwestern inland zone has
a very arid climate. The landscape in these regions is fragile due to the low and
irregular precipitation, high temperatures and evaporation, and notable drought
periods [5]. In such arid and semi-arid environments, groundwater is not only an
important source of public water supply, but is also important to the regional
ecology. Since the 1950s, human activities, and particularly the exploitation of land
and water resources associated with dramatic population growth, have led to sig-
nificant changes in the water regime and have created serious environmental con-
sequences, including declines in the regional groundwater levels, desertification,
and drying of rivers and lakes in the lower reaches of river basins [6–10]. For
example, the groundwater level has dropped widely by as much as 35 m in the
Minqin Basin since the 1960s [5].

The “Green Corridor” and the highway along the Lower Tarim River are
endangered by degrading riparian vegetation and desertification [10].
Desertification in the Shule River Basin is also a very severe problem. The sand
dune along the Shule River has evolved from immobilization to mobile dunes
because of the degeneration of the vegetation cover [11]. If this situation continues,
further deterioration of the environment and ecosystems of this vast area is
unavoidable [12]. Careful studies of the characteristics of the groundwater and its
evolution under natural water circulation processes help to provide scientific
guidelines for sustainable exploitation of the region’s water resources and pre-
vention of further degradation of the regional environment.

Many studies have examined the characteristics and utilization of the ground-
water resources in the arid regions of northwestern China. Most of the research has
taken place in the eastern and middle parts of the Hexi Corridor (i.e., the Zhangye,
Ejina, and Minqin Basins), with important results that provide guidance for regional
water management. For example, the deep groundwater of the Minqin Basin was
recharged under cool and wet conditions during the late Pleistocene to Holocene
periods based on an analysis of isotopic, noble gas, and chemical indicators [5, 12,
13]. Some authors have studied the hydrogeochemical evolution and residence time
of water along the groundwater flow path in the Zhangye and Ejina Basins [6, 8].
The exchanges between groundwater and surface water in the Zhangye Basin have
also been examined, using either a 3D groundwater flow simulation model or 222Ra
analyses [14, 15]. As of the present, similar studies have not been performed in the
western part of the Hexi Corridor, Wuwei Basin is a type locality of this area, and
Wuwei was an important city on the ancient Silk Road. It is certain that increasing
surface water in the basin will increase the groundwater recharge.

The main objective of this study is to present the results from a wide selection of
geochemical and isotopic indicators revealing the main characteristics of the
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groundwater in the Wuwei Basin. The specific goals included: (1) using environ-
mental isotopes (18O, 2H, 3H and 14C) to determine the evolution and age of the
groundwater under natural conditions; (2) using the chemistry of major ions to
determine the dominant geochemical processes that take place along the ground-
water flow paths. These results may not only improve the understanding of the
groundwater system in the whole Hexi Corridor, but also provide essential infor-
mation and theoretical basis for the design of effective water resources management
in the Wuwei Basin.

2 Study Area

2.1 General Setting

The Shiyang River Basin, located in the eastern part of the Hexi Corridor in the
middle of Gansu province, Northwestern China, is considered a typical arid and
semi-arid area. As a result of the long-term water resources development in the
Basin, the Shiyang River Basin has become one of the most over-exploited inland
basins. Water resources shortage is an increasingly serious issue in China, espe-
cially in the arid and semi-arid areas of the Northwest. The Shiyang River is an
eco-environmentally fragile area, which is characterized by low and irregular
rainfall, high temperatures and evaporation, and notable drought periods. In such
arid and semi-arid environment, groundwater is an important part of the total water
resource, and plays a vital role as a water supply for drinking and irrigation.

Research interests have been focused on aspects such as utilization survey,
evolutionary prediction, reserve estimation and systematic assessment of natural
water resources. Some reasonable allocation and utilization plans have been pro-
posed. The effective development and management of the valuable groundwater
resources in the area require a better understanding of hydrochemical characteristics
of the groundwater and its evolution under natural water circulation processes.
During the last 30 years, environmental isotopic techniques have been commonly
and largely used in the overall domain of water resources development and
management.

The application of these relatively new techniques in the case of arid and
semi-arid zones has proven to be an attractive tool for the quantitative evaluation of
groundwater systems. However, comprehensive approaches to groundwater
understanding using chemical and isotopic indicators are relatively few, although
there are several investigations on the interaction and mechanism among surface
water, groundwater and rocks in recent years.

The systematic analysis of the hydrochemical types and features of the whole
river basin were combined using computer simulation and isotopic geochemical
methods in this study. The objective was to elucidate the controls of groundwater
quality evolution, recharge, circulation and mixing processes and, furthermore,
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to explain the mechanism of these processes from the standpoint of environmental
geochemistry. The results of the study may provide a theoretical basis for the
government to make utilization strategies for water resources and development
policies in northwest China in the new century. The purpose of this paper is, thus, to
make a new assessment of the availability of groundwater resources in the Wuwei
Basin as the typical area of arid northwestern China based on a better understanding
of hydrogeological features.

2.2 Geology and Hydrogeology

The Shiyang River Basin, located in the eastern part of Hexi Corridor in the middle
of Gansu province, is a typical arid and semi-arid area (Fig. 1). The Shiyang River
originates from Lenglongling Glacier of the Qilian Mountains, and ends gradually
in the Tenggeli Desert. The Qilian Mountains form the southern part of the basin.
Many modern glaciers are distributed above 4,500 m. The middle and northern part
of the basin is a plain that can be divided into two sub-basins (i.e., Wuwei Basin
and Mingqing Basin).

Fig. 1 Geographic location of the study area and water quality sampling point
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Most of the basin belongs to the arid climate zone. Solar radiation is strong and
sunny. Summer is hot and short, while winter is cold and long. The temperature
difference is extremely significant. Less rainfall and intense evaporation lead to dry
air. The annual precipitation is 200–800 mm, while the evaporation capacity is
2000–3000 mm.

Consisting of Quaternary alluvial and pluvial sediments, the Wuwei Basin lies in
a depression at the foot of the Qilian Mountains with an elevation ranging from
1,400–2,500 m. The loose Quaternary sediments filling the basin are of great
thickness, which provide an ideal place for groundwater preservation. In terms of
the hydrogeological characteristics, two geomorphologic units are recognized in the
Wuwei Basin, a faulting terrace zone and its sub-basin. The former is in the
proximity of Qilian Mountains and lies on the head of a pluvial fan. The aquifer
there is composed of gravel and sand. The well-connected porosity of the aquifer
provides a good conduit for groundwater flow, which is the basin’s recharge region.
The sub-basin is the enrichment zone of the groundwater. As the grain size of the
aquifer gradually decreases from south to north and the flow rate becomes slower,
the hydraulic gradient becomes smaller. Along with the uplifting of the Quaternary
basement, the burial depth of the aquifer becomes shallower, resulting in the springs
of groundwater from the middle part of the Wuwei basin (Fig. 2).

In the southern part of the Wuwei Basin, the diluvial aquifer is formed from
highly permeable cobble and gravel deposits that are between 200 and 300 m thick.
The aquifer specific capacity is about 3–30 l s−1 m−1, and aquifer permeability is up
to 100–600 m d−1. This allows a large amount of surface runoff in the piedmont fan
to seep down and recharge the aquifer. From the northern edge of this diluvial fan,
the aquifer, comprising interbedded cobble gravel, fine sand and clay, becomes
confined or semi-confined with piezometric levels less than 5 m depth. In many
places the groundwater overflows as springs and re-emerges as streams.

Fig. 2 Geologic section of the Wuwei Basin
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The limited precipitation in the plains of the river basin accounts for less than
7% of the total groundwater recharge. Hence, as found in other inland river basins
in arid northwest China, the aquifer in Shiyang River Basin to a great extent is
recharged by surface water via river infiltration, canal system seepage and farmland
irrigation water seepage. In other words, surface water and groundwater are inte-
grated in the middle and lower basins; and the upper, middle and lower reaches are
united in using water resources. The water resources in the different parts of the
basin are inseparably linked: the groundwater resources in the plain area are
recharged from precipitation in the Qilian Mountains. From the Qilian Mountain
reach to the Hongyashan section, groundwater and surface water are closely linked
due to the gradient and the uniquely permeable nature of the sediments near the
mountains. To a large extent, the groundwater is transferred back to surface water
before flowing out of the section. Surface water in the Hongyashan reservoir,
therefore, mainly comes from surface water and spring water originally present as
short residence time groundwater within the Wuwei Basin.

3 Materials and Methods

According to the topography, geomorphology and hydrogeology, 13 groups of
sampling locations from Qilian Mountain to Hongyashan Reservoir were chosen
(Fig. 1). The positions of the sample points were positioned using a GPS locator.
The well depth, latitude, longitude, groundwater depth, water temperature, and pH
value were measured on the scene, respectively. Sample bottles were washed three
times with water sample before collecting water samples. All water samples were
packed in plastic bottles, which were then sealed with wax. No air bubbles were
allowed in the bottles to avoid exchanging with carbon dioxide in the air.

Precipitation materials were collected from the global precipitation isotope
which was established by International Atomic Energy Agency (IAEA) and the
World Meteorological Organization (WMO). Ca2+, Na+, K+, Mg2+, SO4

2−, Cl− and
NO3

− were measured using Ion Chromatograph. Deuterium (D) and oxygen-18
(18O) were measured by MAT-252 mass spectrometry. Hydrogen samples were
prepared by the zinc reduction method under temperatures of up to 7000 °C, and
18O samples by a H2O-CO2 equilibrium method. Here, SMOW (standard mean
ocean water) was adopted as the criterion for measuring H and O isotopic com-
positions. Duplicate analyses of dD and d18O were within ±1‰ and ±0.1‰,
respectively.
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4 Results and Discussion

4.1 Groundwater Geochemistry Evolution Along
the Flow Path

The total soluble solids (TDS) characteristics of the groundwater and changes along
transects from the southwestern part of the basin to the northeastern part of the
basin are shown in Fig. 3. The TDS values were between 131 and 1750 mg/L,
gradually increasing along the flow direction. It was generally low in the piedmont
area, with a mean concentration of 288 mg L−1 and a range from 131 to 444 mg
L−1. In such arid regions, groundwater with TDS below 1000 mg L−1 is thought to
have good quality. The pH of the groundwater ranged between 6.0 and 7.0, indi-
cating an acidic nature. In the Wuwei oasis, the salinity of the groundwater grad-
ually increased along transects. The TDS increased from 500 to 1000 mg L−1 in the
unconfined groundwater, with no obvious trend along transects.

From the groundwater TDS contour map (Fig. 3), it can be seen that TDS has
better zoning characteristics from the piedmont to the middle basin. Groundwater
salinity values along the Shiyang river runoff were on the low side, but the TDS
value was higher on both sides of the river irrigation district. The TDS values were
respectively 1480 and 1750 mg/L in sample Gaogou of Qingyuan irrigation and
sample Qijiahu of Yongchang irrigation, which is because the two are in the

Fig. 3 TDS contours of groundwater in the study area
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irrigation district center, where groundwater exploitation is frequent, and they
belong to the salty water area. Groundwater TDS value is higher on the eastern
desert edge, which was 1063 mg/L. The reason is that with the increase of buried
depth of groundwater the supply is less, and the salinity is increasing.

Chlorine ion can be used as the first tracer in the research of groundwater
hydrochemistry (Fig. 4). The chloride ion concentration from the piedmont plain
increased from 1.5 to 198 mg L−1. The dissolution of halite and sylvite from
fine-grained sediments controls concentrations of Na+ and K+ in the groundwater,
but Na+:Cl− molar ratios shows no growth in accordance with the 1:1 in most
samples, which are also indicative that the dissolving effect is not significant.
HCO3

− content is dominant, gradually reducing the proportion along the way. With
the increase of Cl−, SO4

2−/Cl− ratio decreases, but the SO4
2− is increased along the

runoff. Cl− enrichment in the hydrodynamic sluggish belt, Ca2+/Cl− reduce with the
increase of the content of Cl−.
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4.2 Groundwater Recharge Based on Stable Isotope Ratios

The results of stable isotope analysis both for water samples in the basin and
precipitation collected in the IAEA were plotted in Fig. 5. Values of d18O and d2H
in precipitation varied from −20.6 to 3.8‰ and from −158 to 33.1‰, respectively,
but they are linearly similar to the global meteoric water line (GMWL) with an
equation of d2H = 7.8 d18O + 5 (r2 = 0.92), which is defined as local meteoric
water line (LMWL). These values were slightly enriched and indicated modification
due to evaporation in the monsoon rains producing departure from the GMWL.
Weighted mean rainfall values lay around d18O −7.3‰ and dD −46.9‰. These
values were most likely to be the representative of the present local waters.

Some deviation of H and O isotopic compositions from the meteoric water line
was shown. This was mainly because of the effect of local variations in rainfall. In
addition, the poor coverage of vegetation in the Shiyang River basin was another
influencing factor. when the meteoric water recharged into groundwater, drastic
evaporation can produce a much larger isotopic fractionation and cause the devi-
ation from the meteoric water line.

Near Qijiahu, the 18O value was lighter than that of other areas, which may be
caused by the distribution of granite and metamorphic rocks. When groundwater
contacts with those rocks, water can exchange H and O isotopes with minerals in
rocks. Such a water-rock equilibrium fractionation can reduce the content of 18O in
water. The isotopic fractionation intensity and the water-rock system depended on
the temperature, quantity ratio of water and rock, and reaction time. The water-rock
equilibrium fractionation was very small during groundwater leakage. The slow
groundwater circulation rate enabled a full isotopic exchange between water and
rock.

For the stable isotope composition of the Shiyang River running course, the
mean values of d18O increased along the river course. The d18O and dD values for

Fig. 5 Plot of d18O and dD for groundwater from the Quaternary aquifer system of the Shiyang
River with plots of the GMWL and LWML
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these samples ranged from −11.99 to −8.4‰ and from −76.7 to −56‰, respec-
tively. Figure 5 illustrated that the samples from the Shiyang River running course
had the similar stable isotope compositions to those from the wells drilling into the
unconfined aquifers near the river bank. This indicated that evaporation probably
occurred in channels, reservoirs and fields in the study area.

The majority of the isotope compositions of the groundwater samples plot were
close to the GMWL (Fig. 5). This indicated that the groundwater recharge resource
mainly originated from precipitation, and was weakly affected by evaporation.
These more depleted signatures were considered to be from the late Pleistocene and
Holocene periods, during which the climate was wetter and colder than that of the
present day.

4.3 Residence Time Based on 14C Data

This study of groundwater 14C age in the studied area was calculated using
carbon-13 correction model (Table 1). Meanwhile, Fig. 6 shows the distribution of
14C value in the research area. 14C value ranged between 48 and 88 pmc and
decreased gradually from mountain front radial directions. 14C value is bigger in
piedmont, in 77–88 pmc. 14C content change is relatively stable in fine soil plain,
which slowly fell to 77 from 67 pmc. 14C is between 56 and 67 pmc in rump region.

The age range of the deep groundwater (>100 m) in the study area was between
1000–5800 a (Fig. 7), which showed an increased trend from piedmont to
rump. The piedmont groundwater was mainly from the recharge of piedmont
infiltrated water, and thus the deep groundwater is younger than the low layer
groundwater. The groundwater age in the central basin featured a small variation
ranging from 2920 to 3400 a, which may mainly be due to the mixture with ooze
water from the confined aquifer during exploring mining groundwater for irrigation.
In the rump area, the deep groundwater age is more than 4000 a with a slow water

Table 1 Sample point 14C
values

Sample no. Site pH 14C
(pmc)

Age
(BP)

4 Shiyangzhan 7.0 81.4996 1645

5 Dawan 6.0 66.9869 3220

6 Gaogou 6.0 74.7928 2335

7 Yujiawan 6.0 72.7173 2560

8 Hongshuihe 6.5 48.5654 5800

9 Baiyun 5.5 88.2733 1000

10 Qijiahu 6.0 62.7277 3745

11 Xigou 6.5 54.2718 4910

12 Liuquan 6.5 56.5280 4580

13 Canqi 6.0 86.0702 1205
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cycle and a limited water quantity for groundwater recharge, and thus the
groundwater age of the rump area is older.

4.4 Conceptual Model for Groundwater Recharge

A conceptual model for groundwater recharge is proposed based on the isotopic
data (Fig. 7). The rainfall was more abundant in the region during the late
Pleistocene and the aquifer was probably replenished by rainfall through
mountain-front recharge and direct diffusive recharge. However, modern direct
infiltration provides negligible recharge to the shallow unconfined aquifer. Most
recharge originates from the Qilian Mountains where there is higher precipitation
and melt water. The natural rivers in the oasis area have mostly been changed to
artificial channels, the seepage from which plus irrigation return water, are the main
recharge sources for the shallow phreatic aquifer. The confined aquifer of the
piedmont has been recharged through a number of mechanisms, including lateral
flow from the piedmont and modern water through directly vertical infiltration from

Fig. 6 The 14C simulation in the study area
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river channels. Groundwater in the confined aquifer flows towards the discharge
zones to the NE.

The groundwater flow velocity can be estimated using the difference in dates and
positions between the two confined groundwater samples: sample 8 is about 31 km
further along the flow path from sample 4, indicating an approximate flow velocity
of 3.04 � 108 m3 a−1. This result is coincident with that calculated based on
Darcy’s law. This indicated that groundwater flow is relatively slow and that the
water resources sustained by this flow are essentially non-renewable in the confined
aquifer. In summary, the confined groundwater dates back to the late Pleistocene
and has continued throughout the Holocene, as has been observed in other basins in
northwestern China [8, 16–18]. The aquifer system retains this ancient ground-
water, but also reveals modern recharge (particularly in unconfined aquifers) as well
as mixing of water from different periods (Fig. 8).

Isotopic data and hydrogeochemical tracers were used to understand the recharge
and geochemical evolution of groundwater in the Quaternary aquifers beneath the
Wuwei Basin. The Quaternary aquifers are all closely connected with streams
originating in the Qilian Mountains. The mean values of d18O and d2H in the
unconfined groundwater tended to be enriched along the overall groundwater flow
path from the SW to the NE, increasing from −9.71‰ to −8.61‰ for d18O and

Fig. 7 Confined water of 14C age distribution in the study area
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from −64.5‰ to −56‰ for d2H, respectively. The values in surface runoff and melt
water from the Qinghai-Tibetan Plateau south of the study area suggest that melt
water from the Qilian Mountains strongly determines the isotopic composition of
water in the Shiyang River, and contributes significantly to the steady long-term
runoff of this river. However, the stable isotope data, which are markedly depleted
in heavy isotopes compared to modern rainfall in the plains area, clearly indicate
that there is no direct relationship between the confined groundwater and modern
direct recharge. The groundwater exhibited a range of radiocarbon activities from
48 to 88 pmc, with younger water in the upper reaches of the Shiyang River and
older water in the lower reaches. The unconfined water was generally young with
0.9–50.78 TU. At the northern edge of the basin, confined groundwater was much
older, with a radiocarbon content of 48 pmc, indicating an age of *6 ka, which
corresponds to the humid climatic phases of the late Pleistocene.

The strong and significant linear relationships between Na+ and Cl− and between
K+ and Cl− indicate that the dissolution of halite and sylvite strongly control the
concentrations of these three ions. Groundwater was far below saturation for halite,
so halite minerals in the fine-grained sediments can easily enter the groundwater.
The Na+/Cl− molar ratio values were all >1 in the groundwater, indicating the
presence of excess Na+, possibly due to the weathering of feldspar. Sulfate, HCO3

−,
Mg2+, and Ca2+ were not derived from the simple dissolution of calcite, dolomite
and gypsum.

Fig. 8 Conceptual diagram of recharge to the Quaternary aquifer beneath
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The results have important implications for management of the inter-basin water
allocation program and groundwater resources in the Wuwei Basin, one of several
water-stressed basins in northwestern China that lies in a region destined for rapid
development under China’s West Development Strategy [19]. As most of the deep
groundwater resources derived from recharge during a period with a colder and
wetter climate, exploitation of this groundwater is considered to be “mining” if it
cannot be replenished. The glaciers of the Qilian Mountains have exhibited large
absolute losses and the altitude of the equilibrium line has generally increased
because the ablation rate has exceeded the mass accumulation rate as a result of
global warming since 1950 [20–24]. This has significantly influenced the sustain-
able source of Shiyang River and recharge of the unconfined groundwater.
However, the groundwater has seen over-exploitation due to a lack of knowledge of
recharge and evolution mechanism. The results of this study will help the local
government to protect this limited and precious water resource [22, 25, 26].
A rational land-use plan for agriculture, forestry and animal husbandry to regulate
water allocation on a whole-basin basis should be set up.
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Evaluation System Building
for Groundwater Overexploitation
Zone Management

Siyu Liu, Genfa Chen and Hongzhen Ni

Abstract China’s demand for groundwater is growing along with its economic
development. Such problems as continued declining of water table due to
groundwater overexploitation, ground subsidence and water quality deterioration as
well as other environmental issues have become increasingly prominent. Therefore,
China has carried out a series of groundwater management measures in the over-
exploitation zones. However, management measures and experience cannot be
evaluated and summarized systematically as a management evaluation system has
not been put in place in a timely manner. Against this background, this paper aims
to establish a relatively scientific and rational groundwater overexploitation man-
agement and evaluation system by combining with the generally applicable man-
agement experience in groundwater overexploitation zones oriented in management
results, control measures, monitoring system and regional characteristics. The
system is also applied to evaluate two typical overexploitation zones of Hebei
Province and Jiangsu Province from 2012 to 2014 with their final scores of 70 and
86, respectively. The evaluation results are analyzed to prove the rationality of the
system as a basis for reference to fully promote the management of groundwater
overexploitation zones.
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1 Introduction

Groundwater is an important element in the eco-environment and plays a decisive
role in maintaining socio-economic development, human water use security as well
as a sound eco-environment. Since the 1970s, groundwater has been widely
exploited and utilized along with China’s accelerated industrialization and urban-
ization process, especially in those regions without abundant surface water
resources, leading to their increasingly growing reliance on groundwater.
According to statistics, overexploited groundwater in China had grown from about
20 billion m3 in 1972 to 110.7 billion m3 in 2010. Under the strained conflicts
between supply and demand of water resources, coupled with continued declining
water table, ground subsidence, and water quality deterioration [1, 2], it has become
a major task for China’s water resources work to strengthen its management of
groundwater overexploitation zones.

Although China’s management work has been conducted in groundwater
overexploitation zones for many years, management measures and experience have
not been systematically evaluated and summarized as a management evaluation
system has not been put in place in a timely manner, which is not conducive to
pushing forward the all-round management of the overexploitation zones. In light
of this situation and on the basis of analyzing management approaches of
groundwater overexploitation, this paper aims to establish a relatively scientific and
easily operational groundwater overexploitation management evaluation system for
conducting a quantitative appraisal and evaluation of groundwater resources
management level and the determination of the weak links so as to put forward
rational suggestions. It will be of great significance to strengthen groundwater
management of overexploitation zones and to implement the most stringent water
management system.

2 Evaluation Methods

According to scientific, comprehensive, representative and practical principles, the
evaluation system adopts two types of index in this paper, namely national general
index and regional characteristic index. National general index is mainly set up by
combining with the generally applicable management experience in groundwater
overexploitation zones oriented in three levels of management results, control
measures, monitoring system general management experience; while regional index
mainly considers regional characteristics for evaluation. Firstly, a series of indices
which can reflect the management level most should be identified before their
weights are determined and they are scored with corresponding graded standards.
Then relevant data before and after the implementation of management measures in
groundwater overexploitation zones are acquired. Finally, a comprehensive
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conclusion for management of groundwater overexploitation zones is summed up
according to a quantitative evaluation mode to score assignments by the expert
judgment methods.

3 Evaluation System Building for Groundwater
Overexploitation Zone Management

3.1 National General Index

3.1.1 Evaluation Index of Management Effects

(1) Groundwater Table Variation. Water table is the core of restricting groundwater
overexploitation, so the change of groundwater table is an important index of
groundwater zone management effects. However, the underground water table
variation is subject to the dual effects of natural precipitation and management
of overexploitation zones; therefore, the impact of natural precipitation varia-
tion should be deducted in the evaluation. The relationship between ground-
water table variation and natural precipitation [3] can be expressed as:

X
Dh ¼ a � P=u ð1Þ

where Dh is the groundwater changing range due to all the rainfalls within a
year, a is precipitation infiltration recharge coefficient, u is specific water yield
in aquifer, and P is precipitation.

(2) Variation Rate of Groundwater Exploitation Amount. Groundwater exploitation
variation is a fundamental factor to reflect management enforcement and effects
of overexploitation zones. As the groundwater exploitation amount cannot be
directly compared in different regions, the variation rate of groundwater
exploitation amount is adopted to reflect the effects of groundwater manage-
ment, and the calculation formula is:

Vea ¼ EA0 � EA
EA

� 100% ð2Þ

where Vea is variation rate of groundwater exploitation amount, EA is
groundwater exploitation amount in the baseline year, EA′ is groundwater
exploitation amount in the evaluation year.

(3) Groundwater Quality. Groundwater is not only an important source for water
supply, but plays a prominent role in supporting ecosystem and maintaining a
virtuous cycle of water system. Once the groundwater is contaminated, damage
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to the ecology and human health will be more profound. Therefore, the focus
must be on groundwater quality. In this paper, water quality of monitoring
results is scored according to the National Groundwater Quality Standard (GB/
T 14848-93).

3.1.2 Evaluation Index of Management Measures

(1) Laws, Regulations and Institutional System. Laws, regulations and institutional
system, are the “superstructure” of groundwater management, including
groundwater development and utilization system, groundwater protection sys-
tem, reward and punishment system, etc. The index can be evaluated qualita-
tively according to the fact that whether it is perfect and effectively enforced.

(2) Economic Measures. In a water management approach proposed by Chinese
President Xi Jinping, namely “top priority given to water-saving, systematic
management, spatial balance and emphasis on both the government and mar-
ket”, the roles of both the administration and market are especially highlighted.
The role of the market is mainly reflected in economic measures, which can be
evaluated through whether economic measures are adopted to encourage
everyone to save water, improve water use efficiency and reduce groundwater
exploitation.

(3) Technical Measures. Science and technology is an important force in promoting
the development of modern productive forces. It is also of significance in
groundwater management of overexploitation zones, which are embodied in the
research on water-saving technology in industry and agriculture, groundwater
monitoring technology, artificial back irrigation technology, ground subsidence
prevention and control technology.

3.1.3 Evaluation Index of Monitoring System

(1) Groundwater Monitoring Well Density. Monitoring Wells are important facil-
ities to learn the groundwater table and dynamic change of water quality in
overexploitation zones. The common method to indicate groundwater moni-
toring well density in China is the number of wells per square kilometer on
average. This method facilitates the deployment and analysis of the exploration
work. The Netherlands tops the world’s groundwater monitoring station net-
work density with one station per one square kilometer on average. Therefore,
the goal should be to strive to keep abreast with developed countries in terms of
monitoring stations for the scoring criteria.

(2) Effective Data Monitoring Rate. Although there are many places with network
coverage, it is difficult or simply impossible to obtain some data in the process
of actual monitoring and operation. The effectiveness of monitoring data col-
lection is an important guarantee of monitoring results, so effective data
monitoring rate is required for the evaluation. The index should also have high
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standards, or the established monitoring wells will not fully give its role to play,
then the efficiency and accuracy will be greatly affected.

3.2 Regional Characteristic Index

In this paper, three typical areas, namely North China, the Yangtze River delta
region, northwestern region are selected due to their differences in natural condi-
tions and economic bases. They are representatives in terms of groundwater
overexploitation with outstanding problems, which can provide references to other
regions for building the evaluation system of groundwater management.

Regional Characteristic Index in North China. North China, as one of the “big
four” groundwater overexploited zones as well as the biggest “funnel zone” in the
world, is seriously overexploited. In addition, some cities in this region have been
plagued with seawater intrusion; therefore, the funnel area variation and seawater
intrusion constitute its regional characteristic index.

(1) Funnel Area Variation Rate. An underground funnel is the most severe in North
China, so the funnel area variation rate can most directly reflect management
results in overexploitation zones in this region, and the calculation formula is as
follows:

Vfa ¼ FA0 � FA
FA

� 100% ð3Þ

where Vfa is funnel area variation rate, FA is funnel area in the baseline year, FA′ is
funnel area in the evaluation year.

(2) Seawater Intrusion. Seawater intrusion is mainly caused by groundwater
overexploitation. As the water table sharply subsides, the original dynamic
equilibrium between seawater and fresh water is destroyed, resulting in their
interface moving toward the land direction. According to China Maritime
Disaster Bulletin, severe seawater intrusion distance is defined as 10–30 km
away from the coast, and in this paper severity will be scored according to
seawater intrusion distance.

Regional Characteristic Index in China’s Yangtze River Delta Region. The
Yangtze River delta region is the first big economic zone in China with its water
demand increasingly growing due to its rapid economic development. Moreover, its
groundwater overexploitation zone is facing serious geological problems, such as
ground subsidence and ground fissures, which will be important indices for eval-
uating groundwater management in the Yangtze River delta.
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(1) Ground Subsidence Rate. Ground subsidence, one of the main geological
disasters in the Yangtze River delta, is a geological environmental problem in
groundwater overexploitation zones due to excessive exploitation of ground-
water. Ground subsidence rate can indirectly reflect the effects of the geological
environment of groundwater overexploitation zone management, so scores will
be given according to the scale and level of ground subsidence.

(2) Accumulated Length of Ground Fissure. Ground fissures are mainly formed by
uneven subsidence due to variations of deep groundwater exploitation in dif-
ferent areas. The scale of ground fissures mainly depends on the accumulated
length of one ground fissure activity. According to statistics, there are nearly
6000 large ground fissures in China [4], which are generally about 50–500 m
long, and the longest is up to 8 km.

Regional Characteristic Index in China’s Northwestern Region. Northwestern
China features low precipitation, sparse vegetation, serious soil erosion and land
desertification, and extremely vulnerable ecological system; therefore, the land
desertification area variation rate and rate for phreatic to support vegetation root
system are selected as the characteristic indices.

(1) Ground Desertification Area Variation Rate. Groundwater shortages cause plant
communities to wither, oasis to fade and desertification area to expand
unceasingly. Therefore, the area variation rate of land desertification is one of
the characteristic indices in northwestern China with the calculation formula as:

Vda ¼ DA0 � DA
DA

� 100% ð4Þ

where Vda is ground desertification area variation rate, DA is ground deserti-
fication area in the baseline year, DA′ is ground desertification area in the
evaluation year.

(2) Rate for Phreatic Water to Support Vegetation Root System. Northwestern
China’s vegetation ecological stability is closely related with groundwater, as
groundwater transports upward through the phreatic evaporation to supply water
for vegetation growth. Therefore, the key lies in the relationship between
groundwater and the critical depth of vegetation to maintain the stability of the
vegetation ecosystem, and that is the phreatic water to support the vegetation root
system.When the groundwater table is below the embedded depth, the vegetation
root system cannot absorb groundwater; so, the growth of plants is affected.
Therefore, the rate for phreatic water to support the vegetation root system can be
used to evaluate groundwater in northwestern China whether it is capable of
guaranteeing the stability of the vegetation ecology. Specific critical depth of
groundwater to recharge vegetation canbe referred to in the literature available [5].
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3.3 Determination of Index Weight and Scoring Criteria

Index Weight. Index weight is a comprehensive measurement for subjective
evaluation and objective reflection of its important degree. Considering the fact that
some geological problems do not stem from only one factor of groundwater, it is
inappropriate for regional characteristic index weight to be set above 20% with the
national general index weight as 80%. Then the weight relationship among man-
agement effectiveness, management measures and monitoring system is further
determined. By referring to the appraisal index system of the most stringent water
resources management system [6], and the appraisal index system of national water
ecological civilization city [7], and other related evaluation systems, the manage-
ment effectiveness is generally weighted as 40–50%. For the convenience of cal-
culation in this paper, management effectiveness index is weighted 45%,
management measures index 15%, and monitoring system index 20%. Weights of
all indices are as shown in Table 1.

Scoring Criteria. Scoring criteria is the basis of the evaluation system. According
to related standards formulated by China, with references to regional actual situa-
tions at the same time, and based on a summary of the academic research results,
scoring criteria rules for the evaluation system of groundwater overexploitation
zone management are ultimately determined as in Table 1. The evaluation results
are classified into five grades as “excellent” (above 90 points), “good” (80–90
points), “medium” (70–80 points), “pass” (6–70), and “bad” (below 60 points).

Unavailable Data Treatment. In the actual operation process, it is common that
evaluation of relevant indices cannot be conducted because of certain data
unavailability. In this paper, if the data is not enough to support a certain index
evaluation, this index will not be evaluated, and its corresponding weight will be
given to other similar types of index.

4 Application of Groundwater Overexploitation Zone
Management Evaluation System

4.1 Basis for Selecting Typical Areas

In this paper, Hebei Province and Jiangsu Province from 2012 to 2014 are selected
as application examples for the groundwater management evaluation system.

Hebei Province is short of water resources; therefore, groundwater constitutes an
important water source for people’s lives and production, accounting for 80% of the
total water supply. Its groundwater overexploitation problem stands as very out-
standing with the average annual overexploitation amount at more than 5 billion
m3, or 1/3 of national total groundwater overexploited area. While Jiangsu Province
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Table 1 Evaluation index weight and scoring criteria

Index Scoring criteria

Variation
amplitude

Scores Variation
amplitude

Scores

Groundwater table variation (m) (weight
15%)

>1.5 100 −0.5 to 0 50

1–1.5 90 −1 to −0.5 30

0.5–1 80 −1.5 to −1 10

0–0.5 70 <1.5 0

0 60

Variation rate of groundwater exploitation
amount (%) (weight 15%)

<−40% 100 0–10% 50

40 to
−30%

90 10–20% 40

−30 to
−20%

80 20–30% 30

−20 to
−10%

70 30–40% 20

−10 to 0 60 >40% 0

Groundwater quality (weight 15%) Grade III
and above

100

Grade IV 80

Grade V 60

Worse
than
Grade V

30

Laws, regulations and institutional system (weight 5%) Qualitative evaluation

Economic measures (weight 5%) Qualitative evaluation

Technical measures (weight 5%) Qualitative evaluation

Groundwater monitoring well density (No./
100 km2) (weight 10%)

10 and above 100

10–5 80

5–1 60

1–0.5 30

0.5–0 0

Effective data monitoring rate (%) (weight
10%)

Effective data monitoring rate of monitoring
wells � 100

Funnel area variation rate (%) (weight 10%) <
−40%

100 0–10% 50

40 to
−30%

90 10–20% 40

−30 to
−20%

80 20–30% 30

−20 to
−10%

70 30–40% 20

−10 to
0

60 >40% 0

(continued)
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has abundant but generally heavily polluted surface water resources due to its rapid
economic development, excessive groundwater overexploitation in many areas has
produced geological problems such as ground fissures and ground subsidence.
These two typical areas constitute strong representatives in their treatment of
groundwater overexploitation. The system will be applied to evaluate the ground-
water management in Hebei Province and Jiangsu Province in order to provide
technical support for the management level in groundwater overexploitation zones
through the analysis of the results to verify the rationality of the system.

Table 1 (continued)

Index Scoring criteria

Variation
amplitude

Scores Variation
amplitude

Scores

Seawater intrusion distance (km) (weight
10%)

No seawater
intrusion

100

0–15 80

15–30 60

30–50 30

>50 0

Ground subsidence rate (mm/a) (weight
10%)

<5 100

5–10 80

10–30 60

30–50 30

>50 0

Accumulated length of ground fissure
(m) (weight 10%)

0 100

0–100 80

100–500 60

500–1000 30

>1000 0

Ground desertification area variation rate
(%) (weight 10%)

<
−40%

100 0–10% 50

40 to
−30%

90 10 to 20% 40

−30 to
−20%

80 20 to 30% 30

−20 to
−10%

70 30 to 40% 20

−10%
to 0

60 >40% 0

Rate for phreatic water to support
vegetation root system (%) (weight 10%)

Rate for phreatic water to support vegetation
root system � 100
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4.2 Evaluation for Groundwater Overexploitation Zone
Management in Hebei Province

According to the actual situation in Hebei Province in 2013–2014 and with refer-
ence to related data, including Hebei Provincial Water Resources Bulletin, Hebei
Provincial Environmental Status Bulletin, Groundwater Bulletin, Hebei Provincial
Water Quality Monthly Report and China Maritime Disaster Bulletin, groundwater
overexploitation zone management in Hebei Province is evaluated with specific
situation in the following Table 2.

4.3 Evaluation for Groundwater Overexploitation Zone
Management in Jiangsu Province

According to the actual situation in Jiangsu Province in 2012–2014 and with ref-
erence to Jiangsu Provincial Water Resources Bulletins, Annual Reports of
Groundwater Monitoring, website of Water Resources Department of Jiangsu
Province and other related literature data [9–11], groundwater management in
Jiangsu Province is evaluated with its groundwater overexploitation zone man-
agement situation summed up in the following Table 3.

4.4 Evaluation Result Analysis

According to the calculation by evaluation system, the overexploitation zone
management in Hebei Province from 2012 to 2014 scores 70 points at the level of
“medium”, while Jiangsu Province scores 86 points at the level of “good”.

Differences in results, to some extent, also depend on the local water resources
situation. Confronted with an extreme shortage of water resources, Hebei Province
has to ensure its socio-economic development at the cost of continual overex-
ploitation of groundwater, while Jiangsu Province, with abundant surface water
resources, can have alternative water sources to guarantee an appropriate water
amount. From its specific scoring, overexploitation zone management in Hebei
Province was in the initial stage from 2012 to 2014. Despite great efforts in laws,
regulations, and policies, water-saving measures, which have played a significant
role in the recovery of the groundwater table and water resources fee collection, it is
still not optimistic in terms of the current status of seawater intrusion and funnel.
Therefore, intensified efforts are still needed to manage geological disasters. Thanks
for its strengthened efforts in groundwater exploitation management since 1996, the
effectiveness evaluation results in Jiangsu Province are still better than that of Hebei
Province in spite that management measures of Jiangsu Province register low
scores. In particular, after Suzhou, Wuxi and Changzhou cities began to seal the
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Table 3 Evaluation system table in Jiangsu Province

Area of overexploitation zone (ten
thousand km2)

1.66 Baseline year 2012

Evaluation year 2014

Quantitative evaluation

Index 2012 2014 Calculation formula Scores

Embedded depth of water table (m) 27.23 23.5 (27.23 − 23.5 − 0.4918)/3 =
1.1

90 � 15% =
13.5

Groundwater exploitation amount (m3) 9 � 108 8.47 � 108 (8.47 � 108 − 9 � 108)/
9 � 108 = −6%

60 � 15% =
9

Groundwater quality Grade
III

Grade III 100 � 15% =
15

Groundwater monitoring well number 1167 1167/166 = 7/100 km2 80 � 10% =
8

Effective monitoring rate (%) 100% 100% * 100 = 100 100 � 10% =
10

Ground subsidence (mm/a) <5 <5 100 � 20% =
20

Ground fissure (mm)

Qualitative evaluation

Laws, regulations and institutional
system building

① Circular on further strengthening groundwater
resources management in Jiangsu Province

② Plan for groundwater overexploitation zoning in
Jiangsu Province

③ Implement management system of so-called “four
ones”, namely “one plate, meter, certificate and
card for each well”

80 � 5% = 4

Economic measures ① Increase water resources fees from 0.2–3.2 yuan/
m3 to 0.40–10 yuan/m3

② Levy 2–5 times more of water fees for water
withdrawal beyond the plan in addition to deduct
water use plan for the next year

③ Implement the system that water resources fees
firstly being collected before returning to
groundwater monitoring, protection and
management and reward for water conservation

80 � 5% = 4

Technical measures ① Achieve groundwater dynamic balance between
exploitation and recharge by artificial recharge
techniques

50 � 5% =
2.5

Other explanation ① In Jiangsu Province, the precipitation infiltration coefficient is 0.19,
specific water yield 0.035, precipitation in 2014 1044.5 mm,
average precipitation in 2012 953.9 mm. Variation amplitude of
groundwater table due to natural rainfalls can be calculated in the
following formula:

Dh� a� PEvaluation �PBaseline
u ¼ 0:19� ð1044:5�953:9Þ

0:035 ¼ 491:83mm
② According to the method for unavailable data treatment, for those

data of ground fissure in overexploitation zones in Jiangsu Province,
which fail to be obtained, its index will not be evaluated and its
weight is assigned to ground subsidence with increase as 20%

Total scores 86
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wells, the water table in most areas stabilize and rise, fully demonstrating the
management effects. However, data monitoring should still be reinforced.

Analyses indicate that the evaluation system and the results can reveal the dif-
ference in the management level in different regions and reflect the main advantages
and disadvantages of each region, so the rationality of the results is relatively
strong.

5 Conclusions and Suggestions

(1) This paper aims to establish a relatively scientific and rational groundwater
overexploitation management and evaluation system by combining with the
generally applicable management experience of groundwater overexploitation
zones oriented in management results, control measures, monitoring system and
regional characteristics. Fourteen indices have been selected through analysis as
to evaluate groundwater overexploitation zone management and provide
weights of indices and specific scoring criteria.

(2) The evaluation system is applied to evaluate two typical overexploitation zones
of Hebei Province and Jiangsu Province with their final scores of 70 and 86,
respectively. The evaluation results are analyzed to prove that they are able to
reveal management level differences of groundwater overexploitation zone
management in different regions and to reflect the drawbacks and directions for
improvement, thus verifying the rationality of the system as a reference basis to
comprehensively promote management in overexploitation zones.

(3) It is the most basic and important link to collect materials and data in the
process of evaluation. In current evaluation of groundwater management in
Hebei Province and Jiangsu Province, the accuracy of the evaluation results has
been, to a certain extent, affected due to the unavailability of the detailed data of
exploitation amount and ground fissure. Therefore, it is suggested to solidify
the collection and sorting of basic data to ensure the accuracy so that the
evaluation results can be rational and play their due part.

(4) Criteria need to be adjusted and updated. With the progress of the work, scoring
criteria should be adjusted in time to constantly adapt to the current situation,
and reflect the dynamics and operability of evaluation criteria so as to finally
establish scientific and rational evaluation criteria.

(5) It is suggested to put in place the appraisal system, reward and punishment
system for managerial personnel in the overexploitation zone. For those who
fulfill their duties well with sound performance should be granted rewards to
mobilize their enthusiasm so as to speed up the management process and
improve the building of laws, regulations and systems in the overexploitation
zone management.
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Runoff Simulation Using SWAT Model
in the Middle Reaches of the Dagu
River Basin

Fu-hui Du, Li Tao, Xin-mei Chen and Huai-xian Yao

Abstract This article uses Dagu River basin that is located in Qingdao of
Shandong Province as the research object, and sets up the hydrological model using
SWAT hydrological model and the software of ARCGIS 9.3 which was combined
with the basin DEM figure, soil, land use, the observed meteorological data and
runoff data. It then established a simulation for regional hydrology on the basis of
the runoff data in 1986–2000 and adjusts sensitive parameters by SWAT
CUP-2012. The results showed that the determination coefficient (R2) was higher
than 0.8 and Nash efficiency coefficient (NS) was higher than 0.7. Therefore, the
simulation results can meet the requirements. In addition, it sets up five different
land use scenarios and 25 kinds of assumptions of the weather situations to analyze
the surface runoff variation of Dagu River basin with two different scenarios, and
then sums up the impact of surface runoff influenced by land use change and
climate change in Dagu River. The simulation results have an important reference
value and practical significance for the sustainable development of this basin in the
future and a reasonable allocation of water resources.
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Dagu River basin
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1 Introduction

The hydrological cycle process has become one of the hot spots in current research
to deal with global warming and other environmental problems, make better use of
water resources and realize the sustainable development of water resources to
achieve the optimal allocation of water resources, improve the ecological envi-
ronment, and improve the quality of human’s life [1–7]. In order to make the
simulation of the whole hydrological process more accurate, scientists have
developed and applied a hydrological model [8–15], which is widely used in var-
ious hydrological processes. SWAT model is a typical distributed hydrological
model, which is widely used in the scientific research of hydrology [16–19].

Qingdao is the regional economic center of Shandong Province and it is also a
tourist city that enjoys a good reputation overseas. With the increased population
density and the development of the economy, the water resources will increasingly
become the key problem for the development of Qingdao. It is of great significance
to meet the demand of agricultural, industrial and domestic water use under the
premise of river basin ecological security through insight into the water resources
structure in Dagu River basin. In recent years, many scholars discussed hydro-
logical processes in Dong Jiang watershed and the development of the SWAT
model.

In this paper, by using the SWAT model to simulate the Dagu River basin
hydrological processes based on the spatio-temporal data, such as meteorology,
land use, soil, etc., and also analyze the change of the runoff simulation under the
land use and climate change, the aim is to explore the applicability of the hydro-
logical simulation in China’s eastern coastal plain area and to provide a scientific
basis for river basin water resources management and ecological protection.

2 The General Situation in the Study Area

The Dagu River is located in Qingdao of Shandong Province and in east longitude
120° 03′–120° 25′, north latitude 36° 10′–37° 12′. The birthplace of Dagu River is
on the west side of Zhaoyuan mound hills in Yantai; it imports the Jiaozhou Bay at
Pier village in Jiaozhou. The total length is 180 km; the watershed topography is
high in the south and low in the north. On the north side of the birthplace there are
mountains and hills; on the south side are plains and depressions. The relative
elevation of mountains is above 200–300 m while the hills are between 50 and
200 s; and the plains are under 50 m. The region is located in the warm temperate
and monsoon climate zones; therefore, it is hot and rainy in summer, cold and dry in
winter, dry and little rain in spring, but moderate in autumn. One of the remarkable
characteristics in the meteorology is that the realized-niche breadths gap is larger,
the precipitation period is unbalanced, and the low water period is longer. The
annual frost-free period is about 200 days. On the other hand, the multi-year
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average precipitation is 707.4 mm; the temperature is between −19 and 40 °C; and
the general average temperature difference in range of 40–50 °C.

Vegetation in the basin mainly includes deciduous broad-leaved forest, conif-
erous forest, bamboo forest, meadows, saline vegetation, thickets and irrigation
grass. Soil types mainly include five categories with brown soil and sand ginger
black soil being the most widespread. In addition, there are brown soil, chao soil
and sandy soil. About 75% of the land in this region is used for farmland; the rest is
mainly used for forest land, grassland, water, and urban construction.

3 Basic Data

The basic data needed to build the SWAT hydrological model mainly include:
watershed digital elevation model (DEM), soil type data, land use type data and
hydrological data. All input spatial data need to have the same geographic coor-
dinates and the projection coordinate system. This paper combines the model
structure characteristics using WGS_1984 geographical coordinates and Albers
projection coordinate system (Table 1).

4 Construction of SWAT Hydrological Model
of 5 Dagu River Basin

The SWAT model was built to complete a variety of operations, respectively:
loading digital elevation map (DEM), generate river network, calculate sub-basin
and division, the load of land use and vegetation cover file, loading soil data file,
loading the meteorological data, the input required file editing, operation model.
The parameters were sensitivity analysis; the sensitivity parameters for the cali-
bration and verification of the sensitivity parameters were obtained.

Table 1 The data table of the SWAT model

Data Project data Precision Format

Spatial data DEM 30 m GRID

Land use map 1:100000 GRID

Soil cover map 1:1000000 SHAPE

Attribute data Soil properties DBF

Meteorological data Temperature, precipitation, wind speed, etc. DAY DBF

Runoff data River runoff DAY DBF
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4.1 Sub-basin Division

In this paper, the Haikou River is selected as the outlet of the river basin in Dagu.
SWAT model was based on the DEM map and SHP format drainage map was used
to generate the digital river network; and the Dagu River basin is divided into 39
sub-basins.

4.2 Land Use Data

In the SWAT model, land use data is also very important, and the final convergence
of the land is affected by the data. The land use data in this model mainly includes
the corresponding distribution map. In addition to the index table, for the former,
the attribute data must have the type of land use information, and this type and a
record in the database has a mapping relationship. Finally, a land cover/plant
SWAT database was established. For the treatment of the land type map, first of all,
it is transformed into SHP format, and then it is compatible with the land use type
map. Then, a landuse control table file can be built. Then it carries on the
re-classification, and finally obtains this model corresponding to the land use type
chart as well as the classification statistics. The specific land use chart (Fig. 1) and
the table (Table 2) are as follows:

Fig. 1 Land use and soil map
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4.3 Soil Data

Soil data is also an important parameter in the SWAT model. The quality level of
the data will have a great impact on the final simulation results. At present, the soil
data mainly include the type distribution map, the index table, and the physical
property files. Generally speaking, the water and air movement in the soil profile is
mainly determined by the physical properties of the soil, and it has a great influence
on the water cycle of HRU. So the physical property of soil becomes one of the
important data to construct the model (Table 3).

In the research of this paper, the physical properties of soil are classified
according to the following methods: first, according to the relevant literature and
information to obtain; second, according to the parameters obtained from the rel-
evant operation; and third, the use of SWAT comes with some of the parameters.

5 Simulation Results

The basic data DEM map, soil data, land use data and meteorological data are input
into the SWAT hydrological model, and run.

5.1 Sensitivity Analysis of Parameters

In this study, the SWAT model comes with lh-oat sensitivity analysis, using this
analysis method to the model affects the runoff sensitivity parameter sensitivity
analysis, and selects the most sensitive parameters into the original SWAT
hydrological model. The results of sensitivity analysis in this study are shown in
Table 4.

Table 2 Land use classification

Number First class type Code Second class type Model code

1 Woodland FRSD Deciduous broad leaved forest FODB

other forest land CRGR

2 Grassland PAST Shrub SHRB

Common grassland GRAS

3 Waters WATR

4 Residential land Medium density residential area URMD

Low density residential area URLD

5 Agricultural land ARGL Cultivated land
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Drawn from the table, SWAT model influences on the study of the sensitive
parameters are normal wet vegetation coverage value, base flow partition coeffi-
cients, available soil water, groundwater evaporation coefficient, river Manning
coefficient, etc.

5.2 Parameter Setting

The parameters of the model are determined using the SWAT-CUP2012 software.
The Operation SWAT-CUP2012 program results are shown in Fig. 2 in which the
Nancun station model simulation index R2 is 0.85; NS coefficient is 0.79; Zhang
hospital station model to simulate index R2 0.80; NS coefficient is 0.73; and the
simulation results are good.

The fitting results of the model are better, model fitting results are shown in
Fig. 3, so the parameters used in the final simulation of SAWT-CUP2012 are
selected, and the results are shown in Table 5.

5.2.1 Simulation Results

The model can accurately simulate the runoff flow of the main rivers in the whole
river basin of the Dagu River in Qingdao after the calibration of the parameters and
the validation of the model. The decision coefficient (R2) and Nash coefficient
(NS) are selected as the model efficiency coefficients, after the calibration of the
parameters the R2 of this model is greater than 0.8 and its NS is greater than 0.7;
thus, this study of SWAT model simulation result is credible.

Table 4 The results in
sensitivity analysis

Parameter Format

CN2 .mgt

ALPHA_BF .gw

GW_DELAY .gw

GWQMN .gw

GW_REVAP .gw

ESCO .hru

CH_N2 .rte

CH_K2 .rte

SOL_AWC .sol

SOL_K .sol

REVAPMN .gw

CANMX .hru
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Fig. 2 Simulation results by SWATCUP-2012

Fig. 3 Observed and
simulated monthly runoff
during calibration
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6 The Impact of Climate Change on the Model

Changes in climate conditions were very sensitive to the effects of rainfall and
surface runoff. In the basin, the temperature and rainfall changes caused by climate
change were the important topics at present. However so far, there is no method for
forecasting climate change that is reliable and can be directly used. Therefore, the
method in the study of climate change on runoff used an indirect method to obtain
possible scenarios of future climate change. At present, the indirect research
methods of climate change are generally as follows: the assumption of the climate
scenario method, based on the atmospheric circulation patterns model output
method; and the relevant statistical method, the relevant statistics, and the com-
prehensive method. In this paper, the impact of climate change on the runoff
generation in Dagu River basin is simulated by the assumption of the climate
scenario method.

On the basis of the initial meteorological data, the temperature changes in the
basin are: reduce 2 °C, reduce 1 °C, constant, increasing 1 °C and increasing 2 °C.
Basin rainfall changes are as follows: reduce 20%, reduce 10%, unchanged,
increase of 10% and increase of 20%.

Land use and land cover data are still using the original data. The scenario
simulation combination is as follows (Table 6).

Based on the 1986 land use data and climate data from 2000 to 2010, the runoff
of the Dagu River basin was simulated with 25 different climatic factors. Then the
impact of climate change scenarios on the Dagu River were determined (Table 7).

Table 5 The final parameter
values

Parameter Format Modification method Value

CN2 .mgt Multiply 0.58

ALPHA_BF .gw Assignment 0.04

GW_DELAY .gw Assignment 55

GWQMN .gw Assignment 18

GW_REVAP .gw Assignment 0.16

ESCO .hru Assignment 0.21

CH_N2 .rte Assignment 0.09

CH_K2 .rte Assignment 93.1

SOL_AWC .sol Multiply 0.38

SOL_K .sol Multiply -0.53

REVAPMN .gw Assignment 34

CANMX .hru Assignment 0.6
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7 Conclusion

(1) The basin DEM map, land use maps, soil maps, weather stations and meteo-
rological data were imported into the SWAT model, after the division of
sub-basin hydrological response unit, land use and soil cover, import of
meteorological data, and editing of the input file and run. The SWAT hydro-
logical model was established. In the process of tuning the parameters, the use
of the SWAT CUP2012 program concluded that the model of Nancun village
station’s index R2 is 0.85; NS coefficient is 0.79; the model of Zhangjiayuan
station’s index R2 is 0.80; NS coefficient is 0.73; and the simulation result was
good.

Table 6 25 kinds of scenario simulation combinations

Rainfall variation

P � (1 −
20%)

P � (1 −
10%)

P P � (1 + 10%) P � (1 + 20%)

Temperature
variation

T − 2 °C S11 S12 S13 S14 S15

T − 1 °C S21 S22 S23 S24 S25

T °C S31 S32 S33 S34 S35

T + 1 °C S41 S42 S43 S44 S45

T + 2 °C S51 S52 S53 S54 S55

Table 7 The output of 25 scenarios

P � (1 −
20%)

P � (1 −
10%)

P P � (1 + 10%) P � (1 + 20%)

Runoff (m3/s) T − 2 °C 10.42 11.72 13.17 16.03 19.44

T − 1 °C 10.32 11.66 12.89 15.6 18.31

T °C 10.08 11.52 12.6 15.16 17.76

T + 1 °C 9.91 11.42 12.45 14.99 17.32

T + 2 °C 9.65 10.93 12.17 14.39 17.01

Runoff variation
(m3/s)

T − 2 °C −2.18 −0.88 0.57 3.43 6.84

T − 1 °C −2.28 −0.94 0.29 3 5.71

T °C −2.52 −1.08 0 2.56 5.16

T + 1 °C −2.69 −1.18 −0.15 2.39 4.72

T + 2 °C −2.95 −1.67 −0.43 1.79 4.41

Runoff variation
rate

T − 2 °C −17.32 −6.99 4.56 27.23 54.32

T − 1 °C −18.12 −7.43 2.34 23.78 45.33

T °C −19.98 −8.57 0 20.33 40.94

T + 1 °C −21.34 −9.34 −1.23 18.94 37.45

T + 2 °C −23.43 −13.23 −3.43 14.23 34.98
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(2) In this paper, authors set up 25 simulated scenarios under different climate
scenarios. Through the analysis of the results obtained following are the con-
clusions: ① As temperatures rise, river runoff decreases; with the reduction of
the temperature, river runoff increases. ② With the increase of rainfall, river
runoff increases; contrary to reduced rainfall, river flow is reduced. ③ The
increase or decrease of rainfall has a larger influence than the temperature. ④
For the river runoff, climate change is more influential than land use change.
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Study on Water Threshold Value
of Protection of Lake Wetland
Ecosystem Health—Using Xinghai
Lake as an Example

Jian-Wei Wang, Hong-Zhen Ni, Lin Wang, Yu-Fei Zhang,
Gen-Fa Chen and Si-Yu Liu

Abstract A lake wetland is the production of humans and nature. It has the
functions of a natural lake wetland and an artificial reservoir. Lake wetland
ecosystem health is an important symbol of humans and nature harmoniously using
water. The study of water quantity threshold is important to the management of a
lake wetland. Therefore, this paper explores the calculation method of water quality
threshold value of protection of lake wetland ecosystem health from two aspects of
non-biological and biological water which are formed by a lake, using Xinghai
Lake as an example and using methods of water balance and minimum water level.
Finally, the threshold value of water supply is 2462.35 million m3 and the minimum
water requirement is 2778 million m3. Water quality requirements must be better
than Class III.

Keywords Lake wetland � Ecosystem health � Water quality threshold
Xinghai Lake
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1 Introduction

As the important carrier of water resources, lakes are the crucial part of the natural
ecological system. However, due to the global climate warming, unreasonable
exploitation and utilization of lake resources and a large number of pollutant
emissions, problems arise, such as lake dryness and withering, severe blockage,
water ecosystem degradation, etc. To maintain regional water security and eco-
logical and environmental safety, and to function as an ecosystem service, pro-
tection and restoration of lake ecosystem has become imminent, especially in
ecologically fragile areas, such as arid Northwest China [1–4].

At present, research on the theory and method of ecosystem health tends to
diversity [5]. At home and abroad, the research on lake ecosystems is mainly
focused on the following three aspects: (1) to construct the index system of lake
ecosystem health assessment, and to evaluate the health status of the lake ecosys-
tem. Li et al. [6] summarized and reviewed ecological system health assessment
methods before pointing out the key issues in the evaluation process. Shear et al. [7]
built an ecosystem evaluation index system of Great Lakes. (2) To calculate lake
ecological water requirement and environmental capacity. This paper calculates
assimilative capacity under the premise of maintenance of the lake ecosystem health
for ecological water requirement and lake health from the perspective of water
balance, water quality balance, normal ecosystem function, etc. Zhang et al. [8]
studied the ecological water requirement of 10 important wetlands, including the
seven Caspian Sea, Baiyangdian and Hengshui Lake in the Haihe River Basin.
Zeng et al. [9] calculated the water environment capacity of CODcr, ammonia
nitrogen, total nitrogen and total phosphorus at Xitiaoxi in Zhejiang Province by
using a water environmental capacity model. (3) To build a lake water ecological
model, from water consumption to water quality, and then to the hydrodynamic
coupling simulation and perfect it from one-dimensional to two-dimensional to
three-dimensional. Xi et al. [10] constructed a two-dimensional hydrodynamic and
water quality coupled model of Poyang Lake, and simulated flow and mass
transport process. Johnson et al. [11] summarized an evaluation model of the
ecological system, and gave out the criteria for selection.

Through the analysis and calculation of the above three aspects, a basic
understanding of the lake ecosystem health status comes into being. However,
theories and techniques in practical operation to the management and restoration of
lake ecosystem system have not yet been formed. In addition, research on the
artificial lake wetland still has some deficiency, especially research on the lake
wetland. As a product of the interaction of humans and nature, a lake wetland is not
only a link to coordinate the relationship between humans and nature, but also an
important part of maintaining ecosystem health. Therefore, this paper carries out
research on water threshold values of a lake wetland ecosystem health from two
angles—the non-biological water body and biological water body. Using Xinghai
Lake as an example, this paper calculates water threshold value of protection of
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Xinghai Lake ecosystem health so as to offer reference for scientific management
and restoration of lake ecosystem.

2 Research Methods

A healthy ecosystem is the original intention of ecological environment manage-
ment [12]. As an important part of the ecological system, a lake wetland plays a
pivotal role in the improvement of a regional ecological environment and social
economic development. Thus, exploring the threshold value of a regional ecosys-
tem health is of great significance for the protection and restoration of ecosystem
health. As far as it is concerned, the lake ecosystem is composed of two main
systems, including organisms in lakes and water-based environment, which cannot
be separated, linking organically and interacting with each other [13].

Therefore, this paper will analyze the representative index threshold value
according to the two elements of which the water ecosystem is composed
(non-biological water and biological water) so as to determine the health threshold
value of Xinghai Lake wetland ecosystem as a whole.

2.1 Threshold Value of Non-biological Water Environment

Water is not only a necessary condition for the existence of lake ecosystem, but also
the key factor to the health of the lake ecosystem. On the one hand, the right amount
of water provides a habitat for the living things in the lake; on the other hand, the
right amount of water can maintain and improve water quality. Thus, maintaining
the long-term dynamic stability of lake water is the precondition of a lake
ecosystem. This paper uses the principle of water balance, takes into account all the
inputs and outputs under natural and artificial conditions of lakes, calculates water
requirements for the maintenance of the lake water dynamic balance (i.e. The
minimum water requirement that keeps the lake area from degenerating), and
determines the minimum threshold value of water requirements for maintaining
environmental health of a non-biological water body. Calculation is shown in
formula 1:

W ¼ On þOh � ðIn þ IhÞ ð1Þ

In the formula, “O” represents the output term; “I” represents the input term; and
“n” represents the natural condition; “h” represents the artificial condition.
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2.2 Threshold Value of Biological Water Environment

Aquatic organisms are also the integral part of the lake ecosystem. However, the
survival of different living creatures requires different water environments.
Meanwhile, the composition of the biological community in different regions is
various. The living creatures of the lake ecological system include: zoobenthos,
macrophytes, phytoplankton, zooplankton, emergent water plants, fish, birds, etc.
From the point of view of the food chain, the animal feeds on the plant, while the
advanced animal feeds on the lower animal. Fish is the key species to connect birds
with other organisms in water. That is, fish feeds on other animals and plants for
food; at the same time, it provides food sources for the birds (as shown in Fig. 1).
Thus, fish plays an important role in the aquatic food chain.

Therefore, considering requirements of fish for the aquatic environment as
environment threshold value of the lake organism water body, this paper under-
stands the most suitable water depth for fish through the investigation of the living
habits of fish; uses the minimum water level method, combined with water storage
capacity curve; and finally obtains the threshold value of a biological water body of
lakes, and regards the minimum requirements of the most sensitive fish for water
quality as the threshold value.

Fig. 1 Food chain of lake
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3 The Calculation of Threshold Value of Xinghai Lake
Ecosystem Health

3.1 Overview of Study Area

Natural Geography. The location of Shizuishan City is illustrated in Fig. 2.
Xinghai lake belongs to Shizuishan City which is showed in Fig. 3. And it is
located at the eastern foot of Helan Mountain (105°58′–106°59′ E, 38°22′–39°23′
N) with high terrain in the southwest and lower in the northeast, belongs to the
temperate arid climate, which is controlled by the continental wind flow, presenting
the characteristics of a continental climate. Xinghai Lake is composed of the
northern region, East region, domain, south region, western region, and crescent
sea. The wetland protection area covers 43 km2, of which the water area covers
24.5 km2. The four regions, including south region, the domain, the western region,
and north region, are flood retaining banks, storing flood waters from Ruji ditch,
windy gully, wind ditch, guide ditch, leek ditch, Dawukou ditch, of which the
drainage area covers about 1061.3 km2. East domain is the detention area, of which
water area covers 5.8 km2. The flood control capacity of the flood reservoir is
4478.17 million m3, whose maximum water storage capacity is 6176.53 million m3.
When a flood comes, the jointed dispatch flood retaining banks and detention area
ensure the safety of flood control at urban industrial and mining enterprises, the
second farm canal, Baotou Lanzhou railway, farmlands, and safety of life and

Fig. 2 Location map of Shizuishan City

Study on Water Threshold Value of Protection of Lake … 131



property of urban residents [14]. According to preliminary investigation of the
relevant departments, among the germplasm resources of Xinghai Lake, there are
23 families, 46 genera and 66 species of vascular plants, (varieties, forms). There
are 5 classes, 51 orders, 51 families and 144 species of vertebrates. There are 29
kinds of fish.

Xinghai Lake Status. Due to the influence of continental climate on Xinghai Lake,
the long-year average precipitation is 180 mm, and long-year average evaporation
is 1291 mm, presenting characteristics of a windy drought with little rain climate.
Currently, the Xinghai Lake perennial water quantity is 3200 million m3, whose
average depth is 1.3 m.

Along the lake, industrial and domestic sewage and farmland irrigation drainage
go into the lake, so that the lake water quality has been deteriorating, resulting in
serious environmental problems in Xinghai Lake wetland. According to water
quality detection of the north region in 2015 (from May to December), average
annual concentrations of representative pollutants TN, TP, COD were 1.64 mg/L,
0.16 mg/L, in contrast, 32.05 mg/L, respectively, which exceeded Class III water
quality requirements “Surface Water Environment Quality Standard” (GB
3838-2002) in which TP exceeded the most serious.

Fig. 3 Outline map of Xinghai Lake
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The perennial average replenishment in Xinghai Lake from The Yellow River is
about 20 million m3. Due to different rainfall conditions, the annual water supply
from the Yellow River varies. In addition, the Yellow River and the mountain flood
carry large amounts of sediment, which leads to deposition at many places in lake
replenishment port, resulting in capacity decreases, flat lake bottom, and insufficient
hydrodynamic condition, causing poor water flow and water eutrophication
aggravation.

Xinghai Lake, a national scenic area, is an integral part of the ecological civi-
lization construction in Shizuishan City. In addition, Xinghai Lake, together with
Sha Lake and the surrounding wetland, constitutes an important bird habitat in the
Northwest China, which is not only an important transfer station of the Western
migratory route for Chinese migratory birds, but also an important ecological
corridor in the upper and middle reaches of the Yellow River as well as one of the
most important symbols of the Yellow River ecosystem health. Therefore, pro-
tecting the health of Xinghai Lake is very necessary and has important significance.

3.2 Threshold Value Calculation of Xinghai Lake
Ecosystem Health

Using meteorological and hydrological data, this paper calculates input and output
items of the Xinghai Lake, investigates and accesses relevant information, under-
stands water species and its characteristics of life in Xinghai Lake, and determines
threshold value of the security of Xinghai Lake ecosystem health.

Threshold Value of Xinghai Lake Abiotic Water Environment. As for its
ecological functions position, Xinghai Lake is not only a flood control reservoir
which takes on the task of flood control in flood season, but also detention reservoir
that protects farmland irrigation water in the surroundings during dry season as well
as ecological aquaculture lakes that protects the water quality of the lake and brings
economic income for Shizuishan City. Combining the Xinghai Lake ecological
function with formula 1, this paper analyzes the input and output items of Xinghai
Lake as follows: under natural conditions, water input of Xinghai lake includes lake
precipitation and mountain flood caused by precipitation, while the output water
includes lake evapotranspiration water and surface lake water inflow and ground-
water seepage water; under artificial conditions, Xinghai Lake water input includes
water supply from the Yellow River, field irrigation and drainage, and the sur-
rounding industrial and domestic sewage, while the output water includes irrigation
water during dry season.

The above analysis covers the input and output water of Xinghai Lake whenever
possible. Under the artificial conditions, water input will cause the pressure of the
water pollution in lakes in addition to the Yellow River water supply. Meanwhile,
Xinghai Lake irrigation function has not been given full play. Therefore, this paper
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only calculates the required water (W1) that keeps Xinghai Lake area from
shrinking under natural conditions. Formula 1 is specified into formula 2.

W1 ¼ DþEþG� ðRþ IÞ ð2Þ

In the formula, “D” represents the surface lake water quantity; “E” represents the
lake evapotranspiration water; “G” represents the groundwater seepage water
quantity; “R” represents the rainfall; “I” represents the flood water inflow caused by
precipitation.

This paper collects meteorological, hydrological and reservoir data according to
the above formula. The long-year average precipitation in Xinghai Lake area is
180 mm; the long-year average evaporation is 1291 mm; the long-years average
runoff is 2123 million m3, among which monthly runoff is 1831.4 million m3 in
flood season from June to September. Taking flood control into account, flood
water is considered as lakes outflow water. During other time periods, there is no
runoff output in Xinghai Lake; the groundwater infiltration is calculated according
to the total storage capacity of 1%. Xinghai Lake perennial water volume is 32
million m3. According to formula 1, conclusions can be drawn that threshold value
of the non-biological water environment in Xinghai Lake is 2462.35 million m3. On
the other hand, flood limited water level of reservoir in Xinghai Lake is 1098 m,
while the corresponding storage capacity is 1161.8 million m3. Limited water level
of flood storage capacity is 1096.5 m; the corresponding storage capacity is 536.56
million m3. Therefore, to ensure safety in the flood season, the water quantity in
Xinghai Lake should not exceed the corresponding storage capacity of limited flood
level.

Threshold Value of Xinghai Lake Biological Water Environment. From the
angle of the food chain, the biological communities in the Xinghai Lake area are
sediment microorganisms, phytoplankton, zooplankton, fish and birds, etc., whose
predator-prey relationship is shown in Fig. 1.

Therefore, by using the key species method, this paper chooses the key fish
species that connects water with land as the research object, analyzes its request of
water environment, and determines the threshold value of Xinghai Lake biological
water environment by combining with the lowest water level method. To this end,
this paper carries out literature research on the life habits of protected fish, famous
fish and economic fish in autonomous region [15, 16]. The statistical results are
shown in Table 1.

According to Table 1, protected fish in Xinghai Lake are Squaliobarbus cur-
riculus, yellow catfish, etc.; famous fish are culter, mandarin fish, snakehead, etc.;
economic fish are grass carp, silver carp and Bighead Carp, etc., among which most
fish live in the water bottom, and like static or slow flow. Their breeding period
concentrates in late spring and summer. There is no such fish that is particularly
sensitive to water quality. Thus, Class III water quality can meet the needs of all fish
for survival. Currently, the ecological fishery pattern “Fish protects water” has been
taken in Xinghai Lake. Only the water with good quality can ensure healthy growth
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of fish. At the same time, the amount of water needs to meet certain requirements.
According to the experience, the suitable survival water depth for wild fish is 1 m.
According to Table 1, the optimum water depth for cultured fish is 1–2.5 m. In the
full view of the living conditions of wild and cultured fish, the minimum water
depth for the key species of fishes under artificial condition is 2.5 m. According to
the minimum water level method, water depth can be transformed into the corre-
sponding water level before calculating water consumption by water storage
capacity curve. Due to the various lake elevations in Xinghai Lake, water depth
must be ensured at the areas of the minimum lake elevation of 2.5 m from the point
view of ecological water saving. At this time, according to Table 2 the corre-
sponding water level is 1098.9 m. Nearly all regions in Xinghai Lake will be
connected except east regions. After that, the water threshold is 1098.9 m. East
region is for a detention basin, undertaking the task of consumptive flood, so the
minimum depth for the survival of fish is 1 m, whose corresponding water level is
1096.2 m.

Table 1 Statistics of living habits of main fishes in Xinghai Lake

Classification Name Living
water layer

Water flow
requirement

Breeding
period

Suitable
water
depth (m)

Water
quality

Protected
fish

Squaliobarbus
curriculus

Middle and
lower layer

Static or
slow

6–7 months Class III

The Yellow
River catfish

lower layer slow 4–6 months Class III

Famous fish Culter
mongolicus

Middle and
upper layer

slow 5–7 months Class III

Mandarin fish lower layer Static or
slow

5–8 months Class III

Snakehead lower layer Static or
Micro flow

4–8 months Class III

Economic
fish

Yellow carp lower layer Running
water

3–8 months 1–1.5 Class III

Grass carp Middle and
lower layer
and
nearshore

4–7 months 2–2.5 Class III

Silver carp Middle and
upper layer

3–7 months 2.5 Class III

Bighead Middle and
upper layer

4–6 months 2.5 Class III

Crucian carp lower layer Running
water or
still water

3–8 months 2–2.5 Class III
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This paper checks water level-storage capacity curve and detention area in
Xinghai Lake through the water level threshold value. According to the above
mentioned, the corresponding water demand at the flood retaining bank in Xinghai
Lake is 22.08 million m3, and water demand of east region is 580 million m3. Thus,
a total is 2788 million m3.

4 Conclusions and Suggestions

Through the two aspects of the lake (non-biological and biological water body), this
paper systematically analyzes the water threshold value of protection of the lake
wetland ecosystem health. Using the water balance method, considering all input
and output items in the lake and reservoir under the natural and artificial conditions,
this paper calculates water threshold value of the non-biological water body in the
lake. Using the method of key species, from the point of view of the food chain, this
paper selects fish as key species, and analyzes their life habits, so as to determine
water threshold value of the biological water body in lakes and reservoirs. Using
Xinghai Lake as a case study, conclusions are drawn that the water threshold value
of non-biological water body is 2462.35 million m3, and threshold value of bio-
logical water body is 2788 million m3. The water quality requirements are more
than Class III. As for the non-biological water body, annual average water supply
from the Yellow River in Xinghai Lake is about 20 million m3, which cannot meet
the water threshold value requirements of the abiotic water environment. As for the
biological water body, actual water consumption in Xinghai Lake is 32 million m3,
which can meet the water demand of the aquatic organism, but it is far from
reaching Class III water quality. In addition, in order to ensure the normal and
healthy reproduction of fish, it is necessary to ensure the water quality and water
consumption, especially in the late spring and summer. In view of the water
shortage and serious water pollution in Xinghai Lake, this paper gives advice from
the following two aspects to solve the problem. First, control pollutant input around

Table 2 Threshold value of the minimum water level in Xinghai Lake

Region Lake
elevation (m)

Minimum water
level threshold (m)

Water level after
being connected

Notes

North region 1096.6 – 1098.9 Flood
retaining
bank

Inter-domain 1096.4 1098.9 1098.9

The western
regions

1096.6 – 1098.9

Southern
region

1097.3 – 1098.9

The eastern
region

1095.2 1096.2 1096.2 Detention
basin
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the lake, and improve the efficiency of pollutant treatment, especially purification of
the irrigation return water so as to meet multiple water discharge standards and
achieve multiple water supply for Xinghai Lake. Second, enhance the
self-purification ability of Xinghai Lake, and appropriately use biological measures
to increase lake self-repair and the pollutant carrying capacity under the premise of
not destroying the existing ecological system.

In this paper, the following problems still exist in the calculation process:

(1) Computational nature of the non-biological water environment threshold value
is water balance. Thus, this paper should consider input and output of all water
consumption of the research object in theory. However, this paper does not
consider farmland return water of which pollutant concentration is higher and
municipal wastewater because Xinghai Lake water quality requirements are
higher.

(2) The confirmation of the threshold value of biological water environment is
determined by the requirements of key species for the water environment. Due
to the data limitation, the determination of the threshold value of the water body
environment needs further consideration and improvement.
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Construction and Application Analysis
of SWMM Model in Beijing Future
Science Park

Lanshu Jing, Qinghua Luan, Haichao Wang and Xuerui Gao

Abstract Aiming at more frequent urban waterlogging problems in China, a
system of rainwater drainage pipe network by SWMM (Storm Water Management
Model) was constructed, using Beijing Future Science Park as the study area. The
empirical runoff coefficient method is used for model parameter calibration and
validation of “6.23” and “7.21” rainfall runoff processes to build the regional
SWMM model and simulate regional rainfall runoff processes in different return
periods. Comprehensive runoff coefficient and flood peak flow are used as indi-
cators to analyze the above simulation results. In terms of the whole area, both
elements increase with longer design return period, the same as regional flood risk.
In terms of the local area, comprehensive runoff coefficient of sub-catchment area
increases with a longer design return period, but different with various underlying
surface conditions. Among them, the comprehensive runoff coefficient of green land
with better permeability is only 0, while the corresponding value of road area with
permeability of 90% is 0.89, to indicate the differences in spatial distribution of
regional flood risk along with the underlying surface conditions. The above
research results provide the technical support for the construction of regional low
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impact development measures (Low Impact Development, LID) and urban flood
warning.

Keywords SWMM � Rainstorm flood simulation � Integrated flow coefficient
Designing precipitation � Beijing Future Science Park

1 Introduction

In recent years, the extreme climate change has led to significant urban waterlog-
ging problems. In the summer of 2016, “to see the sea in the city” occurred in
Nanjing, Wuhan, Handan, Beijing and other regions, not only bringing great
inconvenience to people’s lives and traffic, but also increasing the huge burden for
urban flood control work. Establishment of the urban rain flood management
model, effective storm water management and prediction of urban rainfall runoff
has become one of the urban flood management works. The powerful function and
the characteristics of the free and easy-to-use model, SWMM has been widely used
both at home and abroad by Song et al. [1]. The urban drainage area is selected to
construct the SWMM model by Palla and Gnecco [2] to increase the Low Impact
Development (LID) measures and simulate runoff processes in different return
periods (2, 5 and 10 years). The results show that the LID measure scheme is
effective for heavy rain events with the return period of 10 years, which can
decrease the peak runoff and provide technical support for the evaluation of LID
control performance. Seine in France is selected to build the SWMM model by
Versini et al. [3] and long-series precipitation data are used to analyze the green
roof runoff in different coverage. The results indicate that green roofs can effec-
tively relieve the precipitation at ordinary times, but there is no significant effect on
the heavy rain. If combined with infrastructure, green roofs can make important
contributions to urban water management. In China, frequent flood areas in
Dahongmen, Beijing are selected to build SWMM model by Zhao et al. [4] to
analyze the flood characteristics of different precipitation events and provide
technical support for flood control decision-making for this region. The typical
communities in Beijing are selected to calculate the community drainage effects,
waterlogging and slope flow conditions in different frequencies of design rainstorm
by Cong et al. [5] to simulate storm floods under different conditions and evaluate
the impact, providing important auxiliary measures for urban flood control.

In this paper, SWMM model of Beijing Future Science Park is established to
analyze the rainfall runoff processes in different return periods (10, 20 and 50 years)
and runoff coefficient variation, providing technical support for urban flood control
and the set of LID measures.
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2 Model and Methods

2.1 SWMM Model

At present, urban rain flood model has became the important tool and means of rain
flood management, bringing great convenience to the layout of the urban drainage
pipe network, urban flood early warning and the sponge city construction. For
example, Mike urban, Inforworks-CS and SWMMmodel all can be used for rainfall
runoff simulation. The advantages and disadvantages of SWMM, Inforworks CS
and MOUSE model are analyzed to point out the common existing problems,
introduce the prospects for the development of the urban rain flood model, and
provide the choice basis for current research on the urban rain flood model [6].
SWMM model is developed by the United States Environmental Protection Agency
(USEPA) as the first comprehensive urban runoff analysis model, suitable for the
construction of pipeline hydraulic model, characterized by more selective runoff
generation and concentration model and more intuitive display of dynamic results.
The complete network data of Beijing Future Science Park is used with SWMM
model to build the rainfall runoff model of Beijing Future Science Park, which can
be more intuitive to reflect the runoff processes corresponding to different rainfall
processes. Thus, the model is selected in this paper.

2.2 Runoff Coefficient Method

The Beijing Future Science Park lacks measured runoff data, so the runoff coeffi-
cient method is selected to calibrate model parameters in this paper. The rainfall
runoff model calibration idea of runoff coefficient method is to use runoff coefficient
as the objective function of model parameter calibration, especially to compare the
in priori comprehensive view path coefficient used for rainwater pipe network
design with the runoff coefficient simulated by computer model for model param-
eter calibration [7]. In this paper, the empirical value of urban comprehensive runoff
coefficient in the concise drainage design manual [8] is selected as the standard for
model parameter calibration, see Table 1.

Table 1 The experience value of comprehensive runoff coefficient

Unit type Impervious percentage (%) The integrated runoff coefficient

Central dense habitations >70 0.6–0.8

Dense habitations 50–70 0.5–0.7

Sparse habitations 30–50 0.4–0.6

Very sparse habitations <30 0.3–0.5
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3 Modeling in the Study Area

3.1 Study Area

In this paper, Beijing Future Science Park is selected for modeling. This region is
the new urban area with a flat terrain, prone to waterlogging, belonging to Wenyu
River Basin with planned total area of about 10 km2. The planning area is bounded
by Wenyu River and Dingsi Road to divide the Beijing Future Science Park into the
south and north district, which is located in the southeast of Xiaotangshan Town
with an area of 2.19 km2. The south district is located in the eastern part of Beiqijia
Town with an area of 4.46 km2. Green space of 3.54 km2 exists between the two
districts. The planned two districts include R&D industry land, the land for the
public service facilities, supplementary residential land, municipal land for traffic
infrastructure and green space. On this basis, according to the rainwater control and
utilization planning, this district can be divided into the north rain zero-discharge
area, the north rain discharge control area, the riverside rain zero-discharge area,
Beijing-Chengde rain zero-drainage area, the southeast rain discharge control area
and the southwest rain discharge control area (Fig. 1). Due to the zero-discharge
area with no runoff, the north rain discharge control area, the southeast rain dis-
charge control area and the southwest rain discharge control area are only gener-
alized in the model.

3.2 Drainage Pipe Network Generalization

Drainage pipe network is generalized based on the south and north pipe network
data, rain well data and river channel section data in Rain and Sewage Discharge
Planning in Beijing Future Science Park (South District), Rain and Sewage
Planning Outside Beijing Future Science Park and Relevant River Regulation
Project Planning in Beijing Future Science Park. After considering pipeline
direction, the rainwater pipe networks in the south and north districts are gener-
alized in a reasonable manner. There are generalized 196 rain nodes and 194 rain
pipelines, including unclosed drainage channels. In addition, according to the flow
direction data in the planning, the water in the southwest rainwater drainage control
area, the southeast rainwater drainage control area and the north rainwater drainage
control area is discharged to Wenyu River Bay, Lutong West Gully and Wenyu
River along the planning river drains, respectively. Three outlets are set, including
one in the downstream outlet of Wenyu River downstream and two in Lutong West
Gully.

The sub-catchment area is divided according to the regional division data in
Controlling Planning Scheme Details of Beijing Future Science Park. The south and
north districts of Beijing Future Science Park are divided into 226 sub-catchment
areas, including the permeable zone with an area of 2.06 km2, accounting for 31%
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of the total area, and impervious area with an area of 4.59 km2, accounting for 69%
of total area, as shown in Fig. 2a, b.

3.3 Parameter Determination

Model parameters mainly include sub-catchment area parameters, infiltration
parameters and pipe parameters. Except for the characteristic width of
sub-catchment area, the rest of the parameters refer to the user manual of SWMM
model [9].

The sub-catchment area parameters include the characteristic width of
sub-catchment area, depression storage quantity of permeable and impermeable
area, and manning roughness of permeable and impermeable area. Among them,
Eq. 1 is calculated to characteristic width of each sub-catchment area according to
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Fig. 1 The distribution of Beijing Future Science Park drainage area
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Fig. 2 a Drainage pipe and outlet distribution; b Generalized drainage system
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the calculation method in the literature [10]. After field survey, the regional per-
meable area is a lawn or short grass land, while the impervious area is the cement
surface. Therefore, the depression storage quantity of permeable and impervious
area is selected as 3.81 mm/h and 1.27 mm/h, respectively; and the manning
coefficient of permeable and impervious area is 0.15 and 0.012, respectively.

W ¼ K � Sqrt areað Þ 0:02\K\5ð Þ; K ¼ 1 ð1Þ

The infiltration parameters include maximum infiltration rate, minimum infil-
tration rate, attenuation constant and sunshine time. According to the survey results
of Rainwater Utilization Planning Scheme of Beijing Future Science Park, the area
belongs to silty clay. Therefore, maximum infiltration rate, minimum infiltration
rate, attenuation constant and sunshine time are selected as 25.4 mm/h, 0.5 mm/h, 4
and 7 d, respectively.

Pipe parameters refer to the manning coefficient of pipe. According to field
investigation and External Rain and Sewage Planning, pipelines belong to asbestos
cement pipes, and the manning coefficient of closed conduit is selected as 0.013.

Due to lack of the measured data for validation, the runoff coefficient method is
used to input the “6.23” rainfall process of the model parameter calibration in this
paper. After adjusting parameters, the comprehensive runoff coefficient corre-
sponding to this regional rainfall event is 0.43, consistent with the empirical value
of comprehensive runoff coefficient in the specifications. Therefore, the final cali-
bration results are shown in Table 2.

According to the results of parameter calibration, the “7.21” measured rainfall
process is input to the model to simulate and obtain the comprehensive runoff
coefficient of this rainfall event as 0.52, consistent with the empirical value of
comprehensive runoff coefficient in the specifications, showing that this model can
be used in the simulation of rainfall runoff process in the region.

Table 2 The final calibration
results

Parameter Value

Manning coefficient of the flooded area 0.15

Manning coefficient impermeable area 0.012

Permeable zone depression storage volume 25.4 mm/h

Impervious area depression storage volume 1.27 mm/h

The biggest infiltration rate 25.4 mm/h

Minimum infiltration rate 0.5 mm/h

Closed catheter manning coefficient 0.013

Attenuation coefficient 4

Sunny days period 7d
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3.4 Simulation Result Analysis

Due to the basin area of less than 300 km2, the rainfall spatial difference is smaller;
and the rainfall at the design point can be used to replace that on the design surface.
Based on “Beijing Hydrologic Handbook (First Edition of Rainstorm Atlas)” [11]
and “Design Rainstorm Runoff Calculation Standard of Urban Rain System
Planning” [12], the rain-type duration distribution is carried out. According to the
minimum period of 5 min and the total time of 1440 min, the design rainstorm
processes with the hydrological return period of 10, 20 and 50 years are derived
(Fig. 3).

The same rain-type distribution is used for three design rainstorm processes. The
rains lasted for 24 h, and all were the bimodal type. The first and second peak time
occurred at 4 h 20 min and 17 h after precipitation. The double peak and total
cumulative rainfall values in each return period are shown in Table 3.
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Fig. 3 Different design rainstorm processes in different return period

Table 3 The rainfall statistics under different return period

Return period
(yrs)

The depth of first peak
(mm)

The depth of second peak
(mm)

The total rainfall
(mm)

10 9.63 27.06 391.23

20 11.06 30.06 641.47

50 19.16 51.86 1064.73
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4 Result Analysis

According to the set parameters, the design rainstorm processes in different return
periods are input to the model for simulation, and the obtained rainfall runoff
processes are shown in Fig. 4a–c. From the angle of flood peak flow, the rainfall
processes in three different return periods are analyzed with the same rain-type for
duration distribution, belonging to the bimodal type with short peak time and big
rainfall intensity. The simulated runoff process also shows shorter peak time, and
the runoff process presents a steep rise and decline trend. Particularly, the runoff
process corresponding to the rainfall process with a return period of 50 years has
the flood peak flow of 6.07 m3/s as 2–3 times over the other two kinds of pre-
cipitation situation. However, the three runoff processes have the same convergence
time and underlying surface conditions, proving that the flood with a return period
of 50 years will increase the load of urban drainage pipe network, intensifying the
regional flood risk. Analyzing from regional comprehensive runoff coefficient, the
increase of urban construction density will lead to the rising of impervious rate so
that the regional comprehensive runoff coefficient increases. According to
Rainwater Control and Utilization Special Planning of Beijing Future Science Park,
it can be known that the runoff coefficient is about 0.15 before regional develop-
ment, while the simulation results show that the comprehensive runoff coefficient of
the rainfall with the return period of 10 years, 20 years and 50 years is 0.52, 0.53
and 0.58, respectively, as shown in Table 4. It is indicated that with the increase of
return period, regional comprehensive runoff coefficient increases, the same as
regional flood risk.

Based on the above analysis, in case of greater design return period, the flood
peak flow and comprehensive runoff coefficient will increase, adding the discharge
load to urban drainage pipe network, resulting in more urban flood risks.

As viewed from local sub-catchment area, different return periods correspond to
different comprehensive runoff coefficients of each sub-catchment area. In this
paper, nine typical sub-catchment areas are selected, i.e., according to the under-
lying surface conditions, three areas with poor permeability, three weak permeable
areas and three green space areas are selected to simulate the contrast in compre-
hensive runoff coefficient (Table 5).

According to Table 5, the impervious rate of No. 13, No. 91 and No. 108 sub-
catchment area can reach 90%, corresponding to larger comprehensive runoff coeffi-
cient, where the comprehensive runoff coefficient is greater than that in thewhole area,
prone to local waterlogging problems. The impervious rate of No. 41, No. 124 and
No. 152 sub-catchment area is 45%, where comprehensive runoff coefficient is larger
than green space area, close to regional comprehensive runoff coefficient. In case of a
heavy rain, a waterlogging risk exists. By contrast, No. 204, No. 224 and
No. 223 sub-catchment areas belong to green space areas, so comprehensive runoff
coefficient is close to zero, which is not prone to waterlogging. Through comparing
comprehensive runoff coefficients under three kinds of underlying surface conditions,
comprehensive runoff coefficient is larger in the areawith smaller impervious rate, and
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the greater the return period is, the larger the comprehensive runoff coefficient will be.
On the contrary, comprehensive runoff coefficient is close to zero in the area with low
impervious rate, due to uneven distribution of urban underlying surface conditions and
impervious rates. Thus, runoff confluence conditions aredifferent in the sub-catchment
areas, leading to different runoff generation, reflecting the spatial difference in regional
flood risk.

5 Summary

SWMM model was used to build rainfall runoff model of Beijing Future Science
Park of Changping in Beijing. The runoff coefficient method is selected to validate
the model and simulate rainfall scenarios in different return periods (10, 20 and
50 years) after validation. In terms of the whole area, two factors of flood peak flow
and regional comprehensive runoff coefficient were analyzed to show that the
increase of comprehensive runoff coefficient will intensify the urban waterlogging
risk. In terms of the local area, the variations in the comprehensive runoff coefficient
of sub-catchment area over the increase of return period under different underlying
surface conditions were analyzed to reflect the spatial difference in urban regional
flood risk along with the underlying surface conditions.

Under the condition of no measured validation data, the runoff coefficient
method is used for parameter calibration to create the model in a certain precision,
reduce the requirement of the model for the observed data of rainwater pipe

Table 4 The comparing of different simulation result of return period runoff

Return period (yrs) The comprehensive runoff coefficient Peak discharge(m3/s)

10 0.52 2.43

20 0.53 3.01

50 0.58 6.07

Table 5 The comprehensive
runoff coefficient of different
return period

Sub-catchment
node

10
yrs

20
yrs

50
yrs

Impervious
rate

13 0.85 0.862 0.89 90

91 0.836 0.849 0.88 90

108 0.822 0.835 0.868 90

41 0.381 0.399 0.458 45

124 0.38 0.398 0.455 45

152 0.385 0.404 0.47 45

204 0 0 0.065 0

223 0 0 0.048 0

224 0 0 0.085 0
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network, and expand the applicability of this method to the areas in the absence of
observed runoff data.

Due to lack of regional land use type and the application analysis of rain flood
utilization measures, future research should be based on this model to combine
different land use types and rain flood utilization measures for studying the setting
of regional low impact development measures.
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Source Apportionment of PM2.5
in Handan City, China Using
a Combined Method of Receptor Model
and Chemical Transport Model

Zhe Wei, Litao Wang, Liquan Hou, Hongmei Zhang, Liang Yue,
Wei Wei, Simeng Ma, Chengyu Zhang and Xiao Ma

Abstract Handan is one of the top polluted cities in China, characterized by high
concentration of fine particulate matter (PM2.5). In this paper, a receptor model, i.e.,
the Positive Matrix Factorization (PMF) model, and a chemical transport model, i.e.,
the Mesoscale Modeling System Generation 5 (MM5) and Models-3/Community
Multiscale Air Quality (CMAQ) model, are both applied to apportion the sources of
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PM2.5 in Handan. It is concluded that regional sources contribute 36.0% of PM2.5, and
within local sources, the contributions of major emission sectors are: 22.3% from coal
combustion, 10.7% frommetal smelting, 7.3% fromZn-OC-Ba, 18.5% from industry,
11.3% from transportation, 10.6% from biomass burning, and 19.2% from dust
emissions. It indicates that regional joint air pollution controls should be emphasized
in the future control strategy, and local source controls on coal combustion and
industries are the key points to mitigate the severe PM2.5 pollution in Handan.

Keywords PM2.5 � Source apportionment � PMF � MM5-CMAQ
Handan

1 Introduction

Urban air pollution, especially the pollution of fine particulate matter (PM2.5) is one
of the most urgent environmental problems to be resolved in China and has raised
wide public, governmental, and academic concerns. Hebei province, located in
northeastern China, is the top polluted province according to the reports on air
quality status publicized by the Ministry of Environmental Protection (MEP) [1, 2].
In 2013 and 2014, seven out of the ten top polluted cities in China are within Hebei
province [1, 2]. Handan city, located at the southern edge of Hebei, has an area of
1.2 � 104 km2 and a population of 9.0 million, with about 1.5 million living in the
urban area of 419 km2. It is a heavily industrialized city with a large amount of
productions of iron and steel, cement, and coke [3]. Air pollution in Handan is very
severe and it ranked as the third top polluted city in China in 2013 and the fifth in
2014 [1, 2].

Handan is also a city with complex regional sources surrounding it. It is in the
intersection of four provinces, Hebei, Henan, Shandong, and Shanxi (see Fig. 1a).
All of them are heavily populated, industrialized, and urbanized and their major air
pollutants emissions, e.g., PM2.5, PM10 (atmospheric aerosols with aerodynamic
diameter less than or equal to 10 µm), sulfur dioxide (SO2), and nitrogen oxides
(NOX) are about as high as one fourth of the total emissions in China [4]. It results
in a complex problem of source apportionment of PM2.5 in Handan, which is
urgently required by the local government to design an effective control strategy.

Receptor models and chemical transport models are both effective methods for
PM2.5 source apportionment [5, 6]. The Positive Matrix Factorization (PMF) model,
as one of the receptor models recommended by US Environmental Protection
Agency (US EPA), has been successfully applied in many cities in Asia [7–11].
Some studies used multiple source apportionment approaches to improve the
robustness of the results and understand the spatial characteristics [12, 13]. Contini
et al. [13, 14] compared the source contributions of PM10 or PM2.5 at different sites
in Venice Lagoon. However, multi-site samplings are not available in Handan
before 2015. The Mesoscale Modeling System Generation 5 (MM5) and the
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Models-3/Community Multiscale Air Quality (CMAQ) model, as one of the source
oriented, chemical transport model, has been proved to be an effective tool to
identify the sources of air pollution in Chinese cities [15–20]. PM2.5 source
apportionment of PM2.5 in Handan use of those tools was reported in several recent
studies [4, 21, 22]. However, neither of them can produce enough detailed and
reliable results to fully support the policy making of local government in Handan,
because the receptor models cannot easily distinguish the spatial origins of each
source sector [5, 6], unless multiple-site sampling data and more advanced analysis
methods (e.g., microscopic methods) are employed or trajectory models using
detailed meteorological data are employed, which were not available in Handan for
this study. As mentioned above, and the reliability of the results from the
source-oriented models are highly dependent on the precision of the emission
inventory, which is far from developed for the sources in Hebei at this time. Bove
et al. [23], applied a hybrid method using the PMF model and the chemical
transport model of Comprehensive Air Quality Model with Extensions (CAMx) in
the city of Genoa in Italy and found the two methods gave consistent results even
the source categories were different. In their study, PAST (Particulate matter Source
Apportionment Technology) was used to calculate source contributions [23]. In this
paper, the Brute-force method, a source sensitivity method, is applied to calculate

(a)

(b)

Fig. 1 a CMAQ modeling domains at a horizontal grid resolution of 36 km over East Asia
(Domain 1 with 164 � 97 cells) and 12 km over an area in northern China (domain 2 with
93 � 111 cells); b location of the PM2.5 sampling site in Handan (the red star, referred to as
HEBEU site)
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source contributions of PM2.5. This method, although computationally expensive, is
straightforward and can simulate the non-linear relationship among PM and PM
precursors under large emission perturbations. The detailed explanation on
choosing this method is described elsewhere [4].

Therefore, in this study a combined method using both a receptor model, the
PMF, and a chemical transport model, the MM5-CMAQ, is applied to PM2.5 source
apportionment in Handan, e.g., the results by MM5-CMAQ model are used to
distinguish the regional or local contributions of PM2.5, and the receptor model is
used to apportion the sectoral contributions to limit the uncertainties from the
MM5-CMAQ introduced by the uncertainties and incompleteness of the present
emission inventory. This study might be the best estimation we can achieve on the
source apportionment of PM2.5 in Handan, given the present data and research
basis. This paper is organized as below: Sect. 2 describes the method of PM2.5

sampling and analysis, configurations and inputs of the PMF and the MM5-CMAQ
model. Section 3 introduces the results of the two methods and the combination
analysis. Section 4 summarizes the major findings and conclusions of this paper.

2 Methodology

2.1 PM2.5 Sampling and Analysis

The PM2.5 sampling site is located on the top of a 12 m high building at Hebei
University of Engineering (HEBEU) in Handan, Hebei, China (36°34′ N, 114°29′
E) (See Fig. 1b). This location is at the south edge of the urban area of Handan,
representing a cultural area, and it is also one of the four official online monitoring
sites in Handan. There is no obvious emission source around the site. Four months
in 2013, i.e., January, April, July, and October, representing the four seasons, were
selected to collect PM2.5 samples continuously from 8:00 to 7:30 a.m. on the next
day, using a high volume PM2.5 air sampler (Thermo Scientific Co., model number:
HIVOL-CVBLD) with 20.3 � 25.4 cm quartz filters. The flow rate was 1.13 m3

min−1. First, the sampling filters were heated at 350 °C to remove the organic
material in the filters. Then they were reserved in constant-temperature and
humidity chamber for 24 h before the pre-weighting and sampling. The sampled
filters were kept in the chamber for another 24 h before the post-weighting. The
differences in the two weights are used to calculate sampled PM2.5 concentrations
(the sampling concentrations of 23.5 h were converted to daily concentration).
Those sampled filters were stored in a refrigerator under −20 °C until chemical
analysis. In total, 120 samples were collected in this study.

Water-Soluble Ions (WSI). Water-soluble cations and anions were measured by
ion chromatography (Dionex, DX–600, Dionex, ICS–2100, USA). First, a small
section of the quartz filter (1 cm2) was put into 10 mL ultrapure water (18.2 MX
cm) for extracting water-soluble inorganic ions. The extracted solution was filtered
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through a microporous membrane filter (0.45 lm of pore size), and stored in a
refrigerator at −18 °C until sending into ion chromatography. The measured ions
include Cl−, NO3

−, SO4
2−, Na+, K+, Mg2+, Ca2+, and NH4

+. Strictly quality control
during all procedures avoid contamination of the samples and ensure the accuracy
of chemical analysis. The method detection limit (MDL) of NH4

+, Na+, K+, Mg2+,
Ca2+, SO4

2−, Cl−, and NO3
− were 0.01, 0.001, 0.001, 0.004, 0.005, 0.01, 0.005,

0.01, and 0.01 lg ml−1, respectively.

Organic Carbon (OC) and Elemental Carbon (EC). OC and EC were analyzed
by the method of Thermo-optical Reflectance (TOR) which used a Thermal/Optical
Carbon Analyzer (Model 2001A) produced by the Desert Research Institute (DRI).
First, OC1, OC2, OC3, and OC4 were measured at 140 °C, 280 °C, 480 °C, and
580 °C in an environment with pure He gas without O2, respectively. Second, the
sampled filter was further heated to 580 °C, 740 °C, and 840 °C to measure EC1,
EC2, and EC3 in an environment with 2% O2 and 98% He, respectively. The
precision of OC and EC were <5% and <10% along with the MDL of 0.82 lg cm2−

for TOC and 0.20 lg cm2− for TEC, respectively.

Elements. Inductively coupled plasma mass spectrometry (ICP–MS) was used to
analyze the concentrations of trace elements, i.e., As, Ba, Cr, Cu, Mn, Pb, Sr, Ti, V
and Zn, in PM2.5. A piece of quartz filter (1 cm2) was digested for 25 min at 190 °C
with 8 ml concentrated nitric acid (BV–III) and 0.5 ml H2O2 (30%) in a Teflon
microwave digestion tank (CEM, MARS). Then, the bulk solution was diluted to
100 ml, of which 10 ml were put into ICP-MS to measure the concentrations of the
elements. ICP-MS was calibrated by standard injection each several samples
analysis. Relative standard deviation (SD) was controlled below 5%, and internal
standard recovery was controlled at the range of 80–120%. All of them aim at
ensuring the accuracy of detection.

2.2 The Receptor Model—PMF

The PMF model, as a receptor model, is a data analysis technique of factor analysis
based on multivariate statistical methods, of which the fundamental ability is to
resolve identities and source contributions of components in an unknown mixture.
PMF uses the chemical components of PM2.5 to calculate the source contributions
without knowledge of emissions inventory [24]. PMF decomposes a matrix of
speciated sample data into two matrices: factor contributions (G) and factor profiles
(F). These factor profiles need to be interpreted by the user to identify the source
types that may be contributing to the sample using measured source profile infor-
mation, and emissions or discharge inventories. The key equations of this method
are listed as below as Eqs. (1) and (2). A speciated data set can be viewed as a data
matrix X of i by j dimensions as in the Eq. (1), where i and j represents the number
of samples and chemical species, respectively; gik is the contribution of the pth
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source to the ith sample; and fkj is the concentration of the jth species in the pth
source.

Xij ¼
Xp
k¼1

gikfkj þ eij ð1Þ

Q ¼
Xn
i¼1

Xm
j¼1

eij
uij

� �
ð2Þ

where eij is the residual for each sample/species, and uij is an uncertainty term
introduced to facilitate a statistical solution of the mass balance as opposed to an
analytical mathematical solution. The PMF model is constrained to non-negative
species concentrations and source contributions, which makes the results mean-
ingful. Also, PMF applies uncertain matrix (uij) to minimize the Q (2) to optimize
the results. The PMF model is described in detail in [25, 26]. A brief description can
be found in Wei et al. [22].

PMF has been widely used for both regulatory and research applications [8, 22,
27–31], and is recommended by US EPA [32]. In this paper, the PMF version 5.0
was selected to calculate the source contributions of PM2.5 in Handan in 2013. Ten
percent of the concentrations of each species was used as the uncertainty matrix in
the dataset, following the suggestion by Zhang et al. [33], considering that the
sampling technique (e.g., high volume sampling with quartz filters may lead to
larger uncertainties [34]), analytical method applied, and the number of samples
analyzed. If the concentration is less than or equal to the method detection limit
(MDL), 1/2 MDL is used to replace the concentration and 5/6 MDL is used as
uncertainty [35]. Missing data were substituted with the median value and their
uncertainties were replaced by four times the median value. Signal to noise (S/N)
was used to review the dataset (Eq. 3). Sij indicates standard deviation of ith sample
and jth chemical species. The species were categorized as ‘strong’ when S/N � 2,
‘weak’ (0.2 � signal-to-noise ratio � 2), or ‘bad’ (signal-to-noise ratio < 0.2)
species. In this study, all species were categorized as “strong”. A fundamental
problem using this method is to identify a reliable number of factors. The number of
factors is determined as following: (1) most of the residual matrix is within −3.0 to
3.0; (2) the results tend to be stable when adjusting the number of factors. In this
paper, the concentration data of Cl−, NO3

−, SO4−
2, Na

+, K+, Mg2+, Ca2+, NH4
+,

OC, EC, V, Cr, Mn, Cu, Zn, As, Sr, Ba, and Pb were used to run the PMF model
because of all these species were available for the four months that were studied. As
for estimating uncertainty of PMF solutions, this paper selected classical bootstrap
(BS) error analysis to estimate the PMF results [36, 37]. Default value was applied
to run BS error estimation in Base run and Block size option in PMF model.
One hundred BS runs were performed to ensure the robustness of the statistics.
R-value was set as 0.6. The first, the second, the third and the fourth factor were
mapped with BS in 99, 77, 87, and 97% of the runs, while other factors were
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mapped 100% of runs. Therefore, the authors were convinced that 8 factors were
selected to explain the source contribution of PM2.5.

S
N
¼ 1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn

i¼1
x2ij=

Xn

i¼1
s2ij

q
ð3Þ

2.3 The Chemical Transport Model—MM5-CMAQ

The CMAQ model, a 3-D chemical transport model developed by US EPA [24],
has been increasingly used to simulate regional air quality in China in the past
decade [15–20]. The MM5 model, a regional mesoscale meteorological model
developed by the National Center for Atmospheric Research (NCAR) and then
Penn State University [38], is applied to generate meteorological field to drive the
CMAQ model. The source apportionment method used in this study is the so-called
Brute-Force method [39], that is, the source contributions of each source region or
sector are estimated by calculating the differences between the baseline simulation
and the sensitivity simulation in which the emissions from that source region or
sector are set as zero. This method has been proven to be an effective way to
quantify the source contributions to support the policy making in air pollution
controls in China in recent years [15–20].

The detailed descriptions on the model configurations, performance evaluation,
simulation scenarios and results can be found in [40, 41]. In brief, the modeling
domains are seen in Fig. 1a. Two nested domains are applied over East Asia and
North China at 36 and 12 km horizontal grid resolutions, respectively. The model
configurations and inputs are summarized in Table 1. Besides the base case,
twenty-four emission reduction scenarios are simulated, including the emission
zero-out simulations of the nine source regions and the five emission sectors in the
three cities, Handan, Shijiazhuang and Xingtai (in this study only the results for
Handan are used). The nine source regions (see Fig. 1a) are Handan (the local
sources), Shijiazhuang, Xingtai, the northern Hebei (other Hebei area besides the
above three cities), Beijing and Tianjin (BJTJ), Shanxi (SX), Shandong (SD),
Henan (HN), and the other regions (OTH, other regions in Domain 1 besides the
above eight). The five emission sectors locally include power plant (PO), industrial
(IN), domestic (DO), transportation (TR), and agriculture (AG). Therefore, the local
(anthropogenic emissions within Handan) and regional (emissions outside Handan)
source contributions to PM2.5 in Handan, and the contributions of each emission
sector within Handan are qualified by using those simulations, which is absolutely
necessary for policy making in air pollution controls of the local government.
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Table 1 Configurations and inputs of MM5-CMAQ modeling in this study

Item Configuration and input References and notes

Simulation period Jan. and Jul., 2013 5-spin up days

Domain East Asia (36 km), northern China (12 km) –

Horizontal
resolution

36 and 12 km –

Vertical resolution 23 layers (MM5) and 14 layers (CMAQ)
from 1000 to 100 mb

–

Nesting Two way for MM5; one way for CMAQ –

MM5 Version 3.7 –

CMAQ Version 4.7.1 –

Anthropogenic
emissions

MEIC [http://www.meicmodel.org/]

Cumulus scheme Kain–Fritsch Kain and Fritsch [42]

PBL scheme Blackadar Zhang and Anthes [43]

Moisture scheme Mixed phase (Reisner 1) explicit Reisner et al. [44]

Longwave and
shortwave
radiation

Cloud atmospheric radiation scheme Dudhia [45]

Surface scheme Force/restore (Blackadar) Blackadar [46], Deardorff [47]

FDDA Wind, temperature, and water vapor mixing
ratio in and above PBL

–

Gas phase
chemistry

SAPRC-99 with aqueous and aerosol
extensions

Carter [48, 49]

Aerosol phase
model

AERO5 Binkowski and Shankar [50]

Aqueous-phase
chemistry

Updated regional acid deposition model
(RADM)

Chang et al. [51], Walcek and Taylor
[52]

Land use data US geological survey terrain and land use
data

–

Meteorological
initial and
boundary
conditions

National center for environmental prediction
(NCEP) final (FNL) operational global
analysis data

–

FDDA input NCEP automated data processing
(ADP) surface and upper air data

–

Chemical initial
and boundary
conditions

Clean profile in CMAQ for 36 km domain;
nested from 36 to 12 km domain

–

Photolysis rates
processor (JPROC)
input

Ozone column data from the Ozone
Measurement Instrument (OMI) on the Aura

[http://toms.gsfc.nasa.gov/ozone/
ozone_v8.html]

Emission scenarios Zero-out anthropogenic emissions in
Handan, Shijiazhuang, Xingtai, northern
Hebei (NHB), Beijing and Tianjin (BJTJ),
Shanxi (SX), Shandong (SD), Henan (HN),
and other area (OTH)
Zero-out emissions from power plant (PO),
industrial (IN), domestic (DO),
transportation (TR), and agriculture (AG),
one by one, in Handan, Shijiazhuang, and
Xingtai

Total 24 scenarios, only results of
sectoral zero-out scenarios in Handan
are used in this study
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3 Results and Discussions

3.1 Chemical Composition of PM2.5 in Handan

Table 2 presents the concentrations of PM2.5 and WSI, OC, and EC in PM2.5 in the
four representative months in 2013. It can be seen that the highest monthly-average
concentration of PM2.5 was 309.2 lg m−3 in January, followed by 213.3 lg m−3 in
October, 103.2 lg m−3 in April, and 85.6 lg m−3 in July. In general, the WSI are
the most abundant species in PM2.5, accounted for 43.2% of PM2.5 in January,
48.9% in April, 55.9% in July, and 36.2% in October. The highest fraction of WSI
appears in July due to the rapid reaction speed in secondary aerosol formation, e.g.,
NO3

−, SO4
2− and NH4

+, led by higher temperature. OC accounted for 15.1% of
PM2.5 in January, followed by 13.5% in October, 10.6% in April, and 7.9% in July.

Table 3 presents the concentrations of trace elements in PM2.5 in Handan. They
only account for less than 1.0% of mass concentrations in PM2.5. However, the
heavy metal elements should be paid more attention to because of their negative
effects on human health and the capability of serving as catalyst in the formation of
secondary aerosols in the atmosphere. Among those elements, the concentration of
Zn is the highest of 314.0 ng m−3, followed by Pb (221.9 ng m−3), Mn (64.4 ng
m−3), Ti (49.7 ng m−3), Ba (34.0 ng m−3), As (30.9 ng m−3), Cu (21.4 ng m−3), Sr
(8.8 ng m−3), and Cr (6.4 ng m−3). The concentrations of Ca has the highest

Table 2 The concentrations of PM2.5 and WSI, OC, and EC in PM2.5 in Handan in 2013

PM2.5 Cl− NO3
− SO4

2− Na+ K+ Mg2+ Ca2+ NH4
+ OC EC

(lg m−3)

Jan. Ave. 309.2 7.3 23.2 36.3 1.3 3.2 0.2 0.5 23.8 33.3 14.8

Min 62.4 1.0 5.0 7.0 0.5 1.1 0.0 0.0 5.6 8.5 4.2

Max 643.0 17.3 43.4 78.2 2.4 6.4 0.4 2.5 43.1 63.7 33.8

S.D. 133.3 3.9 8.4 14.7 0.5 1.2 0.1 0.7 7.8 13.8 7.6

Apr. Ave. 103.2 3.2 17.2 16.2 0.5 1.1 0.1 2.0 7.3 10.2 3.9

Min 34.8 0.8 3.2 4.9 0.0 0.5 0.0 0.3 2.5 3.5 1.6

Max 224.2 9.2 38.7 29.4 1.3 2.3 0.3 4.4 13.2 18.0 7.9

S.D. 42.3 2.1 9.2 7.0 0.3 0.5 0.1 1.0 3.1 3.2 1.3

Jul. Ave. 85.6 1.1 12.5 24.8 0.4 0.8 0.1 0.4 9.0 6.1 2.6

Min 36.7 −0.2 2.1 7.7 −0.1 0.2 0.0 0.0 2.1 2.1 1.1

Max 190.5 4.0 37.3 59.7 1.4 1.5 0.2 0.9 19.1 8.8 3.8

S.D. 37.6 1.2 8.0 12.4 0.4 0.3 0.0 0.2 3.7 1.9 0.8

Oct. Ave. 213.3 5.8 31.6 23.6 0.6 2.2 0.2 1.1 11.5 28.5 4.4

Min 38.6 1.4 4.1 5.3 0.2 0.3 0.0 0.1 3.0 2.3 1.0

Max 402.6 9.9 76.4 51.1 1.4 3.6 0.3 2.4 21.6 67.2 6.4

S.D. 95.0 2.3 14.8 10.3 0.3 0.8 0.1 0.6 4.2 14.1 1.0

S.D. indicates standard deviation
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seasonal variation, with the highest value appearing in April which resulted from
dust blowing weather that occurred over northern China.

3.2 The Results of the PMF Model

Eight factors are identified by PMF model, as shown in Fig. 2. The first factor was
recognized as dust/road dust source, because Ca2+ has high loadings in this factor.
Ca2+ may also be associated with steel production, cement/concrete, construction
activities, and earth crustal material. EC and V emitted from the combustion of
diesel oil and deposited into soil. The contaminated soils can be resuspended by
mobile transportation or wind blowing. The source of Mn and Ba is related to brake
parts on the vehicles. Therefore, this factor was regarded as dust/road dust source,
which contributed 12.3% of PM2.5.

The second factor has high loadings of Cr and Na+. Cr may be from the pro-
duction process of iron and steel. Because Cr was usually used to produce stainless
steel. Iron and steel is a pillar industry in Handan, which produced 51 million tons
steel and 45 million tons crude steel in 2013 (http://www.handannews.com.cn/new_
epaper/hdrb/html/2014/03/25/content_10718.htm), as well as a large amount of
stainless steel (http://www.hgjt.com.cn/index.aspx). Na usually exists in iron ore.
As for SO4

2− and As of the high loadings, they may be from coal combustion
because coal was the major energy source for iron and steel industry. Therefore, this
factor was identified as metal smelting source, which contributed 11.0% of PM2.5.

K+ is a very important marker of biomass burning. The third factor has high
loading of K+ and medium loadings of OC and Cl−, so that it is attributed to
biomass burning source, with the contributions of 10.7% in PM2.5. However, this
paper found that Mn, Zn, Pb, and Cu have relative high loadings in this factor,
which were usually from the industrial processing that may be influenced by
multi-colinearity of PMF model. Therefore, further analyses should be encouraged.

Table 3 The concentration
(ng m−3) of elements in PM2.5

in Handan in 2013

January April July October Ave.

As 30.5 29.3 28.2 35.6 30.9

Ba 11.1 47.7 22.9 54.1 34.0

Cr 10.1 5.5 4.5 5.3 6.4

Cu 28.1 24.0 11.2 22.6 21.4

Mn 80.2 70.9 33.3 73.1 64.4

Pb 350.2 155.3 151.0 231.2 221.9

Sr 5.4 18.6 3.7 7.5 8.8

Ti 13.2 124.5 16.1 45.1 49.7

V 5.9 5.0 0.4 1.7 3.2

Zn 339.0 259.5 246.4 411.2 314.0
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The fourth factor was seen as a mixed source. The reason is that the factor has
high loadings of Ba which may be from the brake parts on vehicles or construction
activity. At the same time, this factor has close correlations with Zn, Ca2+, Mg2+,
OC and As. In general, As is seen as the marker element of coal combustion. OC
was also from the coal combustion. Zn was usually made into various product,
including brake of vehicles. Ca2+ and Mg2+ may be from steel production, cement/
concrete, construction activities, and earth crustal material as mentioned above.
This factor was influenced by dust/road dust. Therefore, this factor could be seen as
a mixed source with Zn-OC-Ba, which contributes 7.6% of PM2.5.

The fifth factor is coal combustion sources, which has obvious relationship with
As, an important maker of coal combustion. Additionally, coal combustion would
emit amounts of organic matter and SO2, which also show high loadings in this factor.
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Fig. 2 Source profiles in mass concentrations of the factors found by the PMF model
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Zn and Pb may be from the coal combustion. The source contribution of coal com-
bustion to PM2.5 is 13.8%.

Mn, Cu, Zn, As, Sr, Pb and Ba have high loadings in the sixth factor. Zn and Pb
is usually from rolling mills and industry processing [9, 35]. In Handan, the iron
and steel industries are very important components of its industries. Mn and Cu are
in close correlation with metal smelting industry. Sr and Ba were used for the
ceramic industry because of their dielectric properties. Therefore, this factor was
identified as an industrial source, which contributes 17.5% of PM2.5.

The seventh factor was characterized by high loading of V, EC, and moderate
loadings of Mn, Zn, and Pb. V is an auxiliary material used by oil products. EC
could be emitted from the vehicle engines due to incomplete combustion of diesel
oil. Mn, Zn and Pb are typically related to the brakes of motors. Additionally, Zn is
a component of a common fuel detergent and anti-wear additive which also exists in
the diesel emissions, as well as in tires, brake linings and pads. This factor is
regarded as a transportation source, which contributes 11.2% to PM2.5.

The eighth factor, with high loadings of NH4
+, SO4

2− and NO3
−, is seen as the

secondary sources, because those species are produced in the atmosphere from the
primary pollutants of SO2, NOX and NH3. It contributes 16.0% in PM2.5.
A secondary source should be identified easily because secondary components are
produced in the atmosphere. However, OC, EC, and Cr have high loadings in this
factor. There are some limitations for source apportionments of PM2.5 with the PMF
model, such as the colinearity of receptors. Further study and analysis should be
needed.

The above results on PM2.5 source apportionment in Handan are summarized in
Fig. 3.
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Secondary, 
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Fig. 3 The source
contributions of PM2.5 in
Handan by the PMF model
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3.3 The Results of MM5-CMAQ Model

The contributions of each source region and sector to the secondary PM2.5 are
discussed in detail as well in [40], because the receptor model can recognize one
source as “secondary aerosol”, i.e., NO3

−, SO4
2−, and NH4

+, as discussed in
Sect. 3.2, but cannot distinguish their spatial and sectoral source of origins [5, 6].
The modeling results show that in the total secondary inorganic aerosols (SIA) the
contribution of regional sources is 59.1% on annual average, and the local con-
tributions of PO, IN, DO, TR, and AG are 0.4%, 20.6%, 4.8%, 1.5%, and 17.8%
[40], respectively. Those results are summarized in Table 4. Those treatments are
not pursued for secondary organic aerosols (SOA) because of the insignificance of
OC in the “secondary aerosol” recognized by the PMF model (see Fig. 2), and the
weakness of the CMAQ model in predicting SOA concentrations at present.

3.4 Combined Analysis and Results

3.4.1 Regional Contributions

The receptor model apportions the PM2.5 concentrations by the representative trace
species of the recognized sources; so, it is not easy to distinguish the spatial origins
of those sources unless data from multiple sampling locations can be employed,
which was not available in Handan for this study. Therefore, the results of the
MM5-CMAQ model are used to quantify the regional contributions in Handan. It
indicates 40.4% of PM2.5 in Handan are from regional sources. However, it should
be noted that this number may overestimate the regional contributions because of
the lack of dust emissions in the MM5-CMAQ simulations in this study (the online

Table 4 The source contributions (%) of regional and local sector emissions to PM2.5 in Handan
by the MM5-CMAQ modela

% in total
PM2.5

% in local
contributions

% in
SO4

2−
% in
NO3

−
% in
NH4

+
% in total
SIA

Regional 40.4 51.1 65.1 55.1 59.1

PO 0.9 1.5 1.3 −0.6 0.6 0.4

IN 35.9 59.5 34.1 1.5 23.5 20.6

DO 13.5 22.3 6.7 3.1 5.4 4.8

TR 3.7 6.2 1.3 2.9 1.3 1.5

AG 6.2 10.3 4.8 38.5 20.4 17.8

Total
local

60.2 99.8 48.2 45.4 51.2 45.2

aThe sum of local and regional contributions is not 100% due to the non-linear response of PM2.5

to its precursors emissions
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dust module has not been involved in CMAQ until version 5.0), as the dust
emissions contribute not a small amount in PM2.5 (12.3%), indicated by the PMF
model. Here the assumed dust emissions are all from the local area, given the
reasons that in 2013 only one dust event occurs on March 6–9th in Handan, which
is not within our sampling period; and the urban fugitive dust emissions are rela-
tively large particles and not so active in long-range transport as other aerosols.
Therefore, the regional contributions in PM2.5 are revised as 36.0% (40.4%/
(1 + 12.3%)). It is still a considerable amount so that the regional-joint air pollution
controls need to be fully considered when designing control strategies for Handan.

Although the results from the PMF model are given priority in the estimation of
the local sectoral contributions, the results from the CMAQ model are still neces-
sary in two purposes: (1) distinguishing the contributions from the regional sources
and the local sources, as discussed in Sect. 3.4.1; and (2) quantifying the contri-
butions from each local sector to the sector of “secondary aerosols” identified by the
PMF model. For the purpose (2), the sectors in the CMAQ model need to be
transformed to the sectors of the PMF model. Therefore, Eq. (4) is used to map the
contributions from the sectors in the CMAQ simulations, i.e., PO, IN, DO, TR, and
AG, to the sectors identified by the receptor model, i.e., coal combustion, industry,
transportation and biomass burning:

Sj ¼
Xn
i¼1

Xm
k¼1

Si;k � Ej;i;k

Ei;k

� �
ð4Þ

where Sj is the source contributions of the local sector j to PM2.5 (the j sectors are
those identified by the PMF model). Si,k is the contributions from the local sector i,
which are the sectors in the simulations (PO, IN, DO, TR and AG, n = 5), to the
chemical species k in PM2.5. Those species include SO4

2−, NO3
−, NH4

+, OC, EC,
and other PM2.5 (m = 6). Ej,i,k are the emissions of species k or the precursors of k
(SO2 to SO4

2−, NOX to NO3
−, NH3 to NH4

+) from sector j in the sector i, and Ei,k

are the total emissions of the k from the sector i. For example, the contributions of
coal combustion within the IN sector to sulfate in PM2.5 are calculated by multi-
plying the sulfate contributions from the IN and the fractions of SO2 emissions by
coal combustion within the IN sector to the total IN SO2 emissions (note the IN
activity includes coal combustion, other fuel combustion and industrial processes).
Then the coal combustion contributions from each sector, e.g., PO, IN, DO, to each
species in PM2.5 are added together to obtain the total contributions of coal com-
bustion. The Ei,k and Ej,i,k are calculated according to the MEIC inventory and other
references on Hebei emissions [40, 54, 55]. Table 5 summarizes the Ej,i,k/Ei,k for
the sectors of PO, IN, and DO to be split into the sectors by the PMF model in
Handan.
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3.4.2 Unity the Local Source Sectors

As for estimating the source contributions from the local sectors using the com-
bined results from the receptor model and the chemical transport model, it firstly
should be noted that there are consistencies in sector split in the two modeling
system, i.e., the sectors recognized by the PMF model are coal combustion,
industrial, transportation, dust/road dust, metal-smelting, biomass burning,
Zn-OC-Ba, and secondary; however, those in the CMAQ model are PO (power
plant), IN (industrial, including industrial coal combustion, other fuel combustion,
and industrial process emissions), DO (domestic, including domestic coal com-
bustion and other fuel combustion), TR (transportation), and AG (agriculture). In
this study, the results from the PMF model are given priority on the estimation of
the local sectoral contributions in Handan, for the three reasons: (1) the sectors
identified by the PMF are more detailed than from the CMAQ model; (2) the local
sectoral contributions estimated by the CMAQ model are highly dependent on the
precision of the emission inventory, which is still far from developed for the sources
in Handan; and (3) according to the guidance on the PM2.5 source apportionment
released by the MEP [53], the sectors recognized by the PMF model are acceptable.

The model performance evaluation is presented in [4, 40] in detail. In brief, the
meteorological predictions are evaluated against the National Climate Data Center
(NCDC) integrated surface database. The statistics include the mean bias (MB), the
root mean square error (RMSE), the normalized mean bias (NMB), and the nor-
malized mean error (NME), for the parameters of temperature at 2 m (T2), relative
humidity at 2 m (RH2), wind speed at 10 m (WS10), wind direction at 10 m
(WD10), and daily precipitation. The air quality observations used in model
evaluation are the online observations published by the China National
Environmental Monitoring Center (CNEMC). The statistics for PM2.5 and PM10 are
MB, NMB, NME, the mean fractional bias (MFB), and the mean fractional error
(MFE). Those evaluation database, protocols, and results are explained in detailed
in [4, 40]. Here only the source apportionment results were presented from the
MM5-CMAQ modeling. It is concluded that the regional source contributions to

Table 5 The value of Ej,i,k/Ei,k in the Eq. (4) for primary PM2.5 and its major precursors for the
sector mapping

Sectors in
CMAQ

Sectors in PMF Primary
PM2.5

SO2 NOX NH3 VOC

POa Coal combustion 100 100 100 100 100

IN Coal combustion 12 76 51 100 0

Other fuel and
processes

88 24 49 0 100

DO Coal combustion 49 93 52 95 23

Biomass burning 51 7 48 5 77
aPower plants in Handan are all coal-fueled
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PM2.5 in Handan are 40.6% [40], which is a non-negligible fraction indicating that
policy makers should pay more attention to the regional joint controls of air pol-
lution in Handan. The contributions of local emissions of PO, IN, DO, TR, and AG
are 0.9%, 35.9%, 13.5%, 3.7%, and 6.2% in total PM2.5 concentrations, respec-
tively, as 1.5%, 59.5%, 22.3%, 6.2%, and 10.3% in local contributions [40],
respectively.

The local sectoral contributions from the CMAQ simulations after sector map-
ping are summarized in Table 6, for each species in PM2.5, as well as in the total
local SIA. Those species, i.e., sulfate, nitrate, and ammonia, are formed through the
oxidation, condensation, and nucleation of the precursor gaseous pollutants
including SO2, NOx, and NH3.

3.4.3 Calculation of Local Sectoral Contributions

Table 7 presents the calculation process using the combined results of the PMF
model and the MM5-CMAQ model. First, it is started from the results of the PMF
model (see line 1 in Table 7). Then, it is assumed that the dust emissions are all
from local sources, for the reasons mentioned in the above Sect. 3.4.1, and the
regional contribution estimations were applied from the MM5-CMAQ model. After
that, the contributions of the regional and local dust emissions are determined as
36.0 and 12.3%, as other local source contribution is 51.7% in total (step 1 in
Table 7).

To estimate each local sectoral contribution (except for the “secondary aero-
sols”), it is assumed that their relative importance in the regional contributions and
in the local contributions is similar, e.g., the total industrial contribution (17.5%) is
higher than those from coal combustion (13.8%); then the local industrial contri-
bution is higher than the local coal combustion for the same ratio, as well as those
from regional.

The secondary aerosols are treated differently because they are formed in the
atmosphere from gaseous precursors and need to be further identified as their spatial

Table 6 The source contributions (%) of local sectors to each species in PM2.5 by MM5-CMAQ
after the sector mappinga

SO4
2− NO3

− NH4
+ OC EC Others PM2.5 In local

SIA

Coal combustion 33.5 1.7 29.3 6.9 13.5 14.6 16.9 79.8

Industry 8.1 0.7 0.0 19.4 21.4 48.2 26.0 13.5

Transportation 0.7 2.9 1.3 5.9 20.1 2.1 3.7 2.4

Domestic biomass
burning

0.5 1.5 0.2 23.7 10.8 6.6 7.3 4.4

Sum 42.7 6.8 30.8 55.9 65.9 71.5 54.0 100
aThis table presents the results of Eq. (4) for PM2.5 as well as each species in PM2.5. The Ej,i,k/Ei,k

of SO2, NOX, and NH3 are used for the sector mapping for the species of SO4
2−, NO3

−, and NH4
+,

respectively. The Ej,i,k/Ei,k of primary PM2.5 is used for OC, EC and Others in PM2.5
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and sectoral origins to support the future controls. In Table 4 the factions to
apportion the secondary aerosols to each sector are provided; therefore, firstly
Table 4 can be used to estimate the local source contributions in the total secondary
aerosols, that about 45.2% can be attribute to local sources, as shown in step 2 in
Table 5 (45.2% � 16.0% = 7.2%). Then, the contributions are further apportioned
from each sector to secondary aerosols using the data in the last column of Table 6,
and obtain the results of final contributions of each sector, e.g., the contribution
from coal combustion is 8.5% + 7.2% � 79.8% = 14.3%, as the line of “% in total
PM2.5” in Table 7. In addition, the contribution percentages of each sector in the
total local contributions are calculated, as 22.3% from coal combustion, 10.7%
from metal smelting, 7.3% from a mix source of Zn-OC-Ba, 18.5% from other
industry, 11.3% from transportation, 10.6% from biomass burning, and 19.2% from
dust emissions.

Table 7 also shows the estimations from the CMAQ model calculated according
to Table 6 (considering the dust contribution as 19.2%), in the last line. It can be
seen that its estimation on coal combustion is 25.3%, which is very close to a
combined result of 22.3%, considering that the Zn-OC-Ba is a mixed source of coal
combustion, construction activity, etc. The total contribution from coal combustion
and industry is approximate 64.1% (25.3 + 38.9) from the CMAQ model, com-
parable to the combined results of 58.8% (22.3 + 18.5 + 10.7 + 7.3). The biomass
contributions are also quite close from the two estimations, but the transportation
contribution is estimated higher by the combined method than that from the
CMAQ, which may attribute to the tendency of the CMAQ model of underesti-
mating the transportation contributions.

It should be mentioned that the Primary Component Analysis (PCA) model has
also been applied in Handan for the four months of 2013 in the study of [41]. It
identified four source factors and concluded that in the local source of Handan, the
source contributions from coal and biomass combustion, industrial, dust, and
transportation are 29.9%, 26.8%, 18.9%, and 8.8%, respectively [41]. This esti-
mation on dust is quite close to the above conclusion (18.9% vs. 19.2%). The
contributions from motor vehicles (8.8%) are between the estimations from the
combination method (11.3%) and the CMAQ model (5.5%). It did not distinguish
the contributions from coal combustion and biomass burning. Therefore, if the total
contributions are compared from coal combustion, industrial, and biomass burning,
the PCA result is 56.7% (29.9 + 26.8), lower than the 69.4% (22.3 + 18.5 + 10.7 +
7.3 + 10.6) by the combined method, and the 75.1% (25.3 + 38.9 + 10.9) by the
CMAQ model. This may be attributed to the large fraction (around 15.6%) of
unidentified sources by the PCA model. Therefore, the PCA results are only pre-
sented here as a comparison in this study.

After the above comparisons, more confidence could be placed on the contri-
bution estimations of some sectors, e.g., although the CMAQ model cannot cal-
culate the dust contribution, the PMF model and the PCA model provide quite
similar estimations (19.2% vs. 18.9%); the contributions of coal combustion and
biomass burning from the combined method (22.3% and 10.6%, respectively) are
quite close to those from the CMAQ model (25.3% and 10.9%, respectively); the
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industrial contribution, if the sum of industrial, metal smelting, and Zn-OC-Ba is
taken as a rough estimation of the combined method, it is also consistent to the
estimation of the CMAQ model (36.5% vs. 38.5%). At the same time, a rough
estimation on the uncertainties could be achieved on the other sectors, e.g., the
transportation contribution might be overestimated by the combination method
(11.3%) compared to the PCA model (8.8%) and the CMAQ model (5.5%).

4 Conclusions

In this study, a combined method using a receptor model, PMF, and a chemical
transport model, MM5-CMAQ, is applied on source apportionment of PM2.5 in
Handan, Hebei, China. First, PM2.5 samples were collected daily in Handan in the
four months in 2013, i.e., January, April, July, and October, and their chemical
compositions were analyzed including water soluble ions, OC and EC, and trace
elements. Those composition data were then used in the PMF model to identify the
PM2.5 sources and their contributions in Handan. At the same time, regional-scale
air quality simulations using the MM5-CMAQ modeling system were pursued over
North China to quantify the spatial and sectoral contributions to PM2.5 in Handan
using the Brute-Force method. Finally, the two sets of results were combined to
better answer the questions on PM2.5 sources in Handan to support the policy
making of the local government, given the reasons that the receptor model cannot
easily distinguish the spatial origins of each source sector under the present status,
and the chemical transport model may not be able to give as detailed sectoral
apportionment as the receptor model at present, due to the incompleteness and
uncertainties in the emission inventory for Hebei.

It is found that the annual average concentration of PM2.5 in Handan in 2013 is
177.8 lg m−3, as SO4

2−, NO3
−, NH4

+, OC, and EC are major chemical composi-
tions with the percentages of 18.0%, 14.0%, 8.7%, 11.8%, and 4.1%, respectively.
The source apportionment of PM2.5 by the PMF model are: 13.8% from coal
combustion, 17.5% from industry, 11.0% from metal smelting, 7.6% from a mixed
source of Zn-OC-Ba, 11.2% from motor vehicles, 10.7% from biomass burning,
12.3% from dust, and 16.0% of secondary sources. The MM5-CMAQ model
indicates that the regional source contributions to PM2.5 in Handan is 40.6%, and
within the local contributions, PO, IN, DO, TR, and AG contribute 1.5%, 59.5%,
22.3%, 6.2%, and 10.3%, respectively (note dust emissions are not included that
will result in an overestimation of the regional contributions).

The combination of the two results shows that the regional source contributions
are 36.0% in total PM2.5 concentrations, and in the local sources; the contributions
from each sector are: 22.3% from coal combustion, 10.7% from metal smelting,
7.3% from a mix source of Zn-OC-Ba, 18.5% from other industry, 11.3% from
transportation, 10.6% from biomass burning, and 19.2% from dust emissions. The
regional joint air pollution controls should be emphasized in future control strate-
gies, and the local source controls on coal combustion and industries, especially the
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iron and steel industry, are the key points to mitigate the PM2.5 pollution in Handan.
Although some limitations exist in this paper, e.g., the dust emissions are not
included in MM5-CMAQ modeling, it still provides a method to do PM2.5 source
apportionment in the cities like Handan, where it still lacks of both a bottom-up
emission inventory with high precision and long-term PM2.5 chemical observation
data so that neither receptor model nor chemical transport model can singly produce
source apportionment results reliable and detailed enough to support the policy
making of the local government.
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The Review of River Health Assessment
in China

Cun Liu, Shi-Lu Zhang, Wen-Yan Cui, Chao Lin and Jun Zhang

Abstract This paper makes a systematic overview of the development process of
evaluation on China river health growing out of nothing and summarizes the
explanations of the river health concept made by famous experts and scholars in
China to obtain the essence of river health evaluation. This paper compares the
domestic typical evaluation methods and summarizes the common advantages and
disadvantages of these methods. Based on the above-mentioned summary, this
paper concludes that the research direction of health evaluation is the urban river
health evaluation, biological habitat evaluation, research on the river ecological
base flow and evaluation on the influence of inter-basin water transfer. Finally, this
paper gives a brief prospect of China’s river health evaluation work in the future.

Keywords River health � Evaluation method � Evaluation index
Research direction

1 Introduction

China is a country with extremely scarce water resources per capita and the total
length of rivers in China is more than 400,000 km. These rivers play an important
role in developing the national economy and guaranteeing people’s livelihood.
However, due to the rapid growth in the urban population in China and quick
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development of industrial and agricultural production, the demands on water
resources have increased sharply, leading to a common blind excessive develop-
ment phenomenon. Due to the relatively scarce river protection consciousness
during the preliminary development period, the ecological river water is occupied,
and many rivers show the functional degradation trend. Frequent occurrence of
“water problems” such as the reduction of river water, water pollution, river
blockage, sharp decline in biodiversity and water and soil loss, etc. have caused
serious influence to the people’s normal life and the sustainable development of the
social economy. River health issues are gradually brought to the attention of the
Chinese river management, while river health assessment has become a main
content of river ecosystem restoration and river management and also has gradually
become a hot issue in domestic related research.

2 River Health Evaluation

2.1 Domestic Research Process

River health evaluation in China started relatively late, Yang et al. [1], using the
Ephemeroptera, Trichoptera, Plecoptera (EPT) and the Family Biotic Index (FBI) to
assess Jiuhua River of Anhui province, is the beginning of the domestic research in
1992; however, the assessment did not get much attention. Until Tang et al. [2]
wrote an article entitled “The river ecosystem health and its evaluation” published
by the Chinese Journal of Applied Ecology in 2002, which advanced domestic
research of river health assessment. After that, many experts and scholars such as
Liu and Liu [3], Dong [4], Geng et al. [5], Wu et al. [6], etc. had made great efforts
to produce targeted research on the concept and connotation of river health, eval-
uation method and the construction of an index system. Zhao and Yang [7] and
Wang et al. [8] have evaluated and researched the urban river health status
according to the acceleration of China’s urbanization process and the present sit-
uation of the rapid expansion of urban scale. China’s three major river basin
administrative agencies also successively put forward the concepts of “Healthy
Yellow River” [9], “Healthy Yangtze River” [10] and “Green Pearl River” [11]
according to the actual situation of the water basins. With the expansion of the
research scope, Zhang et al. [12] and Wang et al. [13] also successively evaluated
and researched some small rivers, such as the rivers in Shenzhen city, East River in
the Three Gorges Reservoir Region, etc. In recent years, domestic researchers,
combined with river health evaluation with the management science, statistics, etc.,
led to the occurrence of river health evaluation based on the projection pursuit—
extension set theory [14], prediction—comprehensive index evaluation model [15]
and river health evaluation based on the entropy weight comprehensive health index
method [16]; therefore, the thought and scope of research was gradually expanded.
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On the whole, this concept was only regarded as a kind of river management and
development tool when it was just proposed, and then gradually turned into an
indicator to measure the river ecosystem conditions and social service function to
implement the river sustainable management policy in a targeted manner.

2.2 Concept of River Health

Chinese experts and scholars pay more attention to its vitality and functional health
and emphasize the harmony between humans and nature, compared with the
understanding of foreign researchers [17, 18]. Dong [19] suggested to regard the
“sustainable utilization of ecological good river” as the interpretation of river
health. The academicians Liu and Liu [3] believe that “healthy rivers are the rivers
with balanced social function and nature function in a certain period”. Wu [20]
believes that “river health refers to that the river shall not only have a complete
ecological structure, but also provides reasonable social service functions”. The
academicians Wen et al. [21] give full consideration to the structural stability and
social service of rivers and emphasize the balance between development and pro-
tection, which embodies the important idea of sustainable development and
human-water harmony. At present, the domestically universally recognized defi-
nition is: river health is the unity of ecological value and human service value, and
health not only means the integrity in the sense of ecology, but also emphasizes the
normal exertion of river ecosystem service [7]. This has similarities with Meyer’s
[22] explanation that: in addition to maintaining the ecosystem structure and
function, river health shall also include the social value of the ecosystem and cover
the ecological integrity and service value to “mankind in the health concept”.

2.3 Essence of River Health Evaluation

In accordance with the research process at home, the essence of river health
evaluation is to establish a complete evaluation system by using the scientific tools
and methods and to research the ecosystem status of rivers and the change trend of
rivers’ service value to the human society under the dual drive function of natural
factors and disturbance of human activities. The evaluation results can not only
intuitively reflect the river ecological status and the potential service value to human
society to provide the basis of river development and protection for related
departments, but also can realize the transparency of information, so as to cause the
public to understand the current situation of rivers and reflect the fusion of science
and life.
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3 Domestic Evaluation Methods

Because of the limitation of actual conditions, the emphasis of domestic work lies in
the water quality improvement and water environment recovery. River management
from the angle of river health was started in recent years, and the research of river
health evaluation is still in the beginning stage. The current evaluation methods are
to establish the complete evaluation system based on related standards and to
determine the weight and score of various indicators of rivers such as the hydrology
and water resources, biological and physical structure, chemical characteristics,
water quality, social service function, etc. The river health index (RHI) would be
calculated through weighting and then the health degree of rivers would be
determined according to the value of RHI.

On the basis of drawing lessons from foreign advanced technology, China’s
three major river basin administrative agencies [9–11] and some researchers [3, 5,
7, 23] have initially established the health evaluation system for some rivers by
fully combining the current domestic river situation, insisting on the “human-water
harmony” concept and giving overall consideration to the ecosystem and social
service function of rivers. See Table 1.

Speaking from the point of view of evaluation principle, the evaluation methods
included in Table 1 belong to the multiple-indicators comprehensive evaluation
method which is the domestic common research focus. This method has many
reference factors compared with the model prediction method; and it not only
considers the ecological status of rivers, but also pays attention to the social service
function of rivers, which can comprehensively, accurately and objectively reflect
the river health status and has the characteristics of multiple indicators, multiple
spaces and multiple time scales; therefore, it is the development direction of the
river health evaluation. Through comparison of the evaluation indicators in Table 1,
it can be seen that different methods basically include the evaluations in aspects of
organisms, river form and water quality, etc., while different evaluations may have
different focus points of the research area and also have different ideas about the
classification of river health class. However, from the point of view of current
researches, there are certain defects in the multiple-indicators comprehensive
evaluation method, such as the weight of indicators and score excessively relying
on the experts’ opinions, non-uniform evaluation criteria, deficient evaluation
precision, evaluation result unable to reflect the single index status and covering of
poor index, etc. All of these problems need to be solved.

4 Research Direction

China is very vast, the difference in geographical conditions, ecosystem, economy,
and society is very obvious between different river basins, different rivers, even
upstream and downstream of the same river. Meanwhile, the strength of human
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Table 1 Comparison of domestic river health evaluation methods

Main proposer Evaluation region Evaluation index and method

Yangtze River
water resources
commission

Yangtze River Establish the 4-level evaluation system
consisting of general target layer,
systematic layer, status layer and
element layer, including 18 evaluation
indicators such as the water and soil
resources and water environment
condition, river integrity and stability,
aquatic biodiversity, flood storage
capacity, service ability, etc. [9]

Yellow River
water resources
commission

Yellow River Including 9 indicators, such as low-limit
flow, bank full discharge, flood
carrying capacity of the channel, water
quality classification of the water quality
category, wetland size, aquatic
ecosystems, the supply amount of the
Yellow River to human beings, etc. [10]

Pearl River water
resources
commission

Pearl River The evaluation system consists of the
general layer, systematic layer, status
layer and index layer, including 14
indicators such as the river bank, water
quantity, water quality, flood
prevention, power generation,
hydrology, etc. [11]

Chang-ming Liu Yellow River Use the water sand channel, water
quality, river bed form, river ecology
and river base flow as the indicative
factors [3]

Lei-hua Geng Lancang River basin Cover the functions in aspects of social
service of rivers, environment, flood
prevention, development, utilization and
ecology, and include 25 indicators such
as the urban water supply probability,
irrigation probability, water and soil loss
ratio, change rate of flood carrying
capacity, water resources utilization
rate, natural vegetation rate, etc. [5]

Nan Zhang Liao River Use the 10 indexes (such as the BOD5,
DO, total nitrogen, integrity of
benthonic animal) reflecting the habitat
quality, aquatic organism and physical -
chemical characteristics of the water
body as the evaluation indicators [7]

Yan-wei Zhao Trunk stream of Yong River,
Yan River, Xi River and Fuxi
river in Ningbo

Include 5 basic elements (water
quantity, water quality, aquatic
organism, physical structure and
riparian zone) and 17 standards such as
the development and utilization rate, the
index of water quality pollution, fish
biological integrity, etc. [23]
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disturbance to rivers is also not identical. When an evaluation of a specific actual
river is made, the target of management and assessment could be a big difference,
so the research of river health assessment presents different trends. However, the
basic directions include three areas: urban river health evaluation, evaluation on the
habitat of living things, evaluation on the influence of inter-basin water transfer.

4.1 Urban River Health Evaluation

As the key carrier of resources and the environment in the process of urban for-
mation and development, a river is an important factor affecting urban style and
beautifying the urban environment; it relates to the urban survival and restricts the
urban development [24]. Along with the constant advancement of China’s urban-
ization process, more and more populations are concentrated in cities and the urban
scale expands unceasingly, leading to the continuous increase of industrial water
demands and the sewage produced. Generally speaking, an urban river is the
important local water supply source, and the water quantity and quality of rivers
directly influence the living of local residents and social economic development.
Therefore, it is of practical significance to strengthen the urban river health eval-
uation and provide the theoretical basis for the future development of cities.

4.2 Evaluation on the Habitat of Living Things

River habitat is an important part of the river ecological system and is also the
combination of physical, chemical and biotic conditions required to provide living
environment for the river organisms. It relates to the biological food chain and
energy flow process, and directly reflects the river health status [25, 26]. With the
expansion of the scope of human activities and strengthening of human activities in
recent years, the area of habitat has shrunk and fragmented gradually; and the
biological diversity of habitat continues to decline and even be extinct.
Enhancement of evaluation on the quality of the biological habitat will be favorable
to reasonably controlling the utilization of water resources and also an important
step to realize the ecological restoration of rivers and implement the ecological
civilization construction of rivers.

4.3 Evaluation on the Influence of Inter-basin
Water Transfer

At present, problems such as uneven spatial and temporal distribution of water
resources, regional water resources shortage, etc. exist in China, especially in
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Beijing, Tianjin and Hebei in north China that are facing the severe water shortage
problem. The inter-basin water transfer project is one of the important means to
solve the regional water problem and enhance the optimum configuration capacity
of water resources. With the successive construction of the water diversion project
from Yellow River to Shanxi province, the water diversion project from the
Yellow River into Qingdao, Water Diversion Project from Luanhe River to
Tianjin City, east route and central route of the South-to-North Water Diversion
Project and Hanjiang-to-Weihe River Water Transfers Project, etc., the practice
has proved that inter-basin water transfer projects will influence the ecological
environment of the water transfer region, water storage region, area along the
water transfer line and water-receiving area and will also change the original
ecological environmental system [27]. Strengthening the evaluation on the water
quality, water quantity and biological diversity, etc. in the water source area,
water-receiving area and areas along the line of the water transfer projects are also
an important part of the river health evaluation. Evaluation and timely adjustment
of the water transfer scale and time can form a virtuous cycle of water resources in
related areas and better promote the development of the local economy and
society.

5 Prospect of River Health Evaluation

China is a vast area, so the natural geographical conditions and economic and
social development situation between different river basins will be obviously
different and show a typical regional characteristic. Different river basins also
suffer different strengths of disturbance of human activities and show different
development trends. In future work, the connotation of river health should be
constantly enriched, the appropriate evaluation indexes selected based on the river
characteristics, and the appropriate weights determined to establish a compre-
hensive evaluation system, so as to make objective and accurate evaluation of the
river health status. Related river management departments should establish a more
comprehensive monitoring system and strengthen the collection of basic data to
provide more information for river health evaluation. Meanwhile, they should also
develop the correct solutions, implement the development, protection and eco-
logical recovery properly and ensure that the needs of human social development
are met under the premise of sustainable utilization of rivers.
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Dissolution Experiment of the Halite
of Palaeogene Shahejie Formation,
Shulu Sag, Eastern China

Langtao Liu, Chao Jin, Shuantong Shangguan, Yang Li,
Chenyang Xu and Lei Li

Abstract Dissolution mining is the main production mode for well salt.
Understanding the dissolution property of halite is very important controlling
mining efficiency and to predict shapes of the salt cavern. The dissolution experi-
ment of the halite of Paleogene Shahejie Formation, Shulu Sag, and Jizhong
Depression is conducted in this study. The results show that, along with the rise of
baume degrees, the lateral dissolution rates decline gradually from 7–8 to 1–2 mm/
h; and the lateral dissolution angles increase gradually from 9° to 34°. The contents
of NaCl of the brine increases linearly, from 50 to 320 g/L, while the contents of
the CaSO4 stay around baseline. More than 77% of the dissolution residues are
smaller than 2 mm and the sinking rates of these fine residues are very little, from
2.8 to 2.0 cm/s. These results indicate in the early stage of the mining that fresh
water should be injected to accelerate the forming of the caverns; and in the late
stage of the mining, brine of low concentration should be injected, which will help
to maintain the high dissolution rates and discharge the residues in a timely manner.
This will guarantee the long-term continuous production of the salt mine.

Keywords Shulu Sag � Paleogene � Shahejie Formation � Halite
Dissolution experiment

L. Liu � C. Jin (&)
Collaborative Innovation Center of Coal Exploitation, Hebei University of Engineering,
Handan, Hebei, China
e-mail: baobei181920@126.com

L. Liu � C. Jin � Y. Li � C. Xu � L. Li
Key Laboratory of Resource Survey and Research of Hebei Province; School of Earth
Science and Engineering, Hebei University of Engineering, Handan 056038, China

S. Shangguan
The Second Geology Team, Hebei Coal Geology Bureau, Xingtai 054001, China

© Springer International Publishing AG, part of Springer Nature 2019
W. Dong et al. (eds.), Sustainable Development of Water Resources
and Hydraulic Engineering in China, Environmental Earth Sciences,
https://doi.org/10.1007/978-3-319-61630-8_15

185

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-61630-8_15&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-61630-8_15&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-61630-8_15&amp;domain=pdf


1 Introduction

Dissolution mining is the main production mode for well salt. The principle of
dissolution mining is that salt dissolves easily in water. The mining method is
pumping water into the halite deposit, dissolving the halite underground and
pumping brine onto the surface [1, 2]. The feature of this method is transforming
halite deposit from solid to liquid, which simplifies the mining process, as well as
increases mining efficiency and cuts the mining cost. The dissolution rate of halite is
an important technique index of dissolution mining. The rate is concerned with
dissolution property, the grade of halite deposit and the nature of solvent [2, 3].
Dissolution rate has an effect on mining efficiency, the shape of caverns and the
sustainability of mining. Xinji-Ningjin Halite Mine was discovered in Xingtai,
Hebei in 2010. The halite deposit hosts in the lower part of Paleogene Shahejie
Formation, Shulu Sag. The prognostic resource is about 110 billion tons [4].
A dissolution experiment was performed on the halite samples of this salt mine and
the detailed parameters of the dissolution property were obtained. These results
offer a significant guidance to set the concentration of solvent and predict the
developing shape of caverns. It will also realize the long-term continuous pro-
duction of this salt mine.

2 Regional Geological Settings

Shulu Sag is in the south end of the Jizhong Depression, which belongs to the
Bohai Bay Basin, eastern China. Shulu Sag is a Cenozoic basin developing on
Paleozoic basement. This NNE spreading sag is a half-garben basin with a normal
fault in the east and lapout in the west. The boundary between Shulu Sag and Xinhe
Uplift to the east is the Xinhe Normal Fault. The boundary between Shulu Sag and
Ningjin Uplift to the west is the paleo-denudation line. The boundary between
Shulu Sag and northern Shenxian Sag is the Hengshui Normal Fault. The boundary
between Shulu Sag and southern Xiaoliucun Uplift is a normal fault [5] (Fig. 1). In
the interior of Shulu Sag, the west part is the West Slope Area and the east part is
the lake basins area, which is divided into three incompletely connected parts by
Taijiazhuang Uplift and Jingqiu Uplift. The three parts are North Sag, Central Sag
and South Sag. Combining with the two uplifts, it presents the structure framework
of “three sags alternated with two uplifts” [6, 7]. The water in the three sags
gradually salinized from north to south and it developed sandstones-mudstones,
marlstones and gypsum-salt rocks, respectively [8]. The Xinji-Ningjin Halite Mine
is located in the South Sag (Fig. 1) and Caochang Halite Mine of this research is
located in the west of the Xinji-Ningjin Halite Mine.

In Cangchang Halite Mine area, Quaternary developed alluvial-diluvial and
lacustrine clay, silt-fine sands and gravels; and it is 400–550 m thick. Neogene
Minghuazhen Formation developed brownish-red, brownish-yellow and purplish-red
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mudstones, siltstones interbedded with siltstones and fine sandstones; and it is 450–
500 m thick. Neogene Guantao Formation developed purplish-red, greyish-green,
brownish-yellow mudstones interbedded with grey-white, light yellow fine-medium
sandstones with a layer of gravelly coarse sandstones in the bottom; and it is 450–
550 m thick. Paleogene Dongying Formation developed purplish-red, greyish-green
mudstones, silty mudstones interbeddedwith greyish-white sandstones; and it is 700–
900 m thick. Paleogene Shahejie Formation can be divided into four sections, the first
to the fourth member of Shahejie Formation from the top to the bottom. The first
member is the main salt-bearing layer, which developed dark purple, brownish-red,

Fig. 1 Regional structures of the Shulu Sag (modified from [6, 7])
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greyish-green mudstones interbedded with purplish-red, greyish-green, greyish-
white siltstones-fine sandstones, grey marlstones and greyish-white gypsum rocks in
the upper-middle part and light grey, brownish yellow, brownish red, greyish white
salt rocks interbedded with grey marlstones, mudstones and gypseous mudstones in
the lower part; and it is 600–800 m thick. The second member developed red sand-
stones, mudstones interbedded with gypsums and halites; and it is *450 m thick in
this region. The third member developed grey mudstones, oil shales interbedded with
grey sandstones, gypsums and halites; and it is *200 m thick in this region. The
fourth member developed dark grey mudstones interbedded with greyish white silt-
stones, with a layer of conglomerates in the bottom; and it is *200 m thick in this
region [4, 9].

3 Sampling and Experiment

The Second Geology Team, Hebei Coal Geology Bureau, drilled two wells in
Caochang Halite Mine, Y-1 and Y-2. Four halite core samples were collected from
the two wells in the first member of Shahejie Formation (Table 1). The length of
halite samples is more than 20 cm, and the diameters are more than 90 mm.

The dissolution experiments of the halite samples were performed in the Central
Laboratory of the China Chemical Geology and Mine Bureau. The experiment
processes were according to the “Experiment Methods and Requirements in
Laboratory of Salt Ores Dissolution” of “Geological Exploration Specification of
Salt Lake and Salt Minerals” [10].

For lateral dissolution experiment, the halite samples were placed on the bottom
of the dissolution pool and the test surface steeped in still water. The baume degree,
lateral dissolution angle and the weights of samples measured were left every
15 min, until the baume degree reached 24 °Bé.

For the top dissolution experiment, the halite samples were hung at the same
level in the dissolution pool and the test surface steeped in still water. The baume
degree was measured, top dissolution depth and the weights of samples left every
15 min, until the baume degree reached 24 °Bé. The top dissolution depth is for

Table 1 Sampling information

No. Well Depth (m) Strata Lithology

CC01 Y-1 2730 The first member of Shahejie
Formation

Smoky gray fine-crystalline
halite

CC02 Y-1 2874 The first member of Shahejie
Formation

Light smoky gray
medium-crystalline halite

CC03 Y-2 2713 The first member of Shahejie
Formation

Smoky gray fine-crystalline
halite

CC04 Y-2 2827 The first member of Shahejie
Formation

Light smoky gray
medium-crystalline halite
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calculating the top dissolution rate and the weight of samples left is for calculating
the whole sample dissolution rate.

4 Results

Lateral dissolution rates of the four samples are basically consistent. The rates
decline gradually along with the rise of baume degree of the brine, from 7–8 mm/h
of the first stage to 3–4 mm/h of the fourth stage; and they match linear trend
(Fig. 2, left). The rates get rid of the linear trend and decline sharply in the last
stage, down to 1–2 mm/h (Fig. 2, left). The lateral dissolution angles increase
gradually along with the rise of the baume degree of the brine, from *9° in the first
stage to *34° in the fourth stage (Fig. 2, right). The angles have an indistinctive
increase, about 4° in the last stage (Fig. 2, right).

The top dissolution rates are not consistent in the first stage, ranging from 9 to
13 mm/h. The rates decline gradually along with the rise of baume degree of the
brine and match linear trend. The rate difference among these samples becomes
small, down to consistent 1 mm/h in the last stage (Fig. 3, left). The whole sample
dissolution rates are very similar to the top dissolution rates (Fig. 3, right).

By analyzing grain size of the residues of the dissolution experiments, the
residues are very fine. The content of residues finer than 0.1 mm is 21–40% and the
content of 0.1–2 mm is 44–67%. The total content of these two grain grades
reaches 77–100% (Fig. 4).

Sinking rates of the residues decline gradually along with the rise of the baume
degree of the brine, while the decline scope of 2 mm residues is very small, from
2.8 to 2.0 cm/s and the change tendency of the four samples are very consistent
(Fig. 5, left). The decline scope of 5 mm residues is relatively large, from 19 to
14 cm/s, from 13 to 10 cm/s. The samples from the same well have completely the
same change tendency and the samples from different wells have different change
tendency (Fig. 5, right).

Fig. 2 Change tendency of the lateral dissolution rates (left) and lateral dissolution angles (right)
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The component analysis of the brine with different baume degree indicates all
the samples show almost a completely consistent change trend. The component of
NaCl increases linearly from 50 g/L in the first stage to 320 g/L in the last stage.
The component of CaSO4 is very low in all stages, and it does not leave the baseline
(Fig. 6).

Fig. 3 Change tendency of the top dissolution rates (left) and the whole sample dissolution rates
(right)

Fig. 4 Grain size constitutes of the residues (fine grain, <0.1 mm; medium grain, 0.1–2 mm;
coarse grain, 2–10 mm)

Fig. 5 Sinking rates of residues (the left is for 2 mm residues; the right is for 5 mm residues)
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5 Discussion

Along with the rise of baume degree, the lateral dissolution rates, the top dissolution
rates and the whole sample dissolution rates decline remarkably, which indicate the
concentration difference is the motive power of the dissolution of salt minerals [1,
11, 12]. This result is consistent with the neighboring Jichangzhuang Halite Mine
[13]. The lateral dissolution rates of the high-grade halite of Yingcheng, Hubei
stabilize in high level in the first-second stage; and they occur in a remarkably
linearly decline in the third-fifth stage [14]. The change tendency shows a difference
in this study. The lateral dissolution rates decline linearly in the first-fourth stage,
while they decline non-linearly in the last stage (Fig. 2, left). The grade of the
samples of Caochang Halite Mine reaches 93% [4], which means the grade of
halites in the two mines is high. The remarkable differences of the lateral disso-
lution rates between the two mines may be caused by the high content of mirabilite
in the Yingcheng Halite Mine [14].

The lateral dissolution angles in the last stage are stable, between 35 and 38°
(Fig. 2, right). This is in the range of lateral dissolution angles of the Yingcheng
Halite Mine, 36–52° [14], while it is very different from the range of the last stage
of neighboring Jichangzhuang Halite Mine, 10–16° [13]. This indicates during the

Fig. 6 Component analysis of the brine with different baume degree

Dissolution Experiment of the Halite of Palaeogene Shahejie … 191



mining of this halite mine, the lateral dissolution will play an important role in the
forming of caverns, which is different from the neighboring mine.

The top dissolution rates of this research are high in the first stage, 9–13 mm/h
(Fig. 3, left), which are obviously higher than the top dissolution rates 6.0 mm/h of
the same stage of the Yingcheng Halite Mine [14]. This indicates the top dissolution
rates will also play an important part in the forming of caverns, which is consistent
with the neighboring Jichangzhuang Halite Mine [13]. The large lateral dissolution
angles and high top dissolution rates indicate that fresh water should be used as a
solvent to accelerate the forming and enlargement of caverns.

The grain sizes of dissolution residues have close relations with the mining
sustainability of halite mines [3]. Most residues of this study are smaller than 2 mm,
which accounts for more than 77% of all the residues (Fig. 4). The sinking rates of
this part of the residues in still water are less than 2 cm/s (Fig. 5, left). The residues
larger than 2 mm have relatively high sinking rates (Fig. 5, right), but their contents
are very low, which will not affect the continuous mining of this mine. This sug-
gests during the normal mining or late mining that brine with low concentration can
be used as a solvent, which will keep the mining efficiency and sustainability of this
halite mine.

The content of NaCl rises remarkably along with the baume degree of the brine,
and the content of CaSO4 stays in the level of a trace amount (Fig. 6). This indicates
the main component of the halite of this mine is NaCl and its grade is very high [4].
The linear tendency of the content of NaCl shows its content acceleration does not
decline along with the slowing down of the lateral dissolution rates.

The dissolution rates of halite are influenced by lots of factors, such as the
dissolution property of salt mineral, the grade of ore, the property of solvent, the
flow rate of solvent, the concentration of solution, the space location of dissolution
surface, the temperature and pressure of ore, etc. [2]. In this study, only the dis-
solution rates of halite are considered in still water in normal temperature and
pressure. In the real mining process, the halite ores locate at the depth of *2800 m
underground, where the temperature and pressure are very different from that on the
surface, and the real dissolution rates must vary from the results of this experiment
[2, 3, 12]. In addition, during real mining, the solvent flows all the time; therefore,
the speed of flow will also influence the dissolution rates [1, 3]. In the future
experiments, a new process will be designed to take into consideration the tem-
perature, pressure and flow rate.

6 Conclusions

(1) The lateral dissolution rates, top dissolution rates and the whole sample disso-
lution rates of halite samples of the Caochang Halite Mine decline gradually along
with the rise of baume degrees of the brine and the lateral dissolution angles of the
samples rise gradually along with the increase of baume degrees. Both the lateral and
top dissolutions play an important part in forming and developing caverns.
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(2) Most dissolution residues are very small, and they sink very slowly in still water,
which will not influence the continual mining. (3) Along with the rise of baume
degrees of the brine, the content of NaCl increases remarkably and the content of
CaSO4 stays in trace amount. This indicates the main content of the halite is NaCl and
its grade is very high.
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Water Resource Development
and Ecological Reclaim in Chinese
Fen River Basin

Xiao-Hong Zhang and He-Li Wang

Abstract In this paper, the author put forward some views and suggestions on
water resources utilization and management and the ecological environment pro-
tection process in the future, through a new historical perspective of Fen River basin
water resources development and the governmental efforts to solve the ecological
troubles it caused. Fen River is the largest river in Shanxi Province and number two
of Yellow River’s first-grade tributaries. Along with the development of the social
economy and changes in the natural climate environment, Fen River basin appeared
to have serious ecological environment problems, an increasingly serious shortage
of water resources and pollution trouble which brought about the bottleneck of
ecological and economic development in Shanxi Province, and affected the water
quality and flow of Yellow River. Since the founding of new China, there have
been four massive, systemic governances of Fen River focusing on surface water
development, utilization of groundwater, flood control for security, and recovery of
clean water flow, respectively. All have made some significant achievements;
however, the governances have not been able to fundamentally solve the problems
of the ecological environment under the limitation of temporal governing ideas and
capital. During the twelfth five-year projects Shanxi Province launched, the “two
longitudinal and cross ten” large water program, which aims at facing and solving
the trouble of uneven spatial and temporal distribution and guaranteeing the entire
province’s economic development demand of water resources by connecting the six
major rivers and their large and medium-sized reservoirs in the province, taking the
north trunk stream of Yellow River and Fen River as the two longitudinal trunks.
The ecological restoration planning outline (2015–2030) that Shanxi Province
issued in July 2015 sounded the horn of large-scale administering in Fen River
basin for the fifth time. This new round of river basin ecological management must
include: ecology—resources—environment—society—economy, the five elements
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which should be balanced considerations, none of which are dispensable; from
divided ruling to shared governance within basin, from passive decontamination to
active anti-fouling, from focusing on engineering construction at master stream
to balance controlling of whole basin, all relevant departments and personnel need
to create new ideas and actions.

Keywords Fen River basin � Ecological environment � Water resource
Ecological restoration

1 Introduction

Fen River is the largest river in Shanxi Province, and the second one of the first
order tributaries of Yellow River (Fig. 1) [1]. It originates from GuanQin Mountain,
which is in the east village Town of Ningwu County in Shanxi Province. The total
length is 695 km, of which the upstream section (217.6 km) is from the source to
Lan Village stone mouth, going through the Lvliang mountains; the middle section
(266.9 km) is from Lan Village to the beach of Hongtong county, which basically
belongs to the river basin plain; the downstream segment (210.5 km) is from
Hongtong beach to the estuary into Yellow River, as one of the main agricultural
bases in Shanxi Province. The whole river basin area is 39,741 km2, involving 45

Fig. 1 Plane graph of the Fenhe River basin

196 X.-H. Zhang and H.-L. Wang



counties (or city areas) of the 7 cities: Xinzhou, Taiyuan, Jinzhong, Lvliang, Linfen,
Yuncheng, Changzhi. With less than a third of the entire water resources, it pro-
vides 41% of the water required for the population in the province and contributes
half of the gross domestic product. Both coal reserves and coal production in
Shanxi account for a quarter of China, and the province diversion volume accounts
for 70% of the nation. Coal production, as the main mode of economic development
for half a century, has brought about the cost of ecological environment deterio-
ration within the scope of the whole province. As the focus of the economic
development of Shanxi Province, the most developed area, Fenhe River basin has
been facing a serious shortage of water resources, severe soil erosion and water
pollution problems, which have become the bottleneck of the local development.
To face and solve these problems correctly is crucial for the ecological economic
development in Shanxi Province and even the comprehensive control of the Yellow
River basin. The purpose of this article is to introduce constructive thinking and
suggestions for the future management and utilization of basin water resources and
ecological economic development through the observation and review of its
changes in the quantity and quality of water resources and ecological environment
problems co-existent with economic development, and the governmental responses
to it.

This figure was quoted from the article of “The Impact of Climate Change on the
Duration and Division of Flood Season in the Fenhe River Basin, China”, which
was written by Wang et al. [1].

2 Review of the Water Resources of Fen River Basin

The Fen River basin is often divided into two parts in the Shanxi Province water
resources bulletin: the middle-upper stream and the downstream. The data that was
found from 2007 and 2008 can represent the water resources status in the new
century somehow (and the only shared data that could be found by a non-staff
person of the water department), contrasted with an average of 45 years series
(1956–2000).

2.1 Quantity of Water Resources

As shown in Fig. 2, the average total water resources quantity in Fen River basin
for the 45 years series from 1956 to 2000 is 3.359 billion m3, with a runoff of 2.067
billion m3 and a groundwater of 2.409 billion m3; the duplicated amount between
surface water and groundwater account for 33.3% [2]. It is an important feature of
surface water and groundwater to repeat for a larger proportion in the total water
resources. While some large karst springs were used by wells, they are rapidly
lowering, even cutoff in the clear water flow in the surface river. Compared with

Water Resource Development and Ecological Reclaim … 197



that of 1956–2000, the water resources quantity of Fen River basin in 2007 and
2008 had reductions, and the two annual amounts decreased by 17% and 28%,
respectively, included in which the mid-upper stream damping were 15 and 27%,
the downstream were 66 and 45% lower. The surface runoff decreased basin-wide,
while the groundwater reduction only occurred severely downstream. However, in
the mid-upper stream, it slightly increased.

All data were directly or indirectly from the Shanxi Province Water Resources
Bulletin, which involves the quantity and quality of water resources sorted by basin
and was found on the internet [2].

Basin water resources quantity and local climate, vegetation, topography and
other natural conditions and social economic development are closely related. With
the trend of global warming, for half a century Fenhe basin has had an obvious
drying tendency; annual precipitation was in a declining trend, especially in the
1970–1990s of last century [3, 4]. This drying trend eased after entering the new
century; in 2000–2013 the average rainfall was 510 mm, which rallied 10% of that
in the 1990s (462.9 mm average) [5]. The selected 2007 and 2008 belong to the
exceptional drought years, of which annual rainfall was only 45 and 34% of the
average value in the new century, and far less compared with the average during
1956–2000 (Fig. 3).

How much of the precipitation transformed into basin water resources reflects
the local underlying surface properties and human intervention on the process of
water resources. From the calculation results in Table 1, compared with that of
1956–2000, the basin rainfall resource conversion rate of 2007 and 2008 were
continuously improving. It was more than double the total water resources con-
version, and the downstream area is 7–8 times higher due to the effect of
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superposition of the upstream water. That should attribute to the continuous work of
soil and water conservation and water storage management in Fen River basin after
the foundation of the new nation.

2.2 Water Resources Utilization

Overload of water resources is the issue that has always been for Fen River basin,
which is one of the causes of ecological environment deterioration. In the Chinese
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Table 1 The conversion ratio of precipitation in Fen River basin (%)

Runoff Groundwater Repeated
amount

Total water
resource

1956–2000 Whole basin 10.35 12.06 5.60 16.81

2007 Whole basin 16.59 26.03 12.39 30.23

Middle-upper
stream

20.65 33.70 16.60 37.75

Down stream 74.50 108.59 48.21 134.88

2008 Whole basin 18.39 31.55 15.60 34.33

Middle-upper
stream

22.79 41.63 21.35 43.07

Down stream 83.18 126.72 57.88 152.02
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Ministry of Water Resources’ project planning for energy based in north China and
Shanxi Water Resources Research in 1990, Fen River basin runoff utilization rate
was 80% [6]. According to a study on the bearing capacity of water resources in
Shanxi Province, Fen River basin water resources development has already reached
its limits in 1998 [5]. The surface water utilization rates in 2007 and 2008 were
between 63 and 85%; the 38.4% of 2000 was calculated by the temporal water
resources utilization based on the average total water resources from 1956 to 2000
(Table 2). However, in fact, the amount of surface runoff was only 8.11 � 108 m3

as a dry year and the actual temporal utilization rate was as high as 97.78%.
Internationally recognized the rational development and utilization rate of surface
water is 30–40% [7, 8]. Referring to the calculation results of the ecological water
requirement [6, 9] to take 30% as the safe utilization rate for mid-upper stream and
40% for downstream, Fen River basin surface water resources was overloaded by
1–3 times.

The long-term unreasonable groundwater overdraft led to the declining of the
underground water level and the formation of multiple urban funnel areas within
Taiyuan basin and Linfen basin. For example, in 1965 the funnel area with closed
area of 11.2 km2 occurred and the buried depth was 16 m in Taiyuan city, while in
1987 the funnel area expanded to 298 km2 and the buried depth dropped to 55 m.
Although Taiyuan, Linfen, Lvliang, and Jincheng began to gradually implement the
shut-in well and suppressing action to reduce the area of groundwater overdraft
since 2003, and the groundwater level in some regions has stopped decreasing and
even began increasing [10, 11], this recovery process was very slow, and had
inversion because of the huge upfront overexploitation. According to Shanxi
Province water resources evaluation, compared with 1986, 2010, Taiyuan basin and

Table 2 The water resources utilization in Fen River basin (108 m3)

Year River
segment

Runoff Groundwater

Water
resource

Output of
supplying

Use
ratio
(%)

Water
resource

Output of
supplying

Use
ratio
(%)

2007 Whole 15.3199 9.7062 63.4 24.0365 15.9466 66.3

Mid-upper 9.7679 6.2232 63.7 15.9439 10.593 66.4

Down
stream

5.552 3.483 62.7 8.0926 5.3536 66.2

2008 Whole 12.8737 10.0685 78.2 22.0819 15.7927 71.5

Mid-upper 8.1561 6.877 84.3 14.8955 10.9407 73.4

Down
stream

4.7176 3.1915 67.7 7.1864 4.852 67.5

1956–
2000

Whole 20.67 7.93* 38.4 24.09 17.02* 70.7

Mid-upper 13.27 – – 14.76 – –

Down
stream

7.4 – – 9.33 – –

Note *the data was for 2000
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Linfen basin in plain groundwater level still fell cumulatively by 8.15 m and
3.81 m, respectively [12].

2.3 Water Quality of Fen River Basin

The environmental quality information posted on the website of China Public
Environmental Research Center [13] showed that Fen River is one of the most
polluted tributaries of the Yellow River. According to the report of the water
resources in Shanxi Province in 2006–2008 [2], down from Taiyuan Shop Bridge
the Fenhe River quality was all worse that can just be used as agriculture use water
and general landscape water. Actually, back by 10 years, from 1998 to 2007, it had
always been like this [14]. Upstream Lan Village and Jingle water quality was
relatively good, except for individual year individual items slightly exceeding the
standard, and could basically achieve II and III class standard. However, on the
village cross section, which is in Gujiao city, the water quality was always worse.
Regarding Fen River pollution, its mainly exceeded standard items are ammonia
nitrogen, petroleum, chemical oxygen demand (COD) and volatile phenol, which
are mainly from effluent sewage of coal gas, coking, petroleum, chemical, steel and
paper industry, synthetic materials, food, livestock and poultry feed and other
factories. According to the statistics, from 1998 to 2006 Shanxi Province annually
discharged effluent sewage by an average of 8.45 � 108 tons, of which industrial
effluent accounted for 77.5% and Fen River basin accounted for 40.1% [14].

3 Review of the Water Resources Development
and Ecological Economic Harnessing

3.1 Traditional Development Processes

As one of the most important forefronts of industrial and agricultural economic
development in Shanxi Province, Fenhe basin reflected the characteristics of a
different era of water resources development pattern and intensity with its economic
and social development process. Before the metaphase of the 1960s, it mainly held
the characteristics of retaining surface water, and had a large number of medium
and small reservoirs and irrigation areas. Although the water resources development
growth is larger, it was overall on a smaller scale, and water resources utilization
rate was less than 30%, which belongs to a low-level water consuming pattern. In
the mid-1960s to mid-1980s, priority was given to large-scale development of
groundwater with drilling supporting, and different degrees of water shortage areas
began to appear. That limited the further development and potential of regional
water resources. Therefore, industrial and agricultural production water consuming
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began to transition to a water-saving style, which started the attention to the inte-
grated management of water resources. Since the mid-1980s, it became a water
resources comprehensive development period to meet the energy-based construc-
tion and the economic and social development in Shanxi Province. The water
resources utilization rate had reached 70%, and the groundwater resources devel-
opment degree was higher. It was close to a threshold by the end of the 1990s; the
whole Fenhe basin had none or small further development and utilization potential
[7]. This period development approach gave priority to deep development and
optimizing configuration, and the integrated water resources management reached
quite a high level. The deep-water resources development lasted until the early 21st
century, as the results of Zhang and Feng [15]. Using the method of ecological
footprint to research Shanxi Province water ecological carrying capacity, in 2001–
2010 Fenhe basin showed ecological footprints that were greater than the water
resources carrying capacity and presented a water deficit over the years [15].

3.2 Clear Water Reoccurring Engineering of Fenhe
Water Streams

Continuous development caused Fenhe basin to face water resources shortage and
poor water quality, as well as ecological environment deterioration problems, which
had become a bottleneck restricting the further development of the local economy.
Since 2008, a systematic engineering involving many departments and
multi-disciplines, Fenhe Water Reflowing Engineering, officially started the eco-
logical environment governance with repair and protection work in the new cen-
tury. It also was an important part of the Large Water Project in Shanxi Province.
Shanxi large water network aimed at constructing an engineering skeleton covering
the entire province’s six big basins and major economic centers, taking the north
natural trunk of Yellow River and Fen River as the two main longitudinal lines and
plus the ten key traverse water supply system, to focus on the uneven distribution of
water resources and realize sustainable utilization efficiently. As one of the two
main lines, Fenhe streams in engineering played a vital role. According to the serial
dissertation reported [16], NingWu of Xinzhou, where Fenhe source lies, was
focusing on soil and water conservation and rational utilization. It was proposed by
implementing in stages of recent (2 years), medium (5 years) and forward future
(10 years) repairing, immigration reclamation and water conservation projects, to
reduce soil and water loss. In the middle stream Taiyuan and Jinzhong have
expanded and constructed new sewage treatment plants for sewage purification,
shut-in wells to compress groundwater consumption, and constructed artificial
wetlands to realize water body restoration. All these actions obtained certain effects;
for example, the underground water level of two water sources of LAN Village and
Xizhang had stopped decreasing and realized an increase again for the first time
since 1987. Linfen City, the downstream segment that was facing serious water
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pollution, started unprecedented governance within 3 km of Fenhe range by closing
down or relocating polluting enterprises that did not meet industrial policy or affect
Fen River water quality. In 2012, Linfen City began constructing “Fen River
Ecological Economic Zone in half hundred kilometers”. It took ecological
restoration as the starting point and implemented construction of roads, industrial
parks, cultural tourism and urban areas.

3.3 Further Ecological Restoration Plan in Fen River Basin

The new century’s Fen water reflow project has achieved initial progresses: surface
water regulation and storage functions have been significantly improved; the his-
tories of the drying of the Fenhe have ended; part of the local groundwater table
also achieved a cease in the decrease and a rebounding. However, the whole Fen
River Basin is still faced with falling water tables, reducing surface runoff, decrease
and degradation of vegetation, soil erosion and other outstanding issues. The
watershed’s own “blood” production and flow function have not been restored. In
July 2015, Shanxi provincial government formulated the “Fen River Basin
Ecological Restoration Plan (2015 to 2030)”. It can be said that this is the fifth
large-scale governance program of the Fen River in Shanxi Province. Its overall
goal is with multi-investment of ¥130 billion, after five years of construction and
10 years of natural restoration, that is after a total of 15 years of effort, to make a
substantial increase in groundwater reserves and the area of vegetation in Fen River
basin, to effectively control erosion and water pollution and make the groundwater
level rise, so as to have the reappearance of the splendid scenery of Fen River.
There are six specific measures included: 1. adhere to the principle of water-saving
priority through scientific configuration of land and water resources, vigorously
promote a water-saving society and encourage efficient use of water resources; 2.
rely on the built programs of Wanjia Village Yellow River Diversion, Yumenkou
Water Lifting, Citing Qin Water to Fen River, and the under-constructed Guiding
Yellow River in Central, Dongshan Water Supply Project, implement the “Giving
assistance to Fenhe with five waters”, increase the amount of surface water
resources and to protect the watershed healthy economic and social development
through the water transfer network in Fen River basin; 3. restore and build a number
of regulating water storage projects such as “string of pearls”, “bunch of grapes” in
low-lying areas on both sides of the Fen River, to make full use of flood resources
and make efforts to increase groundwater recharge; 4. define according to law the
Fen River and its major 9 tributaries’ source protection areas, closing off to
restoring vegetation, so as to achieve water conservation and increasing streams and
greenery; 5. strictly control the exploitation of groundwater in the basin, shut down
coal mines within protected spring fields and the nine tributary source protected
areas according to the law, strengthen the protection of eight large karst fields and
groundwater systems; and 6. in mountainous areas vigorously implement the
building of clean small watersheds; in plain areas control sewage discharge,
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strengthen pollution prevention through comprehensive treatment and sewage
interception at the 10 tributaries in Taiyuan City to utilize water resources [17, 18].

4 Thinking and Proposing

From the point of historical exploitation of water resources and ecological envi-
ronment management view, Fen River Basin watershed has also experienced the
old route of resource over-exploitation, environmental degradation and then eco-
logical restoration. More than 50 years of development after the founding of the
nation almost depleted its groundwater resources and caused it to face the problems
of surface runoff which is shrinking year by year, vegetation cover reduction,
exasperation of water quality and environmental degradation. Fortunately, at the
dawn of the new century, with the rise of the concept of sustainable development,
people began to awaken. Starting in 2008 the Water Flow Reoccurring up until
introduced in 2015 “Fen River Basin Ecological Restoration Plan (2015–2030)”
[18], the Fen River Basin governance and economic restructuring and development
organically combined, makes the future completely effective ecological recovery of
Fen River basin to be just around the corner. However, looking at the several
developing governance actions in Fen River Basin, there are two major issues to
note: first, it pays more attention to the development of resources but lacks effective
water pollution prevention and controlling; second, too much rely on the
government-leading and less popular participation.

4.1 Resolving the Importance to Water Pollution Problem

Water scarcity is a big problem throughout Shanxi Province, so it is natural that
several decades of governance of the Fen River basin was mainly centered on how
to get more water. The design of “Five Waters Assisting Fen River” in Shanxi
Large Water Network Engineering is mainly aimed at solving the uneven distri-
bution and shortage of water resources in the basin. In the “Fen River Basin
Ecological Restoration Plan (2015–2030)” the treatment of sewage discharge on 10
tributaries in Taiyuan was mentioned, but obviously the water pollution problem
was not the topical subject. It cannot be neglected that Fen River water quality has
not been resolved, especially, so far most of the time the middle and lower reaches
of the river were inferior class V, while the “Fen River Basin Water Pollution
Prevention Act” [19] has been issued and began to be implemented in 2005. It is
considered that in the early stages of the management of the water reflow project,
implementation of flood control, environmental protection, afforestation, land-
scaping, leisure and entertainment as one integrated work in Taiyuan, Linfen, etc.
basically avoided the sewage governance [20]. It is time for Fen River to take
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unified action on trunk and tributaries for pollution control, learning from the
experiences of River Thames and others.

4.2 Integrating Departments to Comprehensive
Management Within the Basin

To improve the antifouling and pollution control, it is necessary to pay much
attention to it and take action from the top to the bottom. The Government should
not just focus on GDP development overlooking and winking at contaminant
enterprise; those who created the pollution are responsible for treatment and it
should not be just a slogan as well. To urge its real action, it is rational to proceed
supporting subsidies to enterprise that have the ability to perform pre-sewage
treatment and to charge those with reasonable fees based on the number and nature
of emissions for sewage treatment plants’ operation and maintenance.
Comprehensive management of the whole basin requires breaking the boundaries
within administrating departments and industry sectors, having good communica-
tion and coordination on technology, policy, action and benefits, moving from
divide and conquer to basin cohabitation. A comprehensive management committee
of Fen River basin could be established on the basis of the original relevant
departments, such as the Upstream and Downstream Water Management Sites,
Fenhe Reservoir Authority and the Fen River Irrigation Authority, to discuss and
decide the allocation and utilization of water resources. Environmental Protection
Departments should be given sufficient regulatory powers for illegal sewage
investigating and treating. The Water Information Department should organize and
release information dynamically for the convenience of water use, management and
conservation.

4.3 Monitor and Open Dynamic Information to Common
Participation

Automatic monitoring stations built on municipal boundaries of Fen River basin
have been put into use. Relevant departments should make full use of this new
dynamic monitoring platforms to keep abreast of the changes in water quality and to
provide information supporting water pollution control, not only to the water
departments, but also to the public. Basin water governance requires the top-down
driven auspices, but also the bottom-up supporting and participation of the popular.
In terms of water pollution monitoring, if the public could immediately report to the
environmental protection department as soon as an abnormal condition occurred in
the river or they found some secretly sewage discharging, it would greatly improve
the efficiency of supervision. To increase public participation in the initiative, in
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addition to a good publicity and education program, more open and transparent
information is necessary. Bulletining on schedule the changes of water quality and
quantity, associated with development and utilization planning and implementation
progress basin-wide, so that all interested people can learn readily and conve-
niently, thus to actively participate in governance of the basin.

5 Summary

As the largest river in Shanxi Province and number two of Yellow River’s
first-grade tributaries, Fen River is confronting serious ecological environment
problems; increasingly serious shortage of water resources and pollution trouble;
and it is bringing about the bottleneck of ecological and economic development in
Shanxi Province, and affected the water quality and flow of Yellow River. A new
round of river basin ecological management measures are imperative, which must
include: ecological—resources—environmental—society—economy. The five
elements should be balanced in consideration; none are dispensable; from divided
ruling to shared governance within the basin, from passive decontamination to
active anti-fouling, from focusing on engineering construction at the master stream
to balanced controlling of the whole basin, all relevant departments and personnel
need to create new ideas and actions.
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Current Situation and Analysis of Water
Saving Irrigation Project in Hebei

Wenbin Chen

Abstract Hebei is a water resource shortage area, which relies on groundwater
alone. Massive and unreasonable exploitation of groundwater caused a series of
ecological and geological environmental problems, which pose a threat to the
economic and social development. In recent decades, Hebei has pioneered some
water-saving irrigation projects, aimed at increasing water and land productivity.
Analyzing the present water-saving irrigation situation in this province, benefits and
areas for improvement are proposed in this paper and can have a certain value in
this fields.

Keywords Groundwater � Water-saving irrigation � Water-saving
Hebei � China

1 Introduction

In China, the problem of water resources shortage is outstanding. Hebei is one of
the provinces with the largest amount of groundwater exploitation in China.
According to the Bulletin of Water Resources in Hebei, the total water consumption
is 193.1 billion m3 of which agricultural water consumption accounted for the
largest share of 72% [1]. Meanwhile, the overexploitation area of the plain has
reached 92%. Overexploitation of groundwater contributed to the groundwater level
decline, land subsidence, etc. The ecological and geological environment has
gradually deteriorated.

From 2003 to 2011, the settlement rate in the eastern part of Beijing exceeded
10 cm/year [2]. The deep groundwater in the north China plain has formed 13
subsidence centers, such as Cangzhou and Hengshui, and even the underground
water level of nearly 70,000 km2 is lower than the sea level. According to the China
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Geological Survey and according to data released since 1959, the north China plain
ground settlement accumulated over 200 mm, which km2 is more than 60,000 km2,
more than 40% of the north China plain area of 14 km2.

Hebei has less than 300 m3 of water per person and groundwater levels are
falling. Therefore, in 2015, we have selected five regions in Hebei province. These
five areas are the most serious land subsidence in Hebei province. Hebei province
was selected as the test site, where we implemented the underground water pressure
mining project and carried out water-saving irrigation measures. See Fig. 1 for the
test point area. The colored areas in the figure are the test points for the imple-
mentation of water-saving irrigation measures.

2 Agronomic Water-Saving Irrigation

2.1 The Technology of Water-Saving and Stable Production
of Winter Wheat

Wheat fields in overexploitation of groundwater were selected as these fields have a
greater ability to store water. In these areas, new seed varieties are promoted as they
have the characteristics of water-saving drought resistant. Meanwhile, some new

Fig. 1 Distribution of water-saving irrigation test points in Hebei Province
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techniques were included, for instance, deep loosening of the soil and adding reused
straw to the fields, etc. During the fertility period of wheat, water should be watered
down 1–2 times. After the implementation of the project, field irrigation water can
save 50 m3/l (µ is an area unit; 1 l is 666.7 m2.).

2.2 Adjustment of Planting Structure

Adjustment of planting structure is one of the main ways of saving and efficiently
utilizing water resources in the region. The principle of planting structure adjust-
ment is to consider the law of crop water demand, water supply and water shortage
under the premise of ensuring food security [3]. According to market demand,
water consumption should be increased, and production value should be increased.
Establishment of a water-saving and efficient planting structure by the proportion of
good economic crops should be put forward.

This measure is to change the original high-water consumption of field crops into
low water crops, trees, or fallow ground to aim at reducing the water consumption.
In the area of serious overexploitation of groundwater, the area of winter wheat
cultivated by groundwater irrigation should be reduced properly. The crops of
winter wheat and summer maize are changed into crops such as corn, cotton,
peanuts, anemone, and grains. To fully explore the yield potential of autumn crops
in the same period, in combination with the development of animal husbandry, the
development of corn, alfalfa and other crops is supported.

Due to the sharp decrease of irrigation water diversion, infiltration and replen-
ishment of underground water decreased, groundwater level decreased, ground-
water depth increased, and soil evaporation decreased in the field [4]. Through the
adjustment of the planting structure, the planting area of the crops with large water
consumption is reduced, the transpiration water consumption of the field crops is
greatly reduced, the water demand of the crops is reduced, and the irrigation water
is reduced.

3 Engineering Water-Saving Irrigation

In Hebei, governments often focus on two aspects in engineering water-saving
irrigation: surface water replacement of groundwater technique, and improvement
of groundwater utilization. Choosing a reasonable engineering technique could
improve the benefit of water-saving in agriculture.
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3.1 Determine the Irrigation Quota Under Different
Irrigation Methods

In order to ensure the accuracy and practicality of the data in this paper, the area
with different irrigation methods was selected as the experimental area and the
irrigation experiment was carried out. The experiment of determining irrigation
quota is divided into volume method and ultrasonic flow method.

(1) Volume method:

Firstly, on the water outlet, we should connect to a large bucket of 175L should be
connected and the time recorded when a bucket of water was filled. By formula:
q = v (bucket)/t, the flow “q” is calculated. (In this formula, “q” stands for flow; “t” is
the time it takes to fill a bucket of water; and “v” is the volume of the barrel for the
test.)

Secondly, the flow is not always stable throughout the irrigation. Therefore, the
volume method was used to measure three times and then calculate the average of
its flow. The formula is: Q(average) = (q1 + q2 + q3)/3.

Thirdly, the time required for irrigation completion of the selected pilot area is
recorded. By the formula: V = Q(average) * T, the amount of water needed at the end
of the irrigation pilot zone could be calculated. (In this formula, “V” is for irrigation
water consumption; “Q(average)” stands for average flow; and “T” stands for the time
required for irrigation to complete the pilot zone.) See Fig. 2 for the field
experiment.

(2) Ultrasonic flow monitor method:

The ultrasonic flow monitor was connected with the pipe by a coupling agent. After
the flowwas stable, it was measured once every minute. Finally, the flow value “q” in
the steady process is obtained. By formula: V = q * t, the water consumption—“V”
could be calculated. Figure 3 is the field diagram of the ultrasonic flow monitor.

Fig. 2 Volume method
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After the experiment, if the above two methods are basically consistent, then it
can be considered as an effective test. Finally, the irrigation quota under different
irrigation methods according to the formula: irrigation quota = water consumption/
area can be calculated.

Through the above two methods, the water consumption can be measured before
and after the installation of water-saving measures, and then the water-saving
amount of different irrigation methods determined, as shown in Table 1.

3.2 Improve Groundwater Utilization

To improve the efficiency of groundwater use sprinkler irrigation, implementation
water and fertilizer integration technology, etc. can be installed.

Water and fertilizer integration technology is the use of the water pressure
irrigation system, soluble solids or liquid fertilizers dissolved in irrigation water.
Then, through the controlled pipeline system, fertilizer is placed directly into the
soil near the root of the crop, which can accurately control the amount of irrigation
and fertilization, significantly improve the utilization of water and fertilizer, and
reduce water consumption. Meanwhile, water-saving irrigation equipment plays an

Fig. 3 Ultrasonic flow
monitor method

Table 1 Water saving in different engineering water-saving irrigation (m3/l)

Category Field cropsa Field crops Vegetable Chinese herbal medicine

Irrigation
method

Micro
sprinkler

Sprinkling
irrigation

Drip
irrigation

Micro sprinkler, drip
irrigation, etc.

Groundwater
saving

85 80–95 100–150 100

aThe field crops here refer to wheat and corn and µ is an area unit, 1 µ is equal to 667 m2
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important role in improving agricultural water use efficiency and increase in the
income of farmers and construction of ecological environment [5]. It also has an
important strategic position to ease the shortage in water resources, ensure the
national food security, and promote the rural economy.

In recent years, although the speed of micro-irrigation in Hebei has developed
rapidly, the products of micro-irrigation equipment are basically matched; and the
model specifications are complete; however, the high-end products are less.

At present, this technology is applied in three aspects in Hebei: are field crops,
vegetables, Chinese herbal medicine. Although these three aspects of water-saving
principle are the same, the irrigation methods are different (see Table 1).

From Table 1, it can be seen that it is also a field crop, which is more
water-saving than micro-spraying. After the implementation of water-saving mea-
sures, the vegetable water-saving effect is the largest, which can save 100–150 m3/l
of groundwater compared with the previous border irrigation.

3.3 Surface Water Replacement of Groundwater Technique

Overexploitation of groundwater causes ecological problems such as subsidence of
the ground. Through the construction of channels and ponds, the part of irrigation
district irrigation using surface water, reduced the consumption of groundwater.

Because the water demand in each project area and the amount of river water
allocated by the government are different, the calculation method of groundwater
saving is different. If the water requirement of the surface water in the region is
greater than the amount of water allocated to the region by the government, the
surface water can displace part of the groundwater. If the water requirement for the
surface water in the area is less than the amount of water allocated to the region by
the government, all the groundwater will be replaced by the surface water.

Through the investigation of the engineering test site, it is concluded that the
implementation area of surface water replaces the groundwater project and the
underground water saving in the urban. This is shown in Table 2.

Table 2 In the surface water
displacement groundwater
project, the underground
water saving in each area

Area (m2) Groundwater saving (m3)

Shijiazhuang 4.85 365.40

Cangzhou 51.13 6170.51

Hengshui 69.35 5459.91

Xingtai 24.85 2245.88

Handan 47.14 5194.92

Total 197.32 19,436.62

214 W. Chen



4 Management Water-Saving Irrigation

Agriculture is a big water user in all aspects, and it is an important work to
strengthen the use of management in agricultural. Management of irrigation water is
an important link in the application of water-saving irrigation.

First, with the increasing shortage of water resources and the increase of water
demand in the development of agricultural production, the importance of planned
water and water volume work is becoming more and more important. Hebei carried
out a program to strengthen the management of water supply quotas.

Second, agricultural water price reform: development of reform programs to
estimate the price standards and funds in different regions in Hebei. With the new
situation of the agricultural economy structure adjustment, the scale of the
water-saving irrigation project was expanded; and the state of the implementation of
the policy to encourage grain crops, accelerate the pace of price reform, the
establishment of a reasonable price formation mechanism and effective water fee
collecting methods is imperative.

Third, finish water right on the basis of the right to register: (water right refers to
the ownership of water and the general term for the right to use water.) Hebei
selected pilot areas for the trading of the city’s agricultural water rights. In recent
years, water rights, water prices, water market transactions and other water rights
management problems have been applied and practiced in Hebei, which show
significant water-saving effects. The initial water rights, the water market and the
transfer of water rights are the basic contents of the water right management system.

5 Benefits and Suggestions

5.1 Benefits

Water-saving irrigation could reduce the water lost in the irrigation process and
increase the yield and output value. As Hebei is paying close attention to the
development and research of water-saving irrigation technology, remarkable suc-
cess has been achieved. Refer to Table 3 on different measures of water saving.

From Table 3, it can be seen that surface water displacement groundwater
project saves the most groundwater. However, that does not negate the effect of
other water-saving facilities because the area of different water-saving measures has
a great impact on saving the underground water. The area of planting structure is
small, so the underground water conservation is relatively small. Generally
speaking, water-saving facilities play an active role in saving groundwater.
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5.2 Suggestions

Although Hebei is developing water-saving irrigation systems in a wide scope, the
majority of farmers cannot reasonably use water-saving irrigation facilities. Thus,
water saving cannot be maximized and waste of resources. It is necessary to do a
good job of education guidance to farmers ahead of time, execute the standards
strictly, ensure famers can select equipment and improve management. However,
there are many difficulties in managing these concerns. Government and authorities
should strengthen supervision and administration of their work in water-saving
irrigation.

To sum up, following are suggestions:

1. Governments at all levels, especially those below the county level, must
establish special organizations in the formulation of water-saving plans.
Formulating a unified water-saving development plan. A file should be set up
and strictly enforced.

2. In the implementation of water-saving irrigation on flexibility, attempt to meet
the masses need to avoid the contradiction of farming. To do a thorough and
careful investigation into the household, it is necessary to determine the actual
outlet of the peasant household, because farmers are the performers of
water-saving irrigation.

3. The state should give different support in accordance with the degree of local
water shortage and local financial capacity. Local governments should make a
correct assessment of local water resources. The state should increase support
for areas with severe water shortage and overdependence of agricultural pro-
duction on groundwater. Before putting water resources into various economic
work, water-saving construction funds should be greatly increased. Most of the
money invested should be used to solve the engineering aging and recon-
struction and improve the publicity effect of the water law.

4. Increase external surface water volume. Ways should be found to increase the
amount of external surface water, and even refer to the water diversion in some
parts of the south-to-north water. (The “south-to-north water diversion project”
is a strategic project of the People’s Republic of China, which mainly solves the

Table 3 Water saving under the different measures (million m3)

Categories Agronomic water saving irrigation Engineering water saving
irrigation

Sum

The technology of
water-saving and
stable production
of winter wheat

Adjustment
of planting
structure

Improve
groundwater
utilization

Surface
water
replacement
of
groundwater

Groundwater
saving

34,294.82 4302.32 8862.71 19,436.62 66,896.47
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water shortage in northern China. Through the connection of three water
diversion lines with the Yangtze River, the Yellow River, the Huaihe River and
the Haihe River, the rational allocation pattern of the north and south allocation
of water resources in China is realized.) To ensure the water availability of the
project areas, the comprehensive benefit of surface water replacement of
the groundwater project is given. Construction should be speeded up to meet the
needs of supporting projects in the south-to-north water diversion project and
realize the replacement of external water sources as soon as possible.

6 Conclusion

In Hebei, low use efficiency of water now is supposed to be the important con-
straints of national economic development and social sustainable development.
Therefore, it has a special significance to intensely develop and spread advanced
water-saving irrigation techniques. In this paper, through field experiment, the
irrigation quota under a water-saving facility was studied. At the same time, by
visiting and investigating the operation of different water-saving facilities in the
county stage, some suggestions were put forward. These suggestions are of great
significance for future research on the efficient use of water resources and water
conservancy construction.
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Numerical Simulation for Impacts
of Mountainous Tunnel Drainage
on Groundwater Environment

Yong Xiao, Qichen Hao, Jingli Shao, Yali Cui and Qiulan Zhang

Abstract Mountainous tunnel drainage can cause various negative impacts on the
groundwater environment and human life; as a result, it is necessary that the
drainage is quantitatively estimated and minimized during the construction period.
In this study, a numerical model was conducted to predict the influences of
mountainous tunnel drainage on the groundwater environment in northern China.
The results show that the drainage would change the groundwater flow field and
form drawdown funnels; however, it would not cause regional groundwater
drawdown. Besides, the discharge amount of springs was also affected by the tunnel
drainage, and the maximum reducing amount was up to 25%. The storage resources
of the aquifers were decreased under the effect of tunnel drainage. All negative
influences could be gradually eliminated after the strong drainage. This research can
provide effective methods to measure and decrease the impacts of tunnel drainage.
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Water inflow � Environment
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1 Introduction

As one of the most important parts of communication construction, a tunnel can
significantly reduce the distance of transportation and improve traffic efficiency.
However, the construction of a tunnel would cause a series of hydrogeological and
environmental issues on groundwater dependent ecosystems [1]. Due to the
increasing concern about environmental issues of large engineering projects, it is
agreed that the effects of the tunnel on the quantitative and qualitative status of the
water masses excavation should be avoided [2]. To weaken the impacts of tunnel
excavation, measures should be taken appropriately so that the potential impacts
can be correctly identified [3].

Currently, qualitative methods and quantitative methods are the main methods
for identifying tunnel excavation impacts. The qualitative methods provide a basis
for establishing objective conceptual hydrogeological models and determining the
evolution trend of the groundwater environment under the condition of tunnel
excavation. However, qualitative methods could not illustrate the degree of the
impact on the water environment caused by tunnel excavation. While, quantitative
methods can provide convincing information for estimating the effects. Numerical
models are widely used to conduct quantitative methods. It could take all related
variables into consideration, which is suitable for such complex hydrological
conditions.

In this study, a 3-D numerical flow model was conducted to analyze the impacts
of a mountainous tunnel construction on groundwater flow, private wells and
springs. The results can provide reference to evaluate the influences of mountainous
tunnel construction on the groundwater environment.

2 The Study Area

The tunnel is in a mountainous area in northern China (Fig. 1). The main stratums
outcropping in this area include: Quaternary, Tertiary, Cambrian and Sinian strata
(Fig. 2). The Quaternary deposits get thicker from north to south. The upper
Quaternary deposits are Aeolian loess with vertical bedding joints, and the lower
Quaternary deposits are solid clay with very poor permeability, leading to weak
hydraulic connection between Quaternary strata and Tertiary strata. The upper
Tertiary strata is mainly comprised by weakly cemented conglomerate, mudstone
and sandy mudstone, while the lower Tertiary strata is mainly comprised of con-
glomerate, sand, sandstone and sandy mudstone. The lower Tertiary strata is the
main groundwater aquifer. The Cambrian and Sinian strata develop fractures dif-
ferentially; the Cambrian develop more fractures than Sinian strata.
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Under natural condition, groundwater is recharged by precipitation in the
northern area, and flows from north to south. Groundwater discharges include
springs, lateral outflow and evaporation and exploitation. However, the quantity of
exploitation is less than 2000 m3/d and is mainly exploited in the Quaternary
aquifer and Tertiary aquifer.

Fig. 1 Schematic map of model domain and location of observation wells. 1-Given flux
boundary, 2-Given head boundary, 3-General head boundary, 4-Cross section, 5-Spring, 6-Well,
7-Village

Fig. 2 Section view of lithology and groundwater level drawdown along the A-A’. 1-Quaternary
deposits, 2-Upper Tertiary strata, 3-Lower Tertiary strata, 4-Cambrian strata, 5-Sinian strata,
6-Aquifer label, 7-Initial water level, 8-Water level in 6th month, 9-Water level in 12th month,
10-Water level in 18th month, 11-Water level in the 1st year after construction, 12-Water level in
the 3rd year after construction, 13-Design tunnel
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3 Model Application

The conceptual model of the study area was established based on identification and
characterization of the hydrogeological conditions. Due to the weak specific yield of
rock in the northern area, the southern deposits area was taken as the modelling area.
The northern boundary is between the bedrock and Quaternary deposits occurring
area. The southern boundary is the Yellow River terraces. The dividing crests of two
rivers in the east and west were set as general head boundaries. The northern
boundary was defined as the given flux boundary, and the southern boundary was
defined as the given (constant) head boundary. As the poor permeability of
Quaternary deposits in the lower part, the strata below Quaternary deposits were
taken as the modelling strata and divided into four aquifers. The upper Tertiary strata
was defined as aquifer I, and the lower Tertiary strata was aquifer II. The Cambrian
and Sinian strata are defined as aquifers III and IV, respectively.

The regional groundwater flow can be expressed as the equation described by
Wang et al. [4]. Combing with the boundary conditions and initial conditions, the
numerical model was established using Groundwater Model System software
(GMS). The modelling area was discretized as a matrix of 205 rows � 210 col-
umns � 4 layers. The total number of valid cells was 26,403 and each cell was
100 m � 100 m.

The numerical model was manually adjusted and calibrated using trial and
error method. As shown in Fig. 3, there are ten observed wells with the fitting error
less than 1 m, and seven observed wells with the fitting error ranging between 1 and
2 m. The number of wells with the fitting error between 2 and 3 m is three. Only
one well has the fitting error over 3 m. The four kinds of observation wells account
for 47.6%, 33.3%, 14.3% and 4.8% of the total observation wells, respectively.
The results suggest that the model can reflect the objective hydrogeological

Fig. 3 Comparison chart of
simulated and measured water
level. 1-Wells, 2-Diagonal
line, 3-Error line (±3 m)
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condition of the study area and can also be used to simulate the impacts of tunnel
drainage.

4 Tunnel Impact Evaluation

4.1 Tunnel Drainage Scenarios

According to the tunnel design, the construction period of the tunnel is five years.
The predicting period of the simulation ranged from 2016 to 2045. The water
quantity of tunnel drainage during the construction period is estimated using
Eq. (1), and that after the construction is calculated using the equation described by
Yang et al. [5]:

Q ¼ 4pmLKðH� rÞ
lnð2ðH� rÞ=rÞ ð1Þ

where,

K is the hydraulic conductivity (m/d),
H is the vertical distance of the tunnel below the water level (m),
r is the radius of the tunnel (m),
L is the distance from the tunnel face to secondary lining (m),
m is a conversion coefficient, which usually equals to 0.86.

4.2 The Impacts on Groundwater Level

Figure 2 shows the variation of groundwater level during the construction period.
In the initial period of construction, the discharge amount is small and has little
effects on the groundwater flow system. After six months, with the increase of water
drainage amount, the groundwater flow pattern begins to change, and two
groundwater drawdown funnels were formed in the area with high specific yield. At
DK629 + 900, the groundwater level starts to increase due to the reducing of water
drainage amount; however, the groundwater drawdown area keeps expanding. After
12 months, the two groundwater drawdown funnels expand to one funnel. As the
lag of groundwater system response, the groundwater drawdown area keeps
expanding until one year after the construction completion. The maximum draw-
down area covers 23.95 km2 (Fig. 4). Groundwater level was observed to increase
rapidly after strong drainage; and about one year later, groundwater flow pattern
recovered to a state similar to the initial natural state.

The groundwater level generally decreases with the increase of the distance from
the center of the drawdown funnel. The largest groundwater drawdown depth is
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175 m in the sixth month, and the maximum radius of the drawdown funnel
reached 400 m in the twelfth month. Groundwater level fluctuation shows an
increasing trend and has a short recovery time in the high specific yield area.
Meanwhile, the groundwater level drawdown and the recovery time have little
negative effects on the private wells.

4.3 The Impacts on Springs and Groundwater
Storage Resource

There are two kinds of springs distributed in the study area, one is the erosion
springs located in the loess area, and the other is the overflow springs in the
mountainous area. Most of the springs are distributed away from the area of high
specific yield; the discharge amount of the springs is less affected by the tunnel
drainage. Only one erosion spring (S1) located in the east of DK 627 + 500 is close
to the area of high specific yield and is strongly affected by the tunnel drainage
(Fig. 5). The initial discharge of S1 is 841 m3/d and maximally decreases to
629 m3/d during the tunnel drainage, which is only 75% of the initial discharge.
After 3.5 years, with the decrease of the tunnel drainage amount, the spring dis-
charge gradually recovers to 90%.

Surface water reservoirs are distributed in the study area, which have weak
hydrological connection with groundwater due to the existence of the aquitards.
Under current conditions, the recharge amount is 4320 m3/d; while, half a year after
the construction, the recharge amount is 3866 m3/d, which is the 89% of the initial

Fig. 4 The maximum impact
range of groundwater funnel.
1-Given flux boundary,
2-Given head boundary,
3-General head boundary,
4-Tunnel, 5-Contours of
drawdown depth (m),
6-Spring, 7-Well, 8-Village
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amount. The recharge amount can recover to 4093 m3/d after 5.5 years, accounting
95% of the initial amount. Furthermore, the tunnel drainage has temporal influences
on the reservoir resource and can quickly recover after the construction. As a result,
the tunnel construction has little effects on the groundwater system in respect to the
long term.

5 Summary

In this study, the impacts of mountainous tunnel drainage on groundwater were
quantitatively assessed using numerical modelling approach. The results indicate
that numerical simulation is a useful and effective tool to identify potential impacts
on the groundwater environment. The tunnel drainage can result in fluctuations of
groundwater level, and forming groundwater drawdown funnels. However, the
serious drawdown area is no more than 400 m away from the tunnel and can be
recovered rapidly after the tunnel construction. Tunnel drainage also reduces
the discharge amount of springs and the aquifer reservoir quantity; however, the
influences can be rapidly eliminated after the strong drainage. The private wells
close to the tunnel are affected by tunnel drainage, but the influence is limited and
temporal. In general, mountainous tunnel drainage would have negative influences
on the groundwater environment as well as human life, but these influences can be
eliminated rapidly after the tunnel construction due to the rich rainfall in the
mountainous area.
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The Influence of Straw Mulch
on the Transport and Distribution
of Water and Salt in Indirect Drip
Irrigation with Saline Water

Ce Zhang, Lihua Jia, Yingying Shen and Chao Ma

Abstract Straw mulch could effectively inhibit the ineffective evaporation of soil
water, which could significantly improve the water use efficiency of crops and
inhibit the return of soil salt. The research and popularization of straw mulch
technology is beneficial to the sustainable development of agriculture. An indoor,
indirect drip irrigation experiment with saline water was done under different straw
thicknesses and straw comminution degrees, analyzing the soil water content and
soil electrical conductivity. The results showed that: the hindering effect of straw
mulch on water and salinity increased with the increase of straw mulch thickness;
soil water content decreased with the distance from the water-conducting device
increasing; soil electrical conductivity reached the minimum in the water outlet of a
water-conducting device; and it reached a maximum in the straw mulching edge
and wetting front boundary. The hindering effect of straw mulch on water and
salinity decreased with the increase of the straw comminution degree.

Keywords Straw mulch � Straw thickness � Straw comminution degree
Soil water content � Soil electrical conductivity
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1 Introduction

Water resource is an important strategic resource in the development of a regional
social economy [1]. At present, drought and water shortage has become an
important restriction factor of national economic and social sustainable develop-
ment, especially the shortage of freshwater resource has become increasingly
prominent. Therefore, water resource has become an important limiting factor in
agricultural irrigation, a serious impediment to sustainable agriculture development
[2]. Drip irrigation and micro-irrigation with brackish water are two types of
water-saving irrigation. In addition, straw mulching and water saving technology
are also widely used. About the effect of straw mulch, many domestic and foreign
experts and scholars have done a great deal of research work. The test results
showed that the coverage measures have the advantages of lowering cost, inhibiting
soil water evaporation, improving crop water use efficiency and preventing soil
salinization; and the problem of “white pollution” does not exist. The research and
popularization of straw mulching technology is beneficial to the sustainable
development of agriculture [3, 4]. Using drip irrigation with saline water can
maintain high crop yield [5, 6]. The results showed that using drip irrigation of
saline water irrigation can obtain a higher yield than traditional ground irrigation,
greatly reducing the consumption of water resources. In recent years, domestic and
foreign scholars have done many researches on brackish water irrigation, drip
irrigation, straw covering and returning technology; however, the combination of
the three above is less. There will be enormous potential, if the straw mulching, drip
irrigation and brackish water irrigation are combined. There were influences of
straw mulching under the saline water on water and salt transport in soil [7, 8].
Therefore, this paper will discuss the impact on the distribution of soil water and
salt movement under the condition of straw mulching on micro-saltwater indirect
drip irrigation, which will provide a theoretical basis for micro-salty water and
straw resources for agricultural irrigation and water-saving agriculture.

2 Materials and Methods

2.1 Experimented Soil

The experiment was conducted in the laboratory of soil and water analysis, Hebei
University of Engineering. Soil samples for the test were separated through a 2 mm
sieve after being dried and crushed. The prepared soil with specific moisture content
were rammed within 5 cm thick according to the specific layered bulk density of the
soil, and then placed into an experimental soil box. To make the close contact
between each layer, the lower layer soil should not be compacted before loading the
upper layer of soil. The soil should be naturally settled one day to obtain a uniform
initial water content profile of the soil.
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2.2 Experimented Device

The test device was composed of two parts, the test soil box and the water supply
device, which are shown in the Fig. 1. The soil box was made of column and
organic glass with the length, width and height of 20 cm � 15 cm � 25 cm. The
water supply bottle was a Markov bottle, which can provide a constant water head.
The Markov bottle was also made from organic glass and the bottle body had scales
and the cross-sectional area which was 30.5 cm2. The drip emitter was modeled
with the medical syringe and the needles were connected with PE pipe. During the
experiment, the Markov bottle was connected with PE pipe, adjusting the injector
control valve to control dripper discharge. Dripper discharge was measured with a
stopwatch and cylinder, maintaining the same flow rate of effluent in different test.

2.3 Experiment Method

According to the layered loading soil method above, there were four layers, 5 cm
per layer; there were 2100 g soil in each layer, compacted and polished between
each upper and lower layers. Finish loading the last layer of soil, surfacing with
different thickness of straw or shredded, according to the different level of the test,
was finally compacted.

Fig. 1 Device of experiment
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The solution was prepared with mixed sodium sulphate, calcium chloride, and
magnesium chloride, together with a certain proportion. The mineralization degree
of saline water was 4 g/L, sodium adsorption ratio (SAR) was 10, and volume of
solution was 2 L. Then the prepared solution was poured into the Markov bottle.

The infiltration time and cumulative infiltration were recorded by the Markov
bottle marks. During the test, the dynamic change process of wetting front on both
sides of the soil box was depicted. After the end of the trial, the wetting front shape
was described on tracing paper; and the exact coordinates of the wetting front were
read on coordinate paper, and the horizontal and vertical maximum wetting distance
were recorded. When water was dropped out, the soil levelled, and quickly bor-
rowed soil. Soil samples lay on where vertical and horizontal spacing were also
2.5 cm, and the depth reached the top of the wetting front after separating the moist
soil from the dry soil. The moisture content of the soil sample was measured by the
drying method.

2.4 Experiment Design

This experiment was a two-factors test; the test factors were straw mulching
thickness and straw degree. Both factors set two levels; straw mulching thicknesses
were 2, 4, and 6 cm; and straw degrees were 0.5, 1, and 1.5 cm. Soil moisture
content, electrical conductivity and infiltration rate were measured. The wetting
front was observed and described. Finally, a regular pattern was observed.

3 Results and Discussion

3.1 The Effect of Different Mulching Straw Thickness
on Wetting Front Migration

The curve of wetting front migration is shown in Figs. 2, 3, and 4, under the
condition of different straw mulching thickness (2, 4, and 6 cm), the depth of water
conducting device (4 cm) and the straw crushing degree (1 cm). The effect of
different mulching straw thickness on the horizontal wetting front migration is
shown in Fig. 5. The effect of different straw mulching thickness on the vertical
wetting front is shown in Fig. 6.

Under the same conditions, except different thickness of straw mulching, hori-
zontal and vertical wetting front migration distance both were increasing along with
the increase of the infiltration time; and the vertical wetting front migration rate was
faster than that of the horizontal wetting front. In the initial stage, the wetting front
migration rate was larger; however, with the extension of the infiltration time, the
wetting front migration rate of different thickness of straw mulching decreased
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gradually. The thicker the surface of straw, blocking infiltration of straw was more
obvious in the horizontal direction and the level of horizontal wetting front was
slowing; however, the vertical wetting front migration was relatively faster.

Fig. 2 Straw mulching
thickness was 2 cm

Fig. 3 Straw mulching
thickness was 4 cm
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Fig. 4 Straw mulching
thickness was 6 cm

Fig. 5 Horizontal wetting
front migration

Fig. 6 Vertical wetting front
migration
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3.2 The Effect of Different Thickness of Straw Mulching
on Soil Water Content and the Soil Electrical
Conductivity Distribution

Changes of soil water content and soil electrical conductivity is shown in Tables 1,
2, and 3, under the condition of different straw mulching thickness (2, 4, and 6 cm),
the depth of water conducting device (4 cm), and the straw crushing degree (1 cm).

When the other conditions were the same, the soil water content of the
water-conducting device outlet was the highest under different straw mulching
thickness. The final soil water content showed a decreasing trend with the increase
in the distance from the water outlet center. The greater the center distance from the
water outlet, the smaller the soil water content was.

There was a small part that the soil electrical conductivity was small at the water
outlet of the water-conducting device, and an increasing salt area was formed
outside that part. Conductivity gradually decreased first and then gradually became
larger from the inside to the outside with the water outlet as the center, and there
was a performance of salt leaching. The thicker the straw mulching layer, the
greater the conductivity there was.

3.3 The Effect of Different Straw Comminution Degree
on Wetting Front Migration

The curve of wetting front migration was shown in Figs. 7, 8, and 9, under the
condition of different straw comminution degree (0.5, 1, and 1.5 cm), the depth of
water conducting device (4 cm), and the straw mulching thickness (4 cm). The
effect of different straw comminution degree on the horizontal wetting front
migration is shown in Fig. 10. The effect of different straw comminution degree on
the vertical wetting front is showed in Fig. 11.

Under the same conditions, except different straw comminution degree, hori-
zontal and the vertical wetting front migration distance both were increasing along
with the increase of the infiltration time; and the vertical wetting front migration

Table 1 Soil water content and soil electrical conductivity under the condition that straw
mulching thickness was 2 cm

Soil water content Soil electrical conductivity (ls/cm)

10 cm
(%)

7.5 cm
(%)

5 cm
(%)

2.5 cm
(%)

0
cm

10 cm 7.5 cm 5 cm 2.5 cm 0
cm

22.2 27.3 29.7 28.0 2.5 180 176 134 168 2.5

23.0 27.5 28.6 29.7 5 120 107 116 125 5

20.0 25.0 25.7 25.0 7.5 118 100 108 118 7.5

20.5 20.9 22.2 10 126 115 120 10
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Table 2 Soil water content and soil electrical conductivity under the condition that straw
mulching thickness was 4 cm

Soil water content Soil electrical conductivity (ls/cm)

10 cm
(%)

7.5 cm
(%)

5 cm
(%)

2.5 cm
(%)

0
cm

10 cm 7.5 cm 5 cm 2.5 cm 0
cm

26.3 23.8 35.3 35.7 2.5 411 325 316 289 2.5

18.2 35.7 38.5 41.7 5 342 463 300 280 5

18.2 23.3 24.2 24.1 7.5 253 267 221 296 7.5

19.4 20.7 22.2 10 253 255 302 10

Table 3 Soil water content and soil electrical conductivity under the condition that straw
mulching thickness was 6 cm

Soil water content Soil electrical conductivity (ls/cm)

10 cm
(%)

7.5 cm
(%)

5 cm
(%)

2.5 cm
(%)

0
cm

10 cm 7.5 cm 5 cm 2.5 cm 0
cm

23.0 25.0 30.3 29.0 2.5 215 214 166 200 2.5

22.8 32.1 30.8 34.8 5 221 185 136 156 5

22.2 29.0 29.6 36.0 7.5 212 176 168 152 7.5

19.0 21.4 22.0 10 174 134 130 10

Fig. 7 Straw comminution
degree was 0.5 cm
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Fig. 8 Straw comminution
degree was 1 cm

Fig. 9 Straw comminution
degree was 1.5 cm
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rate was faster than that of the horizontal wetting front. In the initial stage, the
wetting front migration rate was larger; however, with the extension of the infil-
tration time, the wetting front migration rate of different thickness of straw
mulching decreased gradually. Under the different straw comminution degree,
blocking infiltration of straw was more obvious in the horizontal direction; the level
of horizontal wetting front was slowing; however, the vertical wetting front
migration was relatively faster.

3.4 The Effect of Different Straw Comminution Degree
on Soil Water Content and the Soil Electrical
Conductivity Distribution

Changes of soil water content and soil electrical conductivity is shown in Tables 4,
5, and 6, under the condition of different straw comminution degree (0.5, 1, and
1.5 cm), the depth of water conducting device (4 cm), and the straw mulching
thickness (4 cm).

When the other conditions were the same, the soil water content of
water-conducting device outlet was the highest under different straw comminution
degree. The final soil water content showed a decreasing trend with the distance

Fig. 10 Horizontal wetting
front migration

Fig. 11 Vertical wetting
front migration
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from water outlet center increasing. The greater the center distance from the water
outlet, the smaller the soil water content was.

There was a small part that the soil electrical conductivity is small at the water
outlet of the water-conducting device, and an increasing salt area was formed
outside that part. Conductivity gradually decreased first and then gradually became
larger from the inside to the outside with water outlet as the center, and there was a
performance of salt leaching. The greater the straw comminution degree, the
smaller the water infiltration resistance was, and the faster the salt migration. That
means conductivity was increasing with the straw comminution degree. The salt
content was relatively larger on the straw layer and the wetting front edge region.

Table 4 Soil water content and soil electrical conductivity under the condition that straw
comminution degree was 0.5 cm

Soil water content Soil electrical conductivity (ls/cm)

10 cm
(%)

7.5 cm
(%)

5 cm
(%)

2.5 cm
(%)

0
cm

10 cm 7.5 cm 5 cm 2.5 cm 0
cm

25.0 25.8 29.0 36.7 2.5 248 192 208 212 2.5

20.5 24.1 23.7 29.4 5 167 162 176 175 5

24.3 21.9 25.0 25.8 7.5 155 151 150 155 7.5

21.4 20.5 22.6 10 148 149 145 10

Table 5 Soil water content and soil electrical conductivity under the condition that straw
comminution degree was 1 cm

Soil water content Soil electrical conductivity (ls/cm)

10 cm
(%)

7.5 cm
(%)

5 cm
(%)

2.5 cm
(%)

0
cm

10 cm 7.5 cm 5 cm 2.5 cm 0
cm

26.3 23.8 35.3 35.7 2.5 411 325 316 289 2.5

18.2 35.7 38.5 41.7 5 342 463 300 280 5

18.2 23.3 24.2 24.1 7.5 253 267 221 296 7.5

19.4 20.7 22.2 10 253 255 302 10

Table 6 Soil water content and soil electrical conductivity under the condition that straw
comminution degree was 1.5 cm

Soil water content Soil electrical conductivity (ls/cm)

10 cm
(%)

7.5 cm
(%)

5 cm
(%)

2.5 cm
(%)

0
cm

10 cm 7.5 cm 5 cm 2.5 cm 0
cm

17.2 17.5 23.1 2.5 273 397 418 2.5

22.2 23.8 26.9 31.0 5 460 240 330 300 5

21.2 23.8 25.0 26.5 7.5 270 226 194 216 7.5

21.7 22.9 23.3 10 233 238 228 10
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4 Conclusions

In this paper, the effect of straw mulching indirect drip irrigation on soil water
content and electrical conductivity was studied, and the water and salt distribution
in the soil under the condition of straw mulching indirect drip irrigation were
discussed. The main conclusions are as follows:

In the test conditions of straw mulching thickness and straw comminution
degree, horizontal and vertical wetting front migration distance both were
increasing along with the increase of the infiltration time; and the vertical wetting
front migration rate was faster than that of the horizontal wetting front. In the initial
stage, wetting front migration rate was larger; however, with the extension of the
infiltration time, the wetting front migration rate all decreased gradually. The soil
water content of water-conducting device outlet was the highest. The soil water
content showed a decreasing trend with the increase in the distance from water
outlet center.

Conductivity gradually decreased first and then gradually became larger from the
inside to the outside in water outlet as the center, and there was a performance of
salt leaching. The salt content was relatively larger on the straw layer and the
wetting front edge region. Soil moisture distribution opposed the distribution of
salt, and that was favorable to the crop root growth and crop yield. The straw layer
conductivity was relatively larger, indicating that the straw has some hindrance to
salt and water movement. With the comprehensive effect of salt leaching and straw
mulching, salt migrated and accumulated at the straw layer and wetting front edge
region.

Utilizing brackish water to drip irrigation, under the other same conditions, the
thicker of the straw mulching, the more obvious the hindering effect of straw on
horizontal moisture permeation was; that was to say the horizontal wetting front
transported more slowly, and vertical wetting front transport was relatively faster.
Straw in the horizontal water movement was slower with decrease in the straw
comminution degree; however, the vertical water movement was relatively faster.
The larger the straw comminution degree was, the faster the salt migrated. Salinity
content was higher at straw layer and wetting front edge region.
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The Design of a Check Gate in Wu
Village’s Branch Canal

Si Li, Defeng Yang and Zhouxiang Yuan

Abstract In engineering construction, the design of sluice often appears; the check
gate (also known as regulating sluice) is one of a common kinds of sluice. This
article will concentrate on the check gate in Wu Village and give an example to
introduce its layout, downstream energy dissipation and anti-scour and stability of
locker chamber, which provides the basis and reasons for the design of small- and
medium-sized check gates.

Keywords Check gate � Energy dissipation and erosion control
Stability of sluice chamber

1 Introduction

Wu village’s branch canal is in northeastern Guangping County. Several counties
lie across the branch canal; there are seven counties in all: Nanyangbu Xiang and
Pinggudian Zhen, which include Houdazhai, Damiao, Beiwu, Linhebao,
Cuizhuang, Xiwangfeng and Nanwangfeng. Guangping County has a typical
temperate and monsoonal climate with four clearly distinct seasons, with a char-
acteristic of rain in summer and aridness in autumn. Drought is the most fluent
weather disaster. The annual average precipitation is 514.3 mm and average
evaporation is 1038.6 mm in this area. The yearly frost-free time adds up to
201.8 days. Guangping County is in Handan, Hebei Province; it belongs to
alluvial-proluvial plain, which also has a flat landscape. At the same time, it has
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many old canals that are partially covered or filled up. On both sides of the canal,
there are many trees and fields; according to research, the maximum depth of
exploration is less than 5.0 mm. The loam is engendered by the pluvial-alluvial
force in the Quaternary strata. The stratum from up to down is sandy loam, loam,
sandy loam in a proper disorder.

The foundation surface of a check gate is planned for construction in the loam,
because loam has some degree of strength and engineering geological conditions
are good. The admissible value of subgrade-bearing capacity of the loam is 110 kpa.

Guangping County’s ground motion peak acceleration is 0.10 g. The corre-
sponding basic earthquake intensity is VII [1]; characteristic period of response
spectra is 0.40 s. To make it much more convenient for Wu village branch canal
irrigation and storage water, designers should raise the water level for obtaining
water; to drain away water in time after the irrigation period, workers constructed a
set of check gates away from the crossing of Wu village branch canal and
Wangfeng main canal. The design flow is 4 m3/s. The node gate is open gate, which
can be divided into entry section, gate section and exit section.

Based on the above background, this paper designed the control gate of Wucun
branch canal to supplement and improve the comprehensive underground water
overrun project in 2014. Firstly, the layout of the control branch gate was discussed.
Then the gate width and downstream energy dissipation. Finally, the stability of the
gate checking, water conservancy designers for the design of control gates provide
a reference.

2 Check Gate Design

The design of the control gate mainly includes the arrangement form, gate width,
downstream energy dissipation and stability check; and the calculation is made one
by one to ensure the design rationality.

2.1 Engineering Layout

A check gate, as an open gate, can mainly be divided into entry section, gate section
and exit section. The entry section employs the C30 plain concrete slope protection,
with a thickness of 0.2 m; C30 reinforced concrete is used for bottom protection,
with a thickness of 0.4 m. At the bottom it also has a plain concrete cushion of
0.1 m. The height of the channel should flush with the channel bottom; the height
of the end of the entry should fit the height of the sluice bottom; the slope of both
sides should connect perfectly with the slope of the channel. To connect better, both
slopes should connect to the slope of the canal. The proportion of length of the
boundary and the slope is 1:2; the width of the check gate needs to correspond to
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the width of the canal upstream and downstream. When adopting alternation irri-
gation, the design flow of the check gate differs between downstream and upstream;
when adopting continued irrigation, the water level needs to take the corresponding
water level according to the sluice; however, the level downstream should take the
influence of the next check gate’s damming into consideration.

The gate section is a C30 reinforced concrete structure, with a length of 4.0 m;
the thickness of the bottom is 0.6 m, with a plain concrete cushion layer of 0.1 m.

2.2 The Calculation of Sluice Hole

The gate width affects the overall flow of the inlet and outlet as well as the structural
safety and stability and should be calculated using Eqs. (1), (2) and (3):

B0 ¼ Q

rem
ffiffiffiffiffi
2g

p
H3=2

0

ð1Þ

e ¼ 1� 0:171

 
1� b0

bs

! ffiffiffi
4

p b0
bs

ð2Þ

r ¼ 2:31
hs
H0

 
1� hs

H0

!0:4

ð3Þ

In this formula: B0 equals sluice hole’s total net width (m); Q equals diversion
flow; H0: weir head, which includes the water head of approach velocity (m);
hs depth of water of weir crest downstream (m); g: acceleration of gravity, can
adopt 9.8 (m2=s); m: weir flow coefficient, can adopt 0.38; e weir flow-lateral
contraction coefficient; h0 gate net width (m); bs half width of the water deep
upstream (m); r weir coefficient of submergence.

The barrier mainly involves the following indicators: design, flow, depth, cal-
culated hole width, design of a single hole width, and the number of holes.
Improvement of the above several indicators can design the gate hole. Due to the
simplicity and clear structure of the control sluice involved in this paper, detailed
parameters of the orifice size of the irrigation sluice are shown in Table 1.

Table 1 Check gate technical indicators

Channel
name

Check
gate name

Design
flow
(m)

Canal
water
depth
(m)

Calculated
sluice hole
width (m)

Designed
single hole
width (m)

Hole
number
(individual)

Wu
village
canal

Check
gate of
Wu village
canal

4 1.43 1.94 3.0 1
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2.3 Calculation of Energy Dissipation and Scouring
Protection Downstream

The downstream energy dissipation and erosion calculation is an inevitable process
in the design of a control gate to reduce the energy generated by the head impact.
Most check gates are open gates; the height of the lock sill should equal the bottom
of the channel; the flat broad-crested weir adopted makes it easier for energy
dissipation and scouring protection. The beginning flow can depend on the apron
upward stilling pier to distribute the water flow and crash and scour the energy. To
make the wing walls downstream and upstream smooth, warp surface as a transition
is usually used, thus causing the loss of water head [2–4].

① The water flow within a short period, significantly increased the water depth;
the corresponding reduction in flow rate will have a water jump phenomenon;
the water depth should be calculated after the jump.
The calculating formula is as follows:

h
00
c ¼

hc
2

 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 8aq2

gh3c

s
� 1

! 
b1
b2

!0:25

ð4Þ

hc should be solved as the following formula:

h3c � T0h
2
c þ

aq2

2gu2 ¼ 0 ð5Þ

In the formula: h
00
c: conjugate water depth of the water depth of vane con-

traction (m); hc: water depth of vena contraction (m); q unit discharge (m3=s);
b1: head end width of the stilling basin (m); b2 end width of the stilling basin
(m); a: water flow energy correction coefficient; T0: total potential energy
calculated from the bottom of the stilling basin; u: coefficient of velocity.
In the downstream of the discharge structure, the phenomenon of water jump
occurs in the downstream of the building, which is unfavorable to the struc-
tural stability. The increase of the stilling pool can effectively reduce the head
energy. To ensure that the stilling pool is effective and economical, the depth
and length of the stilling pool need to be calculated. The flow of water out of
the pool should be calculated to ensure that it is within reasonable limits.

② Depth of stilling basin: the calculation formula is as follows:

d ¼ r0h
00
c � h

0
s � DZ ð6Þ
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Drop out of the pool:

DZ ¼ aq2

2gu2h02
s
� aq2

2gh002
c

ð7Þ

In the formula: depth of stilling basin (m); r0 submerging coefficient of water
jump; h

00
c depth after water jump (m); hc contracted depth (m); q locking unit

discharge (m2/s); h
0
s water depth of riverbed out of pool (m).

③ Length calculation of stilling basin: Length of stilling basin Lsj can be cal-
culated as follows:

Lsj ¼ Ls þ bLj ð8Þ

Lj ¼ 6:9ðh00
c � hcÞ ð9Þ

In the formula: LS: slope hole deviation of stilling basin (m); b: correction
coefficient of water jump; Lj length of water jump.
For the data query, the required data parameters were selected; with the use of
the above formula, the energy-saving effect of the control gate to calculate the
data is shown in Table 2.

2.4 Calculation of Stability of Lock Chamber

Loading Combination of Lock Chamber Stability Calculation. Lock chamber
loads include self-weight, water pressure, uplift pressure, earthquake loading, etc.
This working condition involves the construction of two basic combinations of
anhydrous and normal retaining and the special combination of normal retaining
during earthquakes. Each combination has a different load composition, and the
load effect combination is shown in Table 3.

Lock Chamber Stability Calculation. Lock chamber stability calculation applies
the formula in Design specification for sluice SL265—2001 [5].

Table 2 Calculation results table of sluice energy dissipation

Canal name Check gate Rate of
flow (m3/s)

Depth of stilling
basin (m)

Length of stilling
basin (m)

Wu village
branch canal

Wu village canal
check gate

4 0.37 4.6
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① Brake gate to resist the horizontal force caused by the slip, that is, the impact
of water pressure, the structure needs to be stable against sliding; the formula
is shown in Eq. 10:

kc ¼ f
P

GP
H

ð10Þ

In the formula: kc: safety factor against sliding which along the bottom of the
gate; f : frictional factor between the bottom of the gate and foundation;

P
G:

all vertical load which acts on the foundation lock chamber(KN);
P

H: all
horizontal load acts on retaining wall(KN); Kc½ �: permissible value of safety
factor against sliding: fundamental combination Kc½ � ¼ 1:35, accidental
combination first class kc½ � ¼ 1:20, accidental combination second class
Kc½ � ¼ 1:10.

② The pressure, size and distribution of the structural foundation on the surface
contact of the foundation involve many aspects such as the structure of the
superstructure; and the stress on the foundation should be calculated by the
formula 11:

Pmax
min ¼

P
G

A
þ
P

M
W

ð11Þ

In the formula: pmax
min the maximum or the minimum of the base stress (kpa);P

G: all vertical load which acts on the gate floor (KN);
P

M: vertical load
and horizontal load which act on the gate floor producing torque to the geo-
metrical cross section’s axis (KN � m); W moment of area between foundation
and that surface’s geometrical cross section’s axis (m3).

③ Checking the calculation to stress nonuniformity coefficient of foundation:
Permissible value of stress nonuniformity coefficient of foundation, according
to the formula in Design specification for sluice SL265—2001 [5].

The formula of stress non-uniformity coefficient of foundation is:

g� g½ �
g ¼ rmax

rmin

ð12Þ

In the formula: g calculating stress nonuniformity coefficient of foundation rmax;
rmin maximum and minimum stress pressure (kpa); g½ � normalizing permitting stress
pressure nonuniformity coefficient of foundation, fundamental combination applies
for g½ � ¼ 2:0, special combination applies for g½ � ¼ 2:5.
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Based on the two basics and a special three conditions [6–8], the need for all
situations are calculated; for the results of the design of anti-sliding stability and
safety factor, the foundation stress and stress non-uniform coefficient, the stability
of the results is shown in Table 4.

According to the report of geological exploration, the bearing stratum of the gate
foundation is the loam layer; the sub-grade capacity is 110 kpa; and the calculation
result shows that the sub-grade capacity and the gate both meet the requirements.

3 Conclusion

This check gate is mainly a supplement and perfection to the project of groundwater
overdraft and management in 2014. Because Wu village branch canal does not set
the check gate and with a result of the bad influence dispatching management in the
irrigation period, setting the check gate in Wu village can adjust the upstream water
level and control the downstream discharge volume. The canal check gate can use
the open gate; the height of the gate should equal the foundation of the canal,
adapting the flat broad crested weir. This is easy for sluice to dissipate energy and
control erosion. When it begins to let down stream, the settled baffle pier comes into
use. The baffle pier can crash and make energy dissipation. The mini-type check
gate is widely used in China; this check gate design is to design the Wu village
check gate and give an example for water conservancy designers to check gate
designation.
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Application Research of SWMM
in the Simulation of Large-Scale Urban
Rain Flood Process—A Case Study
of Yizhuang District, China

Xiaoran Fu, Qinghua Luan, Haichao Wang, Jiahong Liu
and Xuerui Gao

Abstract Storm Water Management Model (SWMM) is established based on the
data of the Yizhuang Beijing Economic Development Zone in the core region of
China, including the information of the terrain variation, the underlying surface
conditions and the storm sewer system. The data of two typical rainstorm events in
Beijing were selected; the model parameters were calibrated; and the simulation
accuracy results were validated. The simulation regional average depth in different
return periods designed precipitation scenarios were calculated. From a comparison
of these results, potent measures to deal with the calibration and validation in a
condition of the development zone lack of measured rainfall flow data have been
suggested. The green space and square land is much better than the others in rain
flood digestion. It is important and instructive for the application and popularization
of SWMM in large scale-urban areas in China.
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Keywords SWMM � Storm flood � City waterlogging � Yizhuang economic
development zone � Large scale urban area

1 Introduction

Waterlogging refers to heavy rainfall or continuous rainfall over urban drainage
ability, leading to groundwater disasters [1]. Under the situation of rapid urban-
ization, frequent and wide waterlogging occurs in China at present, seriously
threatening the urban public infrastructure and the lives and property safety of the
residents [2]. Combined with larger spatiotemporal difference in urban construction
scale and waterlogging forecast level between the north and south of China, the aid
of the model in accurate simulation research on urban storm runoff is an important
approach and a prerequisite condition to solve the problem of waterlogging. Storm
Water Management Model (SWMM) is relatively mature in the aspect of urban rain
flood runoff simulation technology [3, 4]. In 1974, SWMM was first proposed to
apply in simulation stimulation of a wetland with an area of 3.37 km2 by Meinholz
et al. [5] to discuss and validate the simulation results. Since then, SWMM is more
and more applied in this aspect, and the study areas ranged from 0.02 to 6.47 km2

[6–9]. Since the end of the 20th century, domestic application research based on
SWMM is booming. In 1994, SWMM was first introduced and put into application
in Jizhuangzi test area of Tianjin by Liu et al. [10], creating the precedent of
domestic application of the multi-functional general urban hydrology, hydraulic and
water quality model. In 2011, Beijing Xiangshan area was selected for simulation
by Wang et al. [11], and GIS and RS technology were applied to identify key
parameters of the model. Good simulation effect has been achieved in the moun-
tainous cities of northern China. Domestic application fields of SWMM for research
are mainly divided into two types. One type refers to the research object derived
from SWMM’s own instance with the scale often confined to the small and
medium-sized areas with the area less than 10 km2; the other type is mainly used in
single land use type, such as the recessed overpass, residential community and
school, while rare studies exist in the big scale cities of mixed land use types
[12–15].

2 Materials and Methods

2.1 Study District

Beijing Yizhuang economic and technological development zone (hereinafter
referred to as development zone) is in the southeast of downtown Beijing at the
junction between Daxing District and Tongzhou District, which is the important
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development base of the high-tech industry in Beijing. Development zone has clear
and accessible boundary conditions, and the southwestern study area is bounded by
Liangshui River from Dayangfang Bridge in the north to Dayangfang Gully in the
east, where various types of land use are distributed interlocked. Among them, the
residential land area accounts for 13%; the land use area of public service and
commercial service facilities accounts for 21%; industrial land area accounts for
46%; the land use area of road and transportation facilities accounts for 9%; and
green space and square land area accounts for 11%. The land use type distribution
of development zone is shown in Fig. 1, and the parameters of each land use type
are shown in Table 1.
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2.2 Modeling

Data processing. Basic data in the study area mainly include the topographic map,
aerial photo, roads, water systems, green lands, elevation control points, rain check
wells, drainage pipe network and hydraulic structures of Yizhuang core district. On
this basis, the established geographical database can prepare for data input, oper-
ation and result output. The aerial images are combined with field investigation to
choose the “bottom-up” approach. Through the research on the mouth of the river
water; the drainage pipe network and catchment area of each mouth of river water
were surveyed. The main drainage channel cross-section layout, flood control
standard, management situation, the mouth of rain water and other information of
core district are investigated to confirm the location and operation situation of
hydraulic structures such as the gate and rubber dam running in the river channel on
site. Precipitation data are sourced from the 1 min precipitation process data at the
Songlinzha Hydrologic Monitoring Station on June 23, 2011. Through field
research of the flood mark and visiting the local people, the waterlogging situation
of Yizhuang core district under the scenario of “6.23” torrential rain is deeply
understood to provide the basis for model parameter calibration.

Sub-catchment area division. The goal of catchment area division is to assign
surface runoff flow to the corresponding drainage pipe network nodes (check well
nodes in the model) in accordance with runoff generation and confluence in the core
district, so that the inflow of pipe network system is more conformant to the actual
situation. Concrete division steps are shown as below. First of all, the core district is
coarsely divided into the east and west large catchment areas. To improve the
modeling precision, it is required to further refine the boundaries of the
sub-catchment area. The catchment area tool (Watershed) in ArcGIS 10.1 hydro-
logical module (Hydrology) is used to further determine the flow direction of
surface runoff and the drainage boundary of each catchment area in contrast to
DEM data and aerial images. Fully considering the diversity and distribution of

Table 1 Parameters of land use types

Land use types Typical
plots

Generalization
runoff coefficient

Percentage
of area (%)

Position

Roads, street and
transportation

No. 1 0.85–0.95 9 Rongjing East Street
Subway

Green space and
square

No. 2 0.10–0.20 11 Broad park east gate

Residential No. 3 0.60–0.70 13 Nobita tulip homes

Public and
commercial
service

No. 4 0.45–0.60 21 Beijing Shengshiyali
fashion company

Industrial No. 5 0.20–0.45 46 Pullman Beijing
South
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land use types in large-scale areas as well as the mutual contact and influence
between adjacent sub-catchment areas, 1072 sub-catchment areas were divided
eventually with a total catchment area of 17.84 km2. Among them, the maximum
sub-catchment area is 286,207 m2, while the minimum area is 578.13 m2. In the
study area, the outlet is set as free flow. Division results of the sub-catchment area
are shown in Fig. 2.

Drainage system generalization. The whole core district is divided into the east
and west major catchment areas by Ronghua Middle Road—Ronghua South Road,
where surface water flows along the boundary across the roads, ditches and drai-
nage pipelines eastwards and southwards to Dayangfang Gully and Liangshui
River, respectively, which discharges from the study area at the junction of the two
river channels eventually. Considering the size of the study area, data accuracy,
model calculation speed and other factors, on the basis of old and new drainage pipe
network data, the rivers, ditches, partial secondary trunk roads and branches were
unified to generalize into drainage pipeline, and there were 3621 water wells finally
generalized with 3274 rainwater pipelines and total pipeline length of 107.1 km.
The generalized situation of drainage pipe network in core district is shown in
Fig. 3.

2.3 Parameter Empirical Calibration and Validation

Initial parameter setting and empirical calibration. Model parameters are
involved in the rainfall infiltration process, and SWMM is simulated by the Horton

06/23/2011 16:01:00

Fig. 2 The result of sub-catchment generalization
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model principle [16, 17]. Initial values of average surface slope, manning coeffi-
cients of the sub-catchment area, pipe or open channel are set according to the
typical values of SWMM user manual [17]. In view of the development zone lack
of measured rainfall flow data, it is difficult to calibrate and validate model
parameters. Through field investigation in search of the building walls or traffic
facility bridge piers adjacent to observation points, additional surveys and records
were made on the left natural traces indicating the maximum water level of
waterlogging. Taking the lowest point of the sub-catchment area as the datum, the
measured maximum water depth is set as the main indicator of parameter empirical
calibration and validation. The advantage of such a reference index is that maxi-
mum water depth data can not only completely and clearly reveal the real situation
of field flooding, but also have the operability of field monitoring or a subsequent
additional survey. The waterlogging and flooding situation of Yizhuang core dis-
trict in the scenario of “7.21” torrential rains in Beijing in 2012 are deeply
understood. For the calibration point with large deviation between analog value and
survey value, it is required to further debug model parameters until the analog
values and measured values of maximum water depth at all validation points are
close to the most accurate value.

The water depth process line and rainfall process line at key nodes simulated by
SWMM were compared to analyze the relevance, tendency, recession time,
occurrence time of maximum water depth and other parameters to determine the
reliability and accuracy of simulation results. The distribution of all validation
points is shown in Fig. 1, and the main properties are shown in Table 2.

Model validation. In the case of no measured flow data, all validation points are in
the construction, transportation and population concentration areas of the core zone.
Urban waterlogging caused by heavy rain will inevitably bring economic losses to
the residents, leading to inconvenient life. The maximum surface water depth

06/23/2011 16:01:00

Fig. 3 The result of drainage system generalization
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induced by the “6.23” heavy rain in Beijing in 2011 is taken as the main validation
indicator. According to the waterlogging maximum water depth data reported in the
press and site records, the maximum water depth and measured water depth at each
validation point simulated by SWMM were compared. Verification results are
shown in Table 3, and the error values are within the allowable scope of runoff
depth simulation forecast, indicating better overall simulation accuracy.

3 Results and Discussion

There are over 20 years of self-recording precipitation data in Yizhuang core dis-
trict. To improve the simulation accuracy of SWMM on design storm flood,
according to the preparation method of rainstorm intensity formula in Outdoor
Drainage Design Specification in contrast to return period, rainfall intensity and
rainfall duration contour maps of Beijing Hydrologic Manual (first volume of
rainstorm atlas), the storm duration is determined and designed as 6 h from seven
standard durations [18]. The present flood control standard of two drainage systems
in Liangsuhi River and Dayangfang Gully is for a 20 year return period; the
checking standard is 50-year return period; and the design of storm return period is
derived as 5, 10, 20 and 50 year statistics [19]. Through SWMM simulation

Table 2 Main parameters of SWMM

Types Reference value Remark

Average slope (%) 0.05 –

Overland flow concentration
manning coefficient

0.012 Roads

0.013 Roof and square

0.15 Green space

0.4 Forest

Closed conduits manning coefficient 0.013 –

Open conduits manning coefficient 0.05 –

Sub-catchment width (m) 5.57 Min

174.81 Max

Table 3 “6.23” precipitation maximum depth analog error (Unit: m)

Typical plots Testing position Measured value Simulation value Error

No. 1 Bridge piers 0.24 0.262 0.022

No. 2 Square sculpture 0.37 0.418 0.048

No. 3 Cell wall 0.70 0.683 −0.017

No. 4 Shopping mall wall 0.95 0.931 −0.019

No. 5 Hotel stone pillars 1.15 1.162 0.012
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calculation, the maximum water depth of each validation point in different scenes of
design storm is shown in Fig. 4.

As viewed from the figure, in terms of the designed heavy rains with the same
return period, for the designed heavy rains with the return period of 5 years, only
No. 1 of each land use type will produce the waterlogging with the depth of more
than 10 cm; except No. 2, the waterlogging with the depth of 10–15 cm is gen-
erated in other land use types, i.e., the rain is easy over the road, which needs to
take appropriate protective measures to prevent rain from entering the interior. The
designed heavy rain with the return period of 50 years and above will lead to the
waterlogging with the depth of over 20 cm on No. 1–No. 5 surface, extremely easy
to cause the infestation of waterlogging, and rainfall will overflow to subway,
resulting in endangering public safety. For the plot of the same land use type, the
current rainfall flood elimination and acceptance ability is lower at No. 1 and No. 3,
and the storm with the return period of 10 years is easy to cause flooding in the
large scale. No. 4 and No. 5 have a certain waterlogging resistance. The Roads and
Traffic Facilities Land represented by Boda Park has outstanding rain flood elim-
ination and acceptance ability, which can resist in severe storms with the return
period of 50 years.

4 Conclusion

Through empirical calibration and test of model parameters, in the absence of
observed runoff data, the aid of the model refined input technology and the intro-
duction of maximum torrential rain runoff depth were taken as the important basis
of empirical calibration. Through error analysis, SWMM can be considered to have
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a certain simulation precision and the credibility of rain flood runoff simulation in
the large scale urban areas similar to Yizhuang, which can be applied to analyze and
evaluate drainage pipe network as well as study urban flood control in a designed
rainstorm.

The above conditions of designed storm bring no hazards to waterlogging at
No. 2 area. On the one hand, because the selected typical plot is relatively inde-
pendent with higher terrain, the location is the upstream of the drainage system. The
other important reason is due to abundant vegetation in No. 2 area, the permeable
rate is high with a certain rain flooding elimination and acceptance ability.

In future applications and practices, the model validation method with no
measured data mentioned in this study can be taken as a reference, and more scene
reconnaissance and observations are recommended. This method plays a positive
role in improving precision of model simulation. In the meantime, the rain flood
elimination and acceptance abilities of designed storms in different return periods at
the plots of different land use types were compared to provide practical experience
and technical support of cavernous urban design concept with certain reference
significance to urban waterlogging control in China.
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The Response Relationship Between
Flushing Time and Water Quality
in Xiangxi Bay of the Three Gorges
Reservoir

HongQing Zhang and ZhongJin Bao

Abstract For the problem of the spring blooms in the tributary embayment of the
Three Gorges Reservoir, 3D hydrodynamic and water quality mode based on the
background of Xiangxi River analyzed the response relationship between flushing
time and water quality of Xiangxi Bay during the discharge period. The results
show that in the upper reaches and near the estuary of the bay, chlorophyll and
dissolved silicon concentration are smaller. The chlorophyll concentration in the
waters of 12.5 km (in spring, 2005) and 7.5 km (in spring, 2007) away from the
estuary remained at a relatively high value, while the dissolved silicon concentra-
tion is the opposite. In general, there was a positive correlation between flushing
time and chlorophyll concentration, but a negative correlation between flushing
time and nutrient salt for the growth of algae. The results can provide a reference for
preventing the water environment problems of the tributary embayment.

Keywords Tributary embayment � Flushing time � Water quality
3D-hydrodynamic and water quality model

1 Introduction

The Three Gorges Project is a large water conservancy project, which attracts
worldwide attention. It has a great benefit in flood control, power generation,
shipping and so on. However, the water body before the dam is changed from the
original natural river to the river channel type reservoir after the construction of the
dam; then significant changes have occurred in the structure of the water flow in the
reservoir area, and the water dynamic conditions and water quality factors in the
reservoir area have obvious spatial and temporal characteristics. At the end of 2012,
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the outbreak of “water bloom” in the Yangtze River was still increasing year by
year. The Yangtze River is in the non-flood period every spring; the water level in
Three Gorges Reservoir is higher, making the flow velocity in the upstream of the
reservoir tributaries slower. At the same time, the temperature has risen gradually,
and all these conditions promoted the growth of algae. However, according to the
statistical data of water bloom in the upper reaches of the Three Gorges Reservoir
during 2003–2008 [1–6], spring has become the main season of the bloom.

Phytoplankton plays a key role in circulation of materials in the lake ecological
system and energy transfer. Chlorophyll is the vital component of algae; its con-
centration level can be used to evaluate phytoplankton species and quantity and can
represent the environmental quality in some degree. If the chlorophyll concentration
in a certain area maintains at a high level, it must have a greater degree of water
quality deterioration, a lesser degree conversely [7]. Prior to 2008, the dominant
algae of Xiangxi Bay were mainly diatoms. The water quality monitoring data of
Xiangxi Bay show that silicate can affect the extent and intensity of outbreaks of
diatoms in the bay more than phosphate.

In recent years, the scholars often used the flushing time [8] to study the con-
vection diffusion transfer process in an estuary, bay or lake. Flushing time not only
reflects the hydrodynamic system, but also reflects the exchange characteristics of
waters and the outside world water and internal transport rules of the water on their
own [9]. Therefore, for the flow which is very complex, the existing thermal density
flow phenomenon of tributaries, the calculation of flushing time of tributaries bay
can provide a new way to solve water quality problems. In this paper, combined
with the impoundment process of Three Gorges Reservoir, and considering that the
dominant algae in Xiangxi Bay before 2008 is consistent basically, choosing
2005-2-22 to 2005-4-28 and 2007-3-1 to 2007-5-31 as the research period, then the
3D hydrodynamic and water quality model is established to study the response
relationship between flushing time distribution and chlorophyll and dissolved sili-
con concentration.

2 Research Method

Based on Delft3D, the hydrodynamic and water quality of Xiangxi Bay will be
researched. Considering hydrostatic pressure assumption, Boussinnesq assumption
and buoyancy effect, the hydrodynamic model is established on a basis of the N-S
equation and vertically discrete by using r coordinate. The hydrodynamic model is
solved by ADI algorithm in the category of finite difference method, and the wind
stress on free surface, shear stress at the bottom of the river as well as Coriolis force
were considered to form its model boundaries when the vertical acceleration is
considered far less than gravitational acceleration. Based on the results of the
hydrodynamic model, the water quality model, shown as Eq. 1, is used to solve
material transportation diffusion equation further and get dissolved water quality in
r coordinate:
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In Eq. (1), u, v, w are velocity components in every direction; CH , CV are
horizontal and vertical diffusion coefficient, respectively; S, D are represent source
sink term and biochemical reaction, respectively.

2.1 Computation Region and Meshing

The computational domain consisted of Xiangxi River (about 32.2 km) and the
section of the Yangtze River (5 km upstream and downstream of Xiangxi River);
the total area is 2.175 � 107 m2. The calculation area is divided into 50 m � 50 m
orthogonal grids, and the number of the planar mesh is 640 � 160, while the
vertical is divided into 10 layers. The Xiangxi River-Yangtze River region and the
calculation mesh are shown in Fig. 1. Considering the problem of graphic display,
the partial section of the grid is enlarged.

Fig. 1 Schematic diagram of
domain and mesh
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2.2 Boundary Condition

In the hydrodynamic model, Xiangxi Bay and Yangtze River inlet flow boundary in
2005 and 2007 are shown in Fig. 2; the Yangtze River downstream export water
boundary is shown in Fig. 3; weather conditions and water temperature boundary
can be found in the literature [10, 11]. In the water quality model, related param-
eters of water quality of Pingyi and Xiangxi estuary were selected as inlet and outlet
water quality monitoring average boundary [12].

2.3 Model Validation

Comparison of observed and predicted water level and average velocity at the
talweg of the estuary of Xiangxi River in 2005 is shown in Fig. 4, which shows that
the whole trend of observed and predicted water level and average velocity are
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consistent, and the errors are small. In the spring of 2007, average chlorophyll and
dissolved silicon concentration changes of the observation point about 3 km away
from the downstream estuary of Xiangxi Bay are shown in Fig. 5 which shows that
the calculated value of total chlorophyll and dissolved silicon concentration trend
conform to monitoring value, although there exists an error, but it can be ignored.
Therefore, the 3D hydrodynamic-water quality model is established to simulate the
change of the water quality process of Xiangxi Bay.

3 Results and Analysis

The temporal and spatial distribution of chlorophyll concentration of Xiangxi Bay
in the spring of 2005 and 2007 is shown in Fig. 6, and the spatial distribution of the
averaged flushing time of each layer in the spring of 2005 and 2007 is shown in
Fig. 7.

As seen in Fig. 6a, in the spring of 2005, there is a smaller value in the upper
reaches and the estuary nearby of Xiangxi Bay, a larger value in the middle reaches.
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Fig. 6 Spatio-temporal distribution of chlorophyll concentration in 2005 and 2007
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With time, the distribution of chlorophyll concentration increases where it has a
larger value and gradually moves to the lower reaches of the bay. Overall, within
the study period, the distribution of chlorophyll concentration about 12.5 km away
from the estuary remains a larger value. Comparing with Fig. 7a, the area with high
chlorophyll concentration is the area where the flushing time is greater than 48.78 d
in the period, and for the upper reaches and the estuary with shorter flushing time,
the corresponding chlorophyll concentration has remained a smaller value. As
shown in Fig. 6b, in the spring of 2007, the distribution of chlorophyll concen-
tration of Xiangxi Bay is increased from the upper reaches to 2.5 km away from the
estuary, and the chlorophyll concentration is smaller near the estuary. At the same
time, it remains a larger value on the chlorophyll concentration from 2.5 km to
10 km away from the estuary. Comparing with Fig. 7b, the area with the high

(a) in spring, 2005   (b) in spring, 2007

Fig. 7 The spatial distribution of the averaged flushing time of each layer of Xiangxi Bay
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chlorophyll concentration is the area with the longer flushing time and the estuary
where the chlorophyll concentration remains a small value has a shorter flushing
time.

The temporal and spatial distribution of dissolved silicon concentration of
Xiangxi Bay in the spring of 2005 and 2007 is shown in Fig. 8. As seen in Fig. 8a,
in the spring of 2005, there is a larger value in the upper reaches and the estuary
near Xiangxi Bay, a small value in the middle reaches. With time, the distribution
of dissolved silicon concentration increases where it has a smaller value and
gradually moves to the lower reaches of the bay. Overall, within the study period,
the distribution of dissolved silicon concentration where it is 12.5 km away from
the estuary remains a smaller value. As shown in Fig. 8b, in the spring of 2007, the
distribution of dissolved silicon concentration of Xiangxi Bay is decreased from the
upper reaches to 2.5 km away from the estuary, and larger near the estuary. At the
same time, the dissolved silicon concentration remains a smaller value from 2.5 to
10 km away from the estuary.

4 Conclusions

The 3D hydrodynamic and water quality model based on the background of Xiangxi
River was used to analyze the response relationship between flushing time and water
quality of Xiangxi Bay during the discharge period. The results show that in the upper
reaches and near the estuary of the bay, chlorophyll and dissolved silicon concen-
tration are smaller. The chlorophyll concentration in the waters of 12.5 km (in the
spring of 2005) and 7.5 km (in the spring of 2007) away from the estuary remained at a
relatively high value, while the dissolved silicon concentration is the opposite. In
general, there was a positive correlation between flushing time and chlorophyll
concentration, but a negative correlation between flushing time and nutrient salt for

(a) in spring, 2005   (b) in spring, 2007

Fig. 8 Spatio-temporal distribution of dissolved silicon concentration
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the growth of algae, namely, the area with a longer flushing time of the water in the
bay, is the area with a high chlorophyll concentration and a low nutrient salt con-
centration. Therefore, the longitudinal distribution rules on the flushing time of the
bay can be obtained to predict the trend in the water quality of the bay.
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Removal of Phthalate Esters
by Combination of Activated Carbon
with Nanofiltration

Long Wang, Qiaoling Wan, Junjie Wu, Ming Guo, Shuang Mao
and Jiaqi Lin

Abstract Nanofiltration (NF), combined with activated carbon (AC) for phthalate
esters (PAEs) treatment, were studied. Three kinds of typical PAEs dimethyl
phthalate (DMP), di-(2-ethylhexyl) phthalate (DEHP) and dioctyl phthalate
(DOP) were selected as target contaminant. Fifty µg/L of each PAEs liquid match
was prepared with natural river water and treated by NF combined with 10 mg/L or
50 mg/L powdered AC. The test was processed at normal temperature, 0.4 MPa
pressure, and pH value as 7. The results indicated that AC can be used as the
pretreatment of NF to remove the majority of dissolved organic matter and inor-
ganic particles and can be a safeguard for NF membrane. The removal rates of three
PAEs by AC-NF were all above 99%, which suggests that the AC-NF process is
feasible for PAEs treatment.

Keywords Removal � Phthalate esters � Activated carbon � Nanofiltration
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1 Introduction

Phthalate esters (PAEs) are synthetic compounds that are used as polymer additives
in the production of plastics, rubber, cellulose and styrene. PAEs are categorized as
environmental hormones. They are present in many consumer products, such as
children’s toys, cosmetics, personal care products, blood bags, organic solvents,
packaging materials, paper coatings and insecticides. Because of their widespread
use, PAEs have become ubiquitous environmental pollutants [1]. PAEs adversely
affect human health and are suspected to be estrogenic and reproductive toxins [2].
PAEs can be accumulated through the food chain because of their lipophilicity and
stability [3]. Consequently, they are recognized globally as hazardous substances
that should be controlled.

Many techniques have been developed for the removal of PAEs, including
biodegradation [2], hydrolysis [4], and oxidation technologies [5]. These techniques
have limitations, such as high cost, low removal efficiency, lack of availability of
bacteria for biodegradation, even some degradation products may be more harmful
than the reactants.

AC is known as the most effective adsorbent that is used for the removal of
contaminants from polluted water. AC adsorption is recommended by the
Environmental Protection Agency (EPA) as a treatment technique suitable for the
elimination of NOM from water to attain the established regulations [6], and it has
been shown that the AC is efficient in practice for PAEs [7]. Membrane technique is
regarded as the most promising water treatment technology in the 21st century;
among them, NF membrane can remove the organic pollutants with relative
molecular mass of 150–100, and most of the relative molecular mass of PAEs are in
the range. In this study, batch experiments were conducted to investigate the
removal of PAEs in water by the NF or AC-NF process.

2 Experimental

2.1 Reagents and Materials

Three representative PAEs, DMP, DEHP, and DOP were selected as targets for the
test in this work mainly due to their molecular polarities and molecular sizes. Three
PAEs, analytically pure, DMP, DEHP, and DOP (Sinopharm Chemical Reagent Co.,
Shanghai, China) were of analytical grade. Domestic coconut shell based acti-
vated carbon (Tangshan United Carbon Technology Co., Ltd. Tangshan, China)
with granularity of 200 mesh. NF membrane (American Membrane Corporation,
Michigan, USA) was of roll type polyamide composite membrane. Demineralized
water was obtained from a Milli–QWater System (Millipore, Temecula, CA, USA).
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2.2 Effects of Different Water Quality Conditions
on the Removal of PAEs by NF

In an NF membrane test, the influencing factors of NF on PAEs treatment were
studied, such as pressure, temperature, pH, ionic strength, dissolved organic matter
(DOM) and inorganic particles. Fifty (50) µg/L of each PAEs liquid match was
prepared with pure water at different simulated water quality conditions.

The results showed that the main influencing factors of NF on PAEs treatment
includes DOM, ionic strength and inorganic particles. Retentate rates of PAEs
enhanced as DOM, ionic strength and inorganic particles increased. The retentate
rates of DMP enhanced as the inorganic particles increased, and the retentate rates
of DEHP and DOP enhanced as the DOM increased.

2.3 Stability of NF on PAEs Treatment for Long Running

The stability of NF on PAEs treatment during the long time running was also
studied. Fifty (50) µg/L of each PAEs liquid match was prepared with natural river
water (with a turbidity of 40 NTU, UV254 0.1 and conductivity of 0.23 ms/cm).
The water sample was treated with NF system at room temperature, 0.4 MPa
operating pressure, and pH 7. The effluent was taken out after 10 min, 20 min,
30 min, 1 h, 3 h, 6 h, 24 h, 48 h, respectively. The results are shown in Fig. 1.

From Fig. 1 it could be seen that the retentate rates of PAEs byNFmembrane were
high at the beginning followed by a drop and the equilibrium achieved at 30 min
later. During the next 48 h, flux and retentate rate of NF did not produce appar-
ent change. The retentate rates of PAEs by NF membrane were positively
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Fig. 1 The removal of PAEs
by NF during the long time
running
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correlated with the molecular weight and size of PAEs because of their difference
on molecular weight and molecular structure, and the rejection rate was above
99.31% (DOP), followed by 94.16% (DEHP) and 87.78% (DMP).

2.4 Removal of PAEs by NF Combined with AC

Fifty (50) µg/L of each PAEs liquid match was prepared with natural river water.
Removal of PAEs by NF, combined with 10 mg/L or 50 mg/L powdered AC, was
studied at room temperature, 0.4 MPa operating pressure, and pH 7. The concen-
tration of PAEs in effluent treated by AC or by NF combined with AC was detected,
and the results were shown in Fig. 2 and Table 1.

From Fig. 2 and Table 1, it could be learned that the turbidity and UV254 of the
effluent treated by AC decreased above 98 and 90% than that of natural water, and
the removal rates of three PAEs by AC-NF were all above 99%.
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Fig. 2 The AC-NF for PAEs
treatment. Notes: 1. Treated
by NF; 2. Treated with
10 mg/L powdered AC; 3.
Treated with 50 mg/L
powdered AC; 4. Treated by
NF combined with 10 mg/L
AC; 5. Treated by NF
combined with 50 mg/L AC

Table 1 The turbidity and UV254 of the effluent treated in different processes

Natural
water

Effluent
treated by
10 mg/L
AC

Effluent
treated by
50 mg/L
AC

Effluent treated
by NF combined
with 10 mg/L
AC

Effluent treated
by NF combined
with 50 mg/L
AC

Turbidity
(NTU)

40 0.65 0.40 0.32 0.30

UV254 0.10 0.01 0.01 0 0
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3 Discussion and Conclusion

In the removal of PAEs by NF, the retentate rates of PAEs enhanced as the DOM or
inorganic particles increased. The cause may be that DOM or inorganic particles
were adsorbed and stayed on the surface of the NF membrane to form a layer and
blocked the PAEs flow.

The water quality of effluent treated by AC could meet the Standards for
Drinking Water Quality of our country (GB5749-2006). However, the concentra-
tion of PAEs in effluent was still at an elevated level; the highest concentration of
DMP could be reached 7.86 µg/L and that of DEHP could be reached 3.65 µg/L.
Thus, in the actual application of water treatment, NF can be combined with other
advanced treatment processes such as AC to achieve more effective removal of
PAEs in water. AC can be used as the pretreatment of NF to remove the majority of
dissolved organic matter and inorganic particles and can be a safeguard for NF
membrane. Therefore, the AC-NF is feasible for PAEs treatment.
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Startup of Formatting Biological
Membrane in Denitrifying Filter at Low
Temperature

Long Wang, Yanyan Dou, Qiaoling Wan, Shuang Mao, Wen Zhang
and Jiaqi Lin

Abstract Pollution and treatment of the wastewater have been the focus of
environmental protection. In the microbial nitrogen removal processes, a denitri-
fication filter has the advantages of low investment, less land occupied, high bio-
mass and high treatment efficiency. Therefore, it is one of the most widely used
processing technologies in advanced treatment. This study uses secondary effluent
of the East Sewage Treatment Plant as the research object. The effluent of the waste
water treatment plant (WWTP) has a low temperature about 10–20 °C. The inner
diameter of the filter column is 150 mm, and the height of the column is 2.3 m. The
denitrification filter used boring exposure and continuous water to select the
advantage bacterium group to form biological membrane attached on the surface of
the filter material. This experiment studies the different treatment effect when
forming biological membrane using two different packing processes (ceramsite
packing and polyethylene polyhedral hollow ring filter packing) in the
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denitrification filter. During the experiment, TN, NO3
−
–N, NO2

−
–N, NH4

+
–N,

CODCr were constantly measured as well as other regular indicators. The above
regular indicators show the biological membrane attachment condition during the
formation of the biological membrane. To confirm this procedure successfully, the
mark was that the CODcr removal rate reached 50% and the NO3

−
–N removal rate

reached 60%. It was shown that the ceramsite packing needed 25 d, and the
polyethylene polyhedral hollow ring packing needed 30 d. This experiment indi-
cates that the startup time, membrane growth and removal efficiency of the cer-
amsite filter are better than the polyethylene polyhedral hollow ring filter.

Keywords Low temperature � Denitrification filter � Removal efficiency

1 Introduction

The startup of formatting a biological membrane in a denitrification filter is for-
matting a biofilm on the surface of packing. It is a process of interaction between
packing and microorganisms. Related studies have shown [1, 2] whether
microorganisms can be attached on the surface of packing which is determined by
three aspects: the first one depends on the characteristics of the bacteria; the second
one depends on the physical and chemical properties of the packing surface; and the
third one depends on the filter’s environment conditions; and the nitrogen removal
of the denitrification filter is determined by the stability of the microbial in biofilm.
After a series of complex processes—physical, chemical, biological, etc.—the
biofilm is formed. Therefore, the startup of formatting biological membrane is
extremely important for the stable operation of the denitrification filter.

At present, the startup of formatting biological membrane in the denitrification
filter usually chooses two ways: natural formatting biological membrane and
inoculation formatting biological membrane [3]. Natural formatting biological
membrane is the process of gradually forming mature biofilm. In this process, the
microorganisms use the nutrients in raw water to grow. The inoculation formatting
biological membrane is artificially added with a certain volume of sludge in the
reactor to speed up formatting the biological membrane through the combination
method of stuffy exposure and exchange water to improve the microorganism’s
adaptive velocity and shorten the time of the formatting biological membrane.

The denitrification filter depends on the biofilm attached to the surface of the
packing for denitrification, and microorganisms give priority to the denitrifying
bacteria in the biofilm, the mechanism of nitrogen as described below. The biological
denitrificationmethod is an effective and exhaustive elimination of nitrogen pollution.
Under the action of nitrifying bacteria and denitrifying bacteria, the nitrogen pollutant
in the polluted wastewater translates into gaseous nitrogen by ammonification,
nitrification and denitrification reaction [4]. Ammonification processes are that
ammonifiers decompose and transform organic nitrogen compounds into ammonia
nitrogen. Nitrification processes are to further decompose ammonia nitrogen by
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denitrifiers. Firstly, ammonia nitrogen is transformed into nitrous nitrogen by
nitrosobacteria; secondly, nitrite nitrogen is transformed into nitrate nitrogen by
nitrate bacteria; thirdly, nitrate nitrogen and nitrous nitrogen are reduced into N2

by denitrifiers [5]. In the biological filter, denitrifying bacteria is a type of hetero-
trophic facultative anaerobic bacteria; it proceeds denitrification reaction. The bio-
logical denitrification process is divided into assimilative denitrification process and
dissimilative denitrification. The assimilative denitrification is also called anabolism.
Under the metabolism of denitrifying bacteria, inorganic nitrate is reduced into
organic compounds. The organic compounds become a part of the cell for their own
use. The dissimilative denitrification is also called catabolism. Nitrogen was con-
verted into N2 by denitrification bacteria, then returns to the atmosphere. Specifics are
shown in Eq. 1 [6].

ð1Þ

Equation 1 Nitrate nitrogen transformation pathways and results in the biolog-
ical digestion.

Denitrifying bacteria in the process of dissimilative denitrification uses organic
carbon as an electron donor and nitrate as an electron acceptor. As with the
methanol, the dissimilative denitrifying process can be finished according to the
following two steps:

6NO�
3 þ 2CH3OH ! 6NO�

2 þ 2CO2 þ 4H2O ð2Þ

6NO�
2 þ 3CH3OH ! 3N2 þ 3CO2 þ 3H2Oþ 6OH� ð3Þ

6NO�
3 þ 5CH3OH ! 3N2 þ 5CO2 þ 7H2Oþ 6OH� ð4Þ

By the above formula, the denitrifying bacteria for denitrification reaction can
effectively remove nitrogen compounds and achieve the goal of denitrification.

Denitrification biofilter has several characteristics of low investment, less land
occupation, high biomass, etc.; and it is one of the most widely used technologies in
advanced wastewater nitrogen removal treatment.

Dahab [7] used the synthetic wastewater as raw sewage and used the static up
flow reactor. Adding acetic acid as a carbon source, potassium nitrate as nitrate,
they research and analyze the denitrification effect. The result shows that the nitrate
removal rate of the reactor is more than 90% when the nitrate concentration of
influent is 100 mg/L, C/N is 1.5, HRT is 9 h.
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In 1988, Soares [8] designed a kind of sand column, which uses sucrose as a
carbon source. The study shows that denitrification can fully process with sufficient
carbon source and improve the nitrogen removal efficiency. It also shows that the
osmotic pressure in the sand column will gradually reduce as time continues. It is
because of the existence of gas in the filter material. France built denitrification
biofilter in 1981, which chose Biolite (a kind of filter material which has an average
grain diameter of 1.7 mm) as the filter material and set it at 8 m/h, and the depth of
the material is 3 m. The result of the experiment shows that this kind of filter is
applicable for high concentration nitrate wastewater treatment. Nowadays, deni-
trification biofilters have already caused the widespread attention of scholars,
especially focused on different influence of factors like types of filter media, biofilm
inoculation methods, temperature, etc.

Huang et al. [9] used a kind of Acinetobacter Y16, which has a strong ammonia
nitrogen removal ability in 2 °C, and it can turn ammonia to nitrogen. Under the
condition of using sodium acetate as a carbon source, it can remove 66% ammonia
nitrogen from the wastewater, and it has a high removal efficiency of ammonia
nitrogen in low temperature and low C/N so that Acinetobacter Y16 can be used in
ammonia nitrogen removal in low temperature water in winter.

Sahinkaya and Kilic [10] evaluated the difference between the dissimilative
denitrification and SCAD for the surface water including nitrate with chromate. The
results showed that elemental sulfur and nitrate were used as an electron donor and
acceptor in SCAD process; denitrification is reacted thoroughly; and the concen-
tration of Chromate is lower than 0.5 mg/L. Although the denitrification rate of
SCAD is lower than the one of dissimilative denitrification, SCAD can avoid the
secondary pollution caused by the organic added.

Tang et al. [11] used a denitrification biofilter in advanced treatment of sec-
ondary effluent of a WWTP. During biofilm colonization, dose Sodium Acetate
external as a carbon source, which only costed 15 d to complete the biofilm
attachment. After stable operation, the COD removal efficiency of denitrification
biofilter was established at 72–83%; the COD average concentration of final effluent
is 11.71 mg/L, which is lower than secondary effluent of WWTP.

The total nitrogen of raw water in this study is mainly composed of water nitrate
nitrogen, so that reducing the TN concentration of effluent needs to reduce the
concentration of nitrate nitrogen. Aiming at the characteristics of secondary effluent
of WWTP, denitrification biofilter is used in advanced treatment in this study.

2 Materials and Methods

2.1 Water Quality

This experiment works in the East Sewage Treatment Plant; it chooses the com-
bination process “denitrifying filter-coagulation sedimentation-O3-biological sand
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filter” for deep processing to reduce the nitrogen. This experiment influent is the
WWTP’s secondary effluent; the main specification of secondary effluent from
WWTP is shown in Table 1.

2.2 The Experimental Materials

The secondary effluent of WWTP is pressed to the original water tank by a sub-
mersible sewage pump. The original tank water is pushed by peristaltic pump into
the two denitrifying filters. The effluent of denitrifying filter flow is pushed into
coagulation sedimentation tank by gravity. The gas that washes the denitrification
filter is provided by the air compressor. The experimental schematic diagram is
shown in Fig. 1.

Table 1 The main specification of secondary effluent from WWTP

Specification CODCr

(mg/L)
TN
(mg/L)

NH4
+
–N

(mg/L)
NO3

−
–N

(mg/L)
NO2

−
–N

(mg/L)
TP
(mg/L)

pH Temperature
(°C)

Turbidity
(NTU)

Maximum 45.3 21.87 2.42 17.58 0.79 1.54 8.0 28 12.02

Minimum 20 16.44 1.86 12.48 0.51 0.62 7.4 10 0.94

Average 32.65 19.16 2.14 15.03 0.65 1.08 7.7 – 6.48

Fig. 1 Experimental schematic diagram
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The packing of the denitrifying filter chooses the ceramsite and the polyethylene
polyhedral hollow ring, and the polyethylene polyhedral hollow ring belongs to
the suspended carrier. The performance parameters of the packing are shown in
Table 2; the packing’s appearance is shown in Fig. 2.

2.3 The Experimental Methods

During the experiment, the main monitoring items, analysis methods, experimental
apparatus are shown in Table 3; the analysis method consulta with the “water and
wastewater monitoring and analysis method” (4th edition) [12].

Table 2 The properties of filter media

Properties Diameter
(mm)

Particle
bulk
density
(g/cm3)

Porosity
(%)

Bulk
density
(g/cm3)

Accumulation
specific
surface (m2/
cm3)

SiO2 (%) Al2O3

(%)
Fe2O3

(%)

Ceramsite 3–5 1.52 55–78 0.75–0.8 >3000 62–68 18–22 6–9

Poly-ethylen
polyhedral
hollow ring

25 0.25 – 0.1–0.15 620 – – –

Fig. 2 Pictures of ceramsite and polyethylene polyhedral hollow ring

280 L. Wang et al.



3 Results and Discussion

This experiment chooses artificial inoculation formatting biofilm and it discusses
the different laws of different packing in denitrifying biological filter formats
biofilm.

3.1 Startup of Formatting Biofilm in Denitrifying Filter
at Low Temperature

The low temperature of the experiment water is about 10–20 °C. The secondary
effluent of WWTP has low COD and a large number of the refractory organics; the
refractory organics go against microbes surviving and reproducing. Therefore, this
experiment chooses artificial inoculation formatting biofilm. Sludge is from the
oxidation ditch of WWTP, and the methanol is placed into two filter columns in the
biofilm culturing process.

The biofilm culturing process has two phases:aeration and continuous water to
select advantage bacterium. In the first phase, the influent mixed with sludge in
accordance with the proportion of 3:1 inject filter column. The water was aerated
for 24 h with 20 L/h continuously, changing water ratio is 1/2, working 10 days.
This is for formatting biofilm and letting microbes adhere to the surface of the filler
[13]. The second phase is to empty the water of the filter column and stop aerating
and take the methanol to the original water. According to the number IAWQ1
model’s formula COD/NO3

−
–N = 2.86/(1 − YH) [14, 15] and the best COD/NO3–

N ratio (COD/NO3–N = 5) which comes from the test, determined that the additive
amount of methanol is 120 mL, COD’s concentration is about 75 mg/L, the control

Table 3 Analysis items and methods

Items Methods Instrument

CODCr Potassium dichromate method Backflow device and
burette

NH4
+
–N Nessler’s reagent spectrophotometry Vis spectrophotometer

NO2
−
–N N-(1-naphthyl) ethylenediamine dihydrochloride

spectrophotometric method
Vis spectrophotometer

NO3
−
–N UV spectrophotometry UV spectrophotometer

TN Potassium persulfate oxidation—
UV spectrophotometry

UV spectrophotometer

Turbidity Spectrophotography Turbidimeter

DO Rapid determination method DO meter

Temperature Thermometer method Thermometer

pH Glass electrode method pH meter

Biomass Phosphatide method Vis spectrophotometer
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of the two column’s flow speed is 1 m/h. After 24 days the ceramsite filter’s
removal rate of COD is steadily around 50% and its removal rate of nitrate nitrogen
is around 60%. It indicates that the biofilm surface of the filter has grown to
maturity, and the formatting of the biofilm is successful. The polyethylene poly-
hedral hollow ring filter gets the same treatment effect at the 30th day.

3.2 The Removal Characteristics of Denitrifying Biological
Filter During the Biofilm Formatting

The Removal Effect of CODCr. In the phase of biofilm formatting, 1# and 2# filter
column’s removal effect of CODCr is shown in Fig. 3.

Figure 3 shows that during the experiment, the mean concentration of CODCr of
the secondary effluent is 26 mg/L. In the first phase of biofilm formatting, the
two-filter column does not add a carbon source. The figure shows that the removal
efficiency of CODCr is less than 10%. The reason is the following two points:
firstly, the main component of the secondary effluent of the treatment plant is
refractory organics; it is not easy to be used and degraded by microorganisms;
secondly, in the start-up phase, organic matter can only be removed by physical
removal. From the figure it is also known that the effluent CODCr of 2# filter
column slightly increases in the early stage of the start-up period, and the removal
efficiency is less than 5%. It is because the interspace of polyethylene polyhedral
hollow ring is bigger than the one of ceramsite, the effect of interception is not
strong, inoculation sludge is easy to flow out with the effluent and it will increase
the concentration of CODCr; then it leads to a low removal efficiency. In second

Fig. 3 The removal of CODCr during the start-up period
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phase of biofilm formatting, a carbon source is added in day 14, after stopping
aeration, the CODCr removal rate of #1 filter column is about 15%; the CODCr

removal rate of #2 filter column is about 10%. It is because when using methanol as
the carbon source, denitrification bacteria need a period of adaptation time [16].
Five days after adding the carbon source, the CODCr removal efficiency of the two
filter columns is rapidly increased. When it comes to day 25, the CODCr removal
rate of #1 filter column reaches 50%; and when it comes to day 30, the CODCr

removal efficiency of 2# filter column also reaches 50%. All of them operate with
stability after that.

From Fig. 3 it is known that during biofilm formatting, the CODCr removal
efficiency of 2# filter column is lower than the one of 1#. It is because the poly-
ethylene polyhedral hollow ring packing is suspended in the column; the interspace
of it is bigger than ceramsite; while the specific area of it is 1/5 of ceramsite. It is not
easy for denitrifying bacteria to attach on the surface of the packing as its growth
rate is low, and the effluent turbidity of the polyethylene polyhedral hollow ring is
higher than the ceramsite filter column.

The Removal Effect of NO3
−
–N. In the phase of biofilm formatting, 1# and 2#

filter column’s removal effect of NO3
−
–N is shown in Fig. 4.

From Fig. 4, the NO3
−
–N of influent is 15 mg/L. In the first phase, two filter

columns have not the removal effect of NO3
−
–N, and the concentration of NO3

−
–N

is increased. The reason is that the aeration environment is more suitable for the
growth of nitrifying bacteria; nitrifying bacteria can transform NH4

+
–N to NO3

−
–N

and oxidate NO2
−
–N. In the second phase, aeration is stopped; the aerobic envi-

ronment of the filter column is destroyed; the growth of nitrifying bacteria is
restrained; denitrifying bacteria’s growth and reproduction cause themselves

Fig. 4 The removal of NO3
−
–N during the start-up period

Startup of Formatting Biological Membrane in Denitrifying … 283



to become dominant bacteria; denitrification is gradually strengthened. On day 15,
1# filter’s removal rate of NO3

−
–N is to 11%; 2# filter’s removal ratio of NO3

−
–N

is to 9%. On day 25, 1# filter’s removal ratio of NO3
−
–N is to 60%; and on day 30,

2# filter’s removal ratio of NO3
−
–N is also to 60%, the formatting biofilm is

successful.
In the biofilm culturing process, #1 filter column’s removal rate of NO3

−
–N is

higher than 2# filter column. The reason is that the polyethylene polyhedral hollow
ring is in suspended state; its surface is not easy to grow and adherent biofilms. The
small number of denitrifying bacteria, denitrification reaction cannot react com-
pletely when the number of denitrifying bacteria is less.

The Removal Effect of NO2
−
–N. In the phase of biofilm formatting, #1 and #2

filter column’s removal effect of NO2
−
–N is shown in Fig. 5.

From the Fig. 5, the NO2
−
–N of influent is 0.57 mg/L. In the first phase, two

filter columns have the removal effect of NO2
−
–N. In the second phase, five days

after adding the carbon source, the two filter columns show the accumulation of
NO2

−
–N. On day 14, 1# filter’s effluent of NO2

−
–N is to 1.32 mg/L. On day 15, 2#

filter’s effluent of NO2
−
–N is to 1.23 mg/L. The two reasons are: the first reason is

that in the second phase the aerobic environment in the filter column is damaged
and the increasing concentration of organic matter can inhibit the nitrifying bacteria.
The second reason is that denitrifying bacteria needed time to adapt to methanol.
On day 06, two filter columns’s NO2

−
–N concentration decreases gradually; 1#

filter column on day 19 and 2# filter column on day 22 shows their effluent’s NO2
−
–

N concentration is under 0.2 mg/L stability.

The Removal Effect of NH4
+
–N. In the phase of biofilm formatting, 1# and 2# filter

column’s removal effect of NH4
+
–N is shown in Fig. 6.

Fig. 5 The removal of NO2
−
–N during the start-up period
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From Fig. 6, the NH4
+
–N of influent is 2.14 mg/L. In the first phase, 1# filters

the removal rate of NH4
+
–N is to 50%; the effluent of NH4

+
–N is about 1.00 mg/L

stability; 2# filters the removal rate of NH4
+
–N is to 35%; the effluent of NH4

+
–N is

about 1.50 mg/L stability. Environment of the filter column is suitable for the
growth and reproduction of nitrifying bacteria. In the second phase, adding a carbon
source and stopping aeration, two filter columns do not have the removal effect of
NH4

+
–N. The reason is that adding a carbon source and stopping aeration causes

DO to decrease; the low concentration of DO and the high concentration of organics
restrain the nitrifying bacteria growth and reproduction. Then the nitrifying bacteria
is eliminated, and denitrifying bacteria becomes dominant bacteria. So, there is only
the assimilation of microorganism to remove NH4

+
–N.

The Removal Effect of TN. Studies have shown that temperature has obvious
effects on denitrification, thus affecting denitrification effect [17]. The suitable
temperature of denitrification is 20–40 °C; the temperature of this experiment is
between 10 and 20 °C. In this temperature, denitrifying bacteria proliferation and
metabolic rate is reduced and denitrification is affected; 1# and 2# filter column’s
removal effect of NH4

+
–N is shown in Fig. 7.

Figure 7 shows that two filter columns do not have the removal effect of TN; the
effluent of TN and the influent of TN do not have an obvious difference. The reason
is that in this phase the filter column is aerated; high dissolved oxygen environment
makes denitrifying bacteria use oxygen to breathe and restrain denitrifying bacteria
synthesizing a reduction in nitrate. It makes nitrogen not to be thoroughly trans-
formed and influence the effect of nitrogen. In the second phase, two filter columns’
removal effect of TN improve obviously. Within the first five days, the removal
effect of TN does not work well; 1# filter’s removal rate is under 10% and 2# filter’s
removal rate is under 5%. The reason is that the denitrifying bacteria needs a period
of time to adapt methanol. However, when it comes to day 15, two filter columns’

Fig. 6 The removal of NH4
+
–N during the start-up period
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removal rate of TN rapidly increases. As formatting biofilm is successful, two filter
columns’ effluent of TN is under 15 mg/L stability, the mean removal rate is to
50%.

4 Conclusions

This experiment discusses the startup of formatting biofilm in denitrifying filter by
two different packing processes. The following conclusions are drawn from the
experiment: in this experiment, it uses the aeration phase and selecting advantage
bacterium phase to startup formatting biofilm by artificial inoculation sludge. The
temperature of influent is 16 °C; the mean concentration of CODCr, NO3

−
–N,

NO2
−
–N, NH4

+
–N, TN is 26 mg/L, 15.03 mg/L, 0.57 mg/L, 2.14 mg/L and

19.16 mg/L. The removal rate of COD and NO3
−
–N 50, 60% is a sign; 1# cer-

amsite filter needs 25 days and 2# polyethylene polyhedral hollow ring filter needs
30 days to make biofilm to attach on the surface of packing. A comparative study
of the two filter columns’ decontamination effect during formatting biofilm indi-
cates that the time of startup of formatting biofilm is short in 1# ceramsite filter; the
filter’s biofilm adheres to ceramsite easily. It has good decontamination effect and
the time of startup of formatting biofilm in1# filter is longer than 2# filter; the filter’s
biofilm is easy to fall off and the decontamination effect is poorer.
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Study on Geochemical Evolution
and Isotopic Characteristics
of Groundwater in Arid and Semi-arid
Areas

Lishu Wang, Qingjiao Cao, Yunxin Zhang, Fei Liu, Yingying Shen,
Qiang Ma and Yunpu Zheng

Abstract The utilization ratio of water resources is remarkably high in the Shiyang
River Basin, which is a typical zone susceptible to water resources crisis in the arid
area in China. Owing to the continuous deterioration of the ecological environment
in the Shiyang River Basin, it is of great significance to investigate the groundwater
circulation and geochemical evolution law in this area. Samples were collected from
the top of the Qilian Mountains to Hongyashan Reservoir along the flow cross
section. Isotopic survey and geochemical technology were employed to analyze
hydrochemistry and environmental isotopes of precipitation, surface water and
groundwater. Results indicated that precipitation was the provenance of water
resources in the Shiyang River Basin. The groundwater runoff system accepted river
leakage and irrigation water infiltration recharge constantly in the process of the
runoff to the downstream, meanwhile drained through the river overflow and
pumping with a primary vertical movement. The downstream of the Basin was the
main groundwater discharge area. The groundwater in the northern Basin
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overflowed into the surface water due to the basement uplift. The TDS (Total
Dissolved Solids) values were between 131 and 1750 mg/L, gradually increasing
along the flow direction. The hydrochemical types showed an obvious zonation from
the upper reaches to the lower, which gradually changed from bicarbonate to
sulphates.

Keywords Environmental isotopes � Hydrochemistry � Groundwater circulation
Wuwei Basin

1 Introduction

The Shiyang River Basin, located in the eastern part of the Hexi Corridor in the
middle of Gansu province, Northwestern China, is considered a typical arid and
semi-arid area. As a result of the long-term water resources development in the
Basin, the Shiyang River Basin has become one of the most over-exploited inland
basins. Water resources shortage is an increasingly serious issue in China, espe-
cially in the arid and semi-arid areas of the northwest. The Shiyang River is an
eco-environmentally fragile area, which is characterized by low and irregular
rainfall, high temperatures and evaporation, and notable drought periods [1]. In
such arid and semi-arid environment, groundwater is a significant part of the total
water resource and plays a key role as a water supply for drinking and irrigation [2].

Research interests have been focused on aspects such as utilization survey,
evolutionary prediction, reserve estimation and systematic assessment of natural
water resources. Some reasonable allocation and utilization plans have been pro-
posed [3]. The effective development and management of the valuable groundwater
resources in the area require a better understanding of hydrochemical characteristics
of the groundwater and its evolution under natural water circulation processes.
During the last thirty years, environmental isotopic techniques have been com-
monly and largely used in the overall domain of water resources development and
management [4].

The application of these relatively new techniques in the case of arid and
semi-arid zones has proved to be an attractive tool for the quantitative evaluation of
groundwater systems [5]. However, comprehensive approaches to groundwater
understanding using chemical and isotopic indicators are relatively few, although
there are several investigations on the interaction and mechanism among surface
water, groundwater and rocks in recent years [6–9].

The systematic analysis of the hydrochemical types and features of the whole
river basin were combined using computer simulation and isotopic geochemical
methods in this study. The objective was to elucidate the controls of groundwater
quality evolution, recharge, circulation and mixing processes and, furthermore, to
explain the mechanism of these processes from the standpoint of environmental
geochemistry. The results of the study may provide a theoretical basis for the
government to make utilization strategies for water resources and development
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policies in northwest China in the new century. The purpose of this paper is, thus, to
make a new assessment of the availability of groundwater resources in the Wuwei
Basin as the typical area of arid northwestern China based on a better understanding
of hydrogeological features.

2 Geology and Hydrogeology of the Study Area

The Shiyang River Basin, located in the eastern part of Hexi Corridor in the middle
of Gansu province, is a typical arid and semi-arid area (Fig. 1). The Shiyang River
originates from Lenglongling Glacier of the Qilian Mountains, and ends gradually
in the Tenggeli Desert. The Qilian Mts. form the southern part of the Basin. Many
modern glaciers are distributed above 4500 m. The middle and northern part of the
Basin is a plain that can be divided into two sub-basins (i.e., Wuwei Basin and
Mingqing Basin).

Most of the basin belongs to the arid climate zone. Solar radiation is strong and
sunny. Summer is hot and short, while winter is cold and long. The temperature
difference is extremely significant. Less rainfall and evaporation intense lead to dry air.

Fig. 1 Geographic location of the study area and water quality sampling point
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The annual precipitation is 200–800 mm, while the evaporation capacity is
2000–3000 mm.

Consisting of Quaternary alluvial and pluvial sediments, the Wuwei Basin lies in
a depression at the foot of the Qilian Mts. with an elevation ranging from 1400–
2500 m. The loose Quaternary sediments filling the basin are of great thickness,
which provide an ideal place for groundwater preservation. In terms of the
hydrogeological characteristics, two geomorphologic units are recognized in the
Wuwei Basin, a faulting terrace zone and its sub-basin. The former is in the vicinity
of Qilian Mts. and lies on the head of a pluvial fan. The aquifer there is composed
of gravel and sand. Well-connected porosity of the aquifer provides a good conduit
for groundwater flow, which is the basin’s recharge region. The sub-basin is the
enrichment zone of the groundwater. As the grain size of the aquifer gradually
decreases from south to north and the flow rate becomes slower, the hydraulic
gradient becomes smaller. Along with the uplifting of the Quaternary basement, the
burial depth of the aquifer becomes shallower, resulting in the springs of ground-
water from the middle part of the Wuwei Basin (Fig. 2).

In the southern part of the Wuwei Basin, the diluvial aquifer is formed from
highly permeable cobble and gravel deposits that are between 200 and 300 m thick.
The aquifer specific capacity is about 3–30 l�s−1�m−1, and aquifer permeability is up
to 100–600 m�d−1 [10]. This allows a large amount of surface runoff in the pied-
mont fan to seep down and recharge the aquifer. From the northern edge of this
diluvial fan, the aquifer, comprising interbedded cobble gravel, fine sand and clay,
becomes confined or semi-confined with piezometric levels less than 5 m depth. In
many places the ground-water overflows as springs and re-emerges as streams.

The limited precipitation in the plains of the river basin accounts for less than
7% of the total ground-water recharge. Hence, as found in other inland river basins
in arid northwest China [11], the aquifer in Shiyang River Basin to a large extent is
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recharged by surface water via river infiltration, canal system seepage and farmland
irrigation water seepage. In other words, surface water and groundwater are inte-
grated in the middle and lower basins, and the upper, middle and lower reaches are
united in using water resources. The water resources in the different parts of the
basin are inseparably linked: the ground-water resources in the plain area are
recharged from precipitation in the Qilian Mountains. From the Qilian Mountain
reach to the Hongyashan section, groundwater and surface water are closely linked
due to the gradient and the uniquely permeable nature of the sediments near to the
mountains. To a large extent, the groundwater is transferred back to surface water
before flowing out of the section. Surface water in the Hongyashan reservoir,
therefore, mainly comes from surface water and spring water originally present as
short residence time ground-water within the Wuwei Basin.

3 Materials and Methods

According to the topography, geomorphology and hydrogeology, 13 groups of
sampling locations from Qilian Mountain to Hongyashan Reservoir were chosen
(Fig. 1). The sample points were positioned using GPS locator. The well depth,
latitude, longitude, groundwater depth, water temperature as well as PH value
(pH) were measured, respectively, on the scene. Sample bottles were washed three
times with water sample before collecting water samples. All water samples were
packed in plastic bottles, which were then sealed with wax. No air bubbles were
allowed in the bottles to avoid exchanging with carbon dioxide in the air.

Precipitation materials were collected from the global precipitation isotope
which was established by the International Atomic Energy Agency (IAEA) and the
World Meteorological Organization (WMO). Ca2+, Na+, K+, Mg2+, SO4

2−, Cl− and
NO3

− were measured using Ion Chromatograph. Deuterium (D) and oxygen-18
(18O) were measured by MAT-252 mass spectrometry. Hydrogen samples were
prepared by the zinc reduction method under temperatures of up to 700 °C, and 18O
samples by a H2O–CO2 equilibrium method. Here, SMOW (standard mean ocean
water) was adopted as the criterion for measuring H and O isotopic compositions.
Duplicate analyses of dD and d18O were within ±1‰ and ±0.1‰, respectively.

4 Results and Discussion

4.1 Hydrochemical Characteristics of Groundwater

The hydrochemical properties of groundwater samples collected from the
Quaternary aquifer system are shown in Table 1.
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The pH value in groundwater ranged from 5.5 to 7.0 with an average value of
6.2. The total dissolved solids (TDS) of groundwater varied from 313 to 1750 mg/l
with an average of 769 mg/l. The plot of chemical analyses on a trilinear diagram of
groundwater and surface water is shown in Fig. 3.

Based on the long-term observation of groundwater hydrochemistry, the hydro-
chemical types showed an obvious zonation from the upper to lower reaches. It
changed from HCO3

− through to SO4
2− to Cl− types (Fig. 3). As shown in Fig. 4,

HCO3
−−Ca2+orHCO3

−−Ca2+−Mg2+waterwasmainly to the southof thebasinwhere
the recharge zone was located. Meteoric water can easily flow through the gravel and
pebble aquifer, and groundwater was actively circulated. As a result, the water-rock
reaction time was short, which led to the formation of weakly mineralized hydrocar-
bonate water. From the south to the middle, the hydrochemical zone gradually trans-
formed into a HCO3

−−SO4
2−−Ca2+−Mg2+ or HCO3

−−SO4
2−−Ca2+−Mg2+−Na+

type. Discontinuous SO4
2−−HCO3

−−Ca2+−Mg2+ zone or even SO4
2−−Ca2+−Mg2+

water existed in the north of the basin. As a result of runoff leakage, a narrow
HCO3

−−Ca2+orHCO3
−−Ca2+−Mg2+ zoneoccurred along the bankof ShiyangRiver.

This kind of regional zonation was consistent with the flow direction of the ground-
water. A hydrocarbonate (freshwater) zonewas located in the south, hydrocarbonate–
sulfate (freshwater) zone in themiddle, sulfate–hydrocarbonate (sub-freshwater) zone
in the north and a sulfate (saline water) zone in the northern margin of the basin.

The variation of TDS concentration in groundwater illustrated that the extent of
groundwater-surface water interaction governed groundwater quality in the

Table 1 TDS and isotope analysis results of water samples in the study area

Number Site Type PH TDS (mg/L) d18O (‰) dD (‰)

I Wuwei1 Rain 7.1 59.3 −1.662 −22.95

II Wuwei2 Rain 7.2 56.7 −2.45 −25.16

III Gulang Snow water 6.9 69.9 −8.6 −56.74

IV Hongyashan Surface water – – −3.1 −27

1 Qilianshan Snow water 5.5 131 −11.99 −76.7

2 Nanyingshuiku Surface water 6.0 171 −10.35 −70.1

3 Xiyingshuiku Surface water 6.5 444 – –

4 Shiyanzhan Groundwater 7.0 385 – –

5 Dawancun Groundwater 6.0 1063 −9.6 −64.5

6 Gaogoucun Groundwater 6.0 1480 −9.21 −61.1

7 Yujiawancun Groundwater 6.0 313 −9.71 −62.8

8 Hongshuihecun Groundwater 6.5 467 −9 −60.5

9 Baiyuncun Groundwater 5.5 906 −8.61 −56

10 Qijiahucun Groundwater 6.0 1750 −8.4 −58.3

11 Xigoucun Groundwater 6.5 455 −9.4 −63.2

12 Liuquancun Groundwater 6.5 987 −9.51 −62.3

13 Caiqi Surface water 6.0 1297 −9.69 −61.4

Note The date of I-IV from IAEA
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Wuwei Basin (Fig. 5). The groundwater samples were collected near the river bank,
allowing groundwater to be easily recharged from the river, and assuring a high
quality of groundwater. Comparatively, for those collected farther from the river,
the TDS and concentrations of the major ions generally rose along the flow path of
the groundwater, which may be due to its greater residence time in the rock for-
mations bearing it and the absence of the influence of surface water recharge.

4.2 Isotopic Composition of Groundwater

Hydrogen (H) and oxygen (O) are two widespread elements in nature. They have
lower atomic orders and a much larger difference in isotopic ratio; that is, DA/A of
H: D up to 100% and 16O:18O to 12.5%, where A is the mass number of the isotope
and DA is the difference between the light and heavy isotope. The utmost isotopic
fractionation can take place in natural status between their isotopes. In a natural
water body, the fractionation processes of H and O isotopes were also affected by
physical and chemical factors. Therefore, they were sensitive to isotopic tracers, and
were widely applied in studying natural water circulation and groundwater
movement [12].

Fig. 3 Piper plot of chemical analysis of groundwater and surface water samples
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The results of stable isotope analysis both for water samples in the basin and
precipitation collected in the IAEA were plotted in Fig. 6. Values of d18O and d2H
in precipitation varied from −20.6 to 3.8‰ and from −158 to 33.1‰, respectively,
but they are linearly similar to the global meteoric water line (GMWL) with an
equation of d2H = 7.8d18O + 5 (r2 = 0.92), which is defined as local meteoric water
line (LMWL). These values were slightly enriched and indicated modification due
to evaporation in the monsoon rains producing departure from the GMWL.
Weighted mean rainfall values lied around d18O −7.3‰ and dD −46.9‰. These
values were most likely to be the representative of the present local waters.

It showed some deviation of H and O isotopic compositions from the meteoric
water line. This was mainly because of the effect of local variations in rainfall. In
addition, the poor coverage of vegetation in the Shiyang River Basin was another
influencing factor. when the meteoric water recharged into groundwater, drastic
evaporation can produce a much larger isotopic fractionation and cause the devi-
ation from the meteoric water line.

Fig. 4 Hydrochemical zones of the groundwater system in the Shiyang River
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Fig. 5 TDS contours of groundwater in the study area

Fig. 6 Plot of d18O and dD for groundwater from the Quaternary aquifer system of the Shiyang
River with plots of the GMWL and LWML
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In the vicinity of Qijiahu, the 18O value was lighter than that of other areas. It may
be caused by the distribution of granite and metamorphic rocks. When groundwater
contacts with those rocks, water can exchange H and O isotopes with minerals in
rocks. Such a water-rock equilibrium fractionation can reduce the content of 18O in
water. The isotopic fractionation intensity and the water-rock system depended on the
temperature, quantity ratio of water and rock, and reaction time. The water-rock
equilibrium fractionation was very small during groundwater leakage. The slow
groundwater circulation rate enabled a full isotopic exchange betweenwater and rock.

For the stable isotope composition of the Shiyang River running course, the
mean values of d18O increased along the river course. The d18O and dD values for
these samples ranged from −11.99 to −8.4‰ and from −76.7 to −56‰, respec-
tively (Table 1). Figure 5 illustrated that the samples from the Shiyang River
running course had the similar stable isotope compositions to those from the wells
drilling into the unconfined aquifers near the river bank. This indicated that
evaporation probably occurred in channels, reservoirs and fields in the study area.

The majority of the isotope compositions of the groundwater samples plot were
close to the GMWL (Fig. 6). This indicated that the groundwater recharge resource
mainly originated from precipitation and was weakly affected by evaporation.
These more depleted signatures were considered to be from the late Pleistocene and
Holocene periods, during which the climate was wetter and colder than that of the
present day.

4.3 Analysis on the Evolution of Groundwater Circulation

The surface runoff was converged as the atmospheric precipitation down to the
surface. It infiltrated into the underground along the mountain rock of fracture and
fault fracture zone to supply the groundwater. The mountainous rivers flowed into
Wuwei Basin and formed pluvial and alluvial fan belt in the southern piedmont of the
basin. The quaternary unconsolidated sediments varied significantly in thickness, and
it was mainly composed of sandy gravel and sand gravel with great permeability.
Piedmont plain rivers and irrigation water leakage, as well as the canal system were a
primary source to supply the groundwater. Because the basin downstream was the
main location of the groundwater evaluation, the block water boundary was con-
stituted in the north of the basin where the bedrock exposed. Thus, the groundwater
cannot directly flow into the basin downstream, whereas overflow as the basement
raise, and finally transformed surface water flowing into the lower basin.

The evolution of groundwater circulation determined the characteristics of
groundwater chemical and isotopic distribution in the Shiyang River Basin. TDS and
hydrogen and oxygen stable isotope values increased in the flow directions. The
groundwater salinity was higher, and water quality was worse with gradually closing
to the lower of the downstream. Hydrochemical and isotopic distribution can clearly
reflect the relationship among the groundwater (Figs. 7 and 8). TDS and oxygen
isotope value gradually decreased with the increasing of depth, which obviously
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reflected the characteristics of groundwater laterally flowing. Groundwater of the
basin flowed to the Hongyashan Reservoir and the desert area that located in the
north boundary, which had the same flow law with groundwater flow field.

In the piedmont area, due to the replenishment of rainfall and runoff, ground-
water was leached ceaselessly; therefore, the groundwater quality was relatively
good and most of the underground water were fresh water resources, with small
TDS and d18O values, TDS in 400–800 mg/L, and d18O in −9.92 to −9.27‰. In the
plain area, due to the influence of evaporation and irrigation, TDS and d18O values
increased continually which resulted in the relatively high contents of TDS and
d18O in some areas. For example, the content of TDS and d18O began to increase in
the regions of Qingyuan, Shuangcheng and Caiqi. These regions had influence on

Fig. 7 TDS contours of groundwater in the study area

Fig. 8 d18O contours of groundwater in the study area

Study on Geochemical Evolution and Isotopic Characteristics … 299



TDS and d18O value variation trends because they were the main areas for crop
planting with frequent irrigations.

TDS and isotope generally had the same changing trends. Isotope value
increased with increasing TDS along the flow direction. However, this trend can
probably be affected by other factors in the groundwater circulation process.
Figure 9 showed that isotope firstly rapidly increased and then gradually slowed
down with the increase of TDS. TDS content increased from 200 to 1000 mg/L and
isotope d18O value increased quickly from the piedmont area to the middle area,
which illustrated that evaporation and water-rock could greatly affect the isotope
fractionation in the piedmont area and had little effect on the content of TDS. When
the TDS > 1000 mg/L in the middle area, the isotope value grew slowly, and TDS
value increased rapidly, which showed that the exploiting of groundwater and
recharge had significantly effect on TDS but had negligible effect on isotope
fractionation. This is probably due to the supply of the deep confined water with
lower isotope value and irrigation and permeability of the surface water.

5 Conclusions

The hydrochemical and isotope investigation was conducted in the Wuwei Basin to
understand the geochemical evolution and the residence time of the groundwater.
The main conclusions are as follows:
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300 L. Wang et al.



(1) Hydrochemical characteristics of the groundwater in Shiyang River Basin
showed apparent zonation from the south to north. Hydrocarbonate-type water
occurred in the gravel-pebble zone of the mount front, and sulfate-type water
was mainly distributed in the alluvial, pluvial and lacustrine plain in the middle
reach. Sulfate-chloride-type water appeared in the marginal area of Tenggeli
Desert in the lower reach, and even chloride-type brine existed in some parts of
the lower reach area.

(2) Local meteoric water line (LMWL) equation of the Shiyang River Basin was
d2H = 7.8d18O + 5 (r2 = 0.92), which was similar to the global meteoric water
line (GMWL). In the basin plain, d18O in −8.61 to −9.71‰, dD in −56 to
−62.8‰, isotope values increased along the flow direction. This is mainly
because of evaporation caused by isotope enrichment.

(3) Precipitation was the main factor that controlled the groundwater hydrochem-
istry of the Wuwei Basin, whereas drastic evaporation influenced the geo-
chemistry of the Wuwei Basin. Most of the groundwater isotopic compositions
of O and H were meteoric water features, indicating that rainwater was the main
recharge source to the groundwater system.

(4) Coarser aquifers of distributing in the south of the Wuwei Basin enabled rapid
recharge into groundwater. In the middle-lower reaches, the recharge rate was
much slower, and it had a long circulation period. The formation of some of the
groundwater was closely related to the mixing of the crevice water and brine.
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A Bibliometric Analysis of Publications
on Solar Pumping Irrigation

Yunxin Zhang, Zhanyi Gao and Yan lei Jia

Abstract Solar energy is considered as one of the cleanest forms of energy
sources. Meanwhile, many studies have used solar power for water pumping, which
is an economically attractive solar energy application since the year of 1615. To
better understand the history of the development of solar energy irrigation, a bib-
liometric analysis of publications on solar energy pumping research from 1956 to
2015 in the sci-direct database is presented here. The analysis informs of the
growing trends and indicates that “water”, “solar”, and “soil” are hot topics of
research on solar energy irrigation during this period. The language of the publi-
cations, publication output, journal distribution, countries and territories of these
publications, hot topics and highly cited papers have been assessed. The top 10
countries/territories were ranked according to their total number of articles (TA),
single country articles (SCA), internationally collaborative articles (ICA) and first
author articles (FAA). Meanwhile, the processes of solar energy installations for
pumping irrigation water can be divided into three stages, including photo-thermal
conversion stage, solar energy-thermal-electric power conversion stage and pho-
tovoltaic conversion stage.
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1 Introduction

Solar energy is one of the cleanest forms of energy sources and considered as a
green source of energy. From of old, humans have learned that solar energy can be
used to dry the cereal, and so on. With the rapid industrialization worldwide, the
energy crisis is presented in the foreseeable future, especially conventional energy,
such as oil, coal, etc. To improve the inappropriate energy structure, it is important
to find an exchangeable energy. Therefore, the renewable sources are regarded,
such as solar energy, wind energy, tide energy, bio-energy, etc. Solar energy has
especially been regarded as it is renewable and friendly to installation. An abundant
solar energy resource gives a chance to improve the inappropriate energy structure
for the future. However, because the intensity of solar radiation is low, it needs to
use some installation to collect the energy; therefore, the collector to gather the solar
energy must be studied. The aim of this study is to systematically analyze all the
peer-reviewed articles on solar irrigation published in the SCI-direct database from
1956 to 2015 to: (1) characterize the spatial and temporal dynamics of these
publications by country/territory, institution, journal and research field; (2) identify
popular topics and the most-cited articles; and (3) recommend guidelines for future
potential research directions on solar irrigation and related fields, especially under
future global climate change and increasing environmental pressures. Based on the
publications that have been collected from sci-direct database and from solar study
initial publication to the end of 2015, the total of 63,748 publications have been
identified (Fig. 1).

Fig. 1 World SCI journal publications per year with “solar” from 1996 to 2015
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Applying solar energy to irrigation also has a long history. The pumping of
irrigation water is an operation where normally an intermittent operation may be
acceptable. This fact, plus the potential economical benefits to be obtained, has
instigated the research in this area. Based on the publications collected from
sci-direct database, the process of research about using solar energy to pump water
is mainly divided into three stages.

1.1 Photo-Thermal Conversion Stage

Pytlinski [1] reviewed the past efforts to develop solar powered systems from 1615
to 1978. In the history, the earliest reported effort to convert solar energy into
mechanical power for raising water was that of Solomon de Caux, a French
engineer in 1615 [2]. Then, more and more researchers began to input more time
into the technology regarding the conversion to the solar energy. Mouchot [3–6],
Pifre [7], Langley [8] also experimented with concentrating reflectors and boilers
that drive a rotary pump raising water. Hence, the sun energy conversion efficiency
was obviously enhanced. For the remainder of the 19th century, there were still
many researchers who input much energy and financial resources into the
improvement in the efficiency of sun energy converting systems [1].

In the twentieth century, a number of important solar experiments were under-
taken. The most famous of the solar installations built by Eneas was the one erected
at the Ostrich Farm in Pasadena, California in 1901 [9]. The reflector’s inner
surface was composed of 1788 small, flat mirrors arranged to approximate the
conical surface. The system could produce a peak power of about 10 h.p. Abbot
[10, 11], Tabor and Zeimer [12], and Francia [13] also devoted themselves to the
study of solar energy conversion. The National Physical Laboratory of Israel
commercially developed Bronicki’s [14] concept and produced what are known as
ORMAT Rankine Power Units. In April 1977, a large installation for pumping
irrigation water was put into operation on Gila River Ranch near Phoenix, Arizona
[15]. The system is equipped with parabolic tracking collectors having a total area
of 564 m2. The collector design efficiency was 55% while the actual field efficiency
is 44–50%.

Because of the shortcoming of poor efficiency and pollution of the system, the
application of this system in irrigation was not expanded on a large scale.

1.2 Solar Energy-Thermal-Electric Power Conversion Stage

The largest advantage of this system in that time was that the unused current could
be employed to charge batteries; then these, in turn, could maintain the normal
current supply of cloudy days and at night. Masson and Girardier [16] operated a
small solar engine which vaporized the water to a secondary fluid which expanded
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through a turbine to generate electricity which drove the pump via an electric motor.
In 1976, a solar water pumping station built by the French company SOFRETES
began operation in Guanajuato, Mexico. In this system, water was used as the
primary heat transfer fluid. A vapor turbine and electric generator drives two
pumps. Fenton et al. [17] analyzed and evaluated the operation of the Willard solar
power system in 1984. He pointed out some critical segments of efficiency losses.
However, due to the expensive cost of the batteries, this system was not rapidly
extended.

1.3 Photovoltaic Conversion Stage

With the increasing concerns about environmental awareness, and due to the high
price of conventional energy, interest in the use of solar energy for irrigation
pumping was renewed in the 1970s. In 1977, the first-scale use of photovoltaic cells
to generate electricity for pumping irrigation water was found near Mead, Nebraska.
The electric system consists of 120,000 individual silicon-type photovoltaic cells
mounted on 28 flat panels arranged in two rows. Inverters are used to convert direct
electrical current produced by cells and batteries into alternating current to power
the irrigation pump motor.

The cost of the system must be a significant fact for the consumer [18–20]. Lots
of researches had compared solar energy with the conventional energy [21–24].
Results indicated that solar energy was more economical, especially in off-grid area
[25, 26]. In addition, due to the expensive price of battery, system without elec-
tricity storage also was studied [27, 28], and it was used with various irrigation
pattern [29, 30]. Therefore, analysis of system must be essential [24, 31–33] which
would decide the system whether was suitable [34–39].

With the increased use of water pumping systems, more attention has been paid
to their design and optimum utilization to achieve the most reliable and economical
operation [40, 41]. Lots of models were applied to evaluate the reliability and
economical efficiency [42–47], and researchers introduced diverse algorithm [48,
49] to study the integrated system. The study analyzed the pay-back period [50] and
investigated the economic feasibility of stand-alone photovoltaic systems [51–53].
Meanwhile, some new concept was proposed, such as value proposition [54],
Photovoltaics Opportunity Irrigation (PVOI) [55].

2 Methodology

In this study, documents used were derived from Science Direct (SCI-Direct)
database which is published by Elsevier Science Company. SCI-Direct is a website
which provides subscription-based access to a large database of scientific and
medical research which delivers over 14 million publications from over 3,800
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journals and more than 35,000 books from Elsevier [56]. The documents were
downloaded from the database searched with the words “solar” and “irrigation” in
titles, abstracts, and keywords plus from 1956 to 2015 and were analyzed with the
bibliometrical method in the current study. Moreover, articles coming from
England, Scotland, Northern Ireland, and Wales were classified as being from the
United Kingdom (UK). The collaboration type was categorized and determined by
the addresses of the authors as: (1) single country articles (SCA) with address(es)
from the same country, (2) internationally collaborative articles (ICA) with author
addresses from more than one country or territory. The impact factor of a journal
was determined for each document as reported in the Thomson Reuters Journal
Citation Reports of 2016.

3 Results and Discussion

3.1 Document Types and Language of Publications

A total of 378 publications were identified during the 60-year study period. Journal
articles (333) accounted for 88.1% of the total publications and books (45) for
11.9%. Journal articles (306) accounted for 91.9%, with the remainder of 8.1%
including review articles (13), short communications (7), discussions (2), and others
(5). Because a majority of the publications were journal articles, the focus was on
the journal articles in the current study. All journal articles used were published in
English during the study period.

3.2 Characteristics of Publication Output

A long-term trend analysis from 1956 to 2015 was conducted by using article titles,
abstracts and keywords. In the database, 378 related documents were found in the total
published from 1956 to 2009 and 333 of which were articles, accounting for 88% of
the overall documents. The annual publication of articles increased slightly before
1978 and jumped nonlinearly from 2006 to 2015 (Fig. 2). The scarcity of articles
published before 1978might be attributed to the low price of conventional energy and
the lack of environmental awareness. A first breakthrough in the field was marked by
two articles entitled “Solar energy installations for pumping irrigation water” [1] and
“solar water pumping” [57] which were all published on solar energy, with a total
citation of 28 and 26 times from its initial publication to the end of 2015, respectively.
With the hot debating about climate change, the second breakthrough in the field was
in 2006. The annual publication of articles increased significantly from 2006 to 2015.
More attention had been paid to the solar pump irrigation system design and optimum
utilization to achieve the most economical operation. Ghoneim [42] developed a
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computer simulation program that consists of a component model for the PV array
withmaximum power point tracker and componentmodels for both theDCmotor and
the centrifugal pump to determine the performance of the proposed system in the
Kuwait climate. Hamidat and Benyoucef [49] used a method of the load losses
probability (LLP) to optimize sizing of the photovoltaic pumping systems with a
similarity between the storage energy in batteries andwater in tanks inAlgeria. Bakelli
et al. [43] recommended an optimal sizing model to optimize the capacity sizes of
different components of photovoltaicwater pumping system (PWPS) usingwater tank
storage. Campana et al. [46] proposed a novel optimization procedure which took into
consideration not only the availability of groundwater resources and the effect ofwater
supply on crop yield, but also the investment cost of the photovoltaic water pumping
system and the revenue from crop sale. Aman et al. [58] presented the overview of
solar energy technologies and addressed the Health and Environmental (SHE) impact
of solar energy technologies to the sustainability of human activities and recom-
mended the possible ways to reduce the effect of potential hazards of widespread use
of solar energy technologies.

3.3 Output in Journals

There were 333 articles published in 74 different SCI-Direct journals. Agricultural
Water Management, with an impact factor of 2.063, was ranked first with 51
(15.3%) articles on “solar irrigation” published in the journal. Solar Energy (IF =
3.685) was ranked second with 24 (7.2%) articles published on the subject, fol-
lowed by Agricultural and Forest Meteorology (IF = 4.461) with 22 articles and
Field Crops Research (IF = 2.927) with 20 articles. Moreover, Renewable and
Sustainable Energy Reviews with 18 published article had the highest impact factor

Fig. 2 World SCI-Direct journal publications per year with “solar irrigation” in titles, abstracts
and key words during 1956–2009
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(6.798). Other journals with a high impact factor, such as Water Research (IF =
5.991), Applied Energy (IF = 5.746), Energy Conversion and Management (IF =
4.801) and Energy (IF = 4.292) published 6, 12, 6, and 6 articles, respectively.
These statistical results will help researchers select journals when publishing their
articles on solar irrigation-related research.

3.4 Publication Performance of Countries/Territories

The contribution with countries/territories index was estimated by the location of
the affiliation of at least one author of the published papers. However, in all 333
articles, there were 7 (2.1%) articles without author address information. The other
326 articles published from 1956 to 2015 originated from 63 countries. Of all the
articles, 252 (77.3%), from 44 countries had authors of the same country (i.e., were
SCA) and 74 (22.6%) involved international collaboration with 50 other countries.
Eighteen countries had no SCA, while fourteen countries had no ICA. Twenty-two
countries contributed only one or two SCA and 36 countries contributed only one or
two ICA. The top 10 countries/territories were ranked according to their number of
total articles (TA). This included four indicators: TA, SCA, ICA and first author
articles (FAA) [59]. The rank and percentage of internationally collaborative arti-
cles among the total articles for each country were also considered (Table 1).

Table 1 Top 10 most productive countries based on the total number of articles published

Country/territory TA TAR (%) SCAR (%) ICAR (%) FAAR (%) CR (%)

USA 65(19.5) 1(19.5) 1(12) 1(7.5) 1(14.7) 8(38.5)

Spain 45(13.5) 2(13.5) 2(10.2) 3(3.3) 2(12.9) 9(24.4)

China 45(13.5) 2(13.5) 3(8.1) 2(5.4) 3(11.4) 7(40.0)

India 28(8.4) 4(8.4) 4(7.2) 10(1.2) 4(7.2) 10(14.3)

Australia 21(6.3) 5(6.3) 5(3.3) 5(2.7) 5(4.2) 3(47.6)

UK 17(5.1) 6(4.8) 6(3.0) 6(2.1) 6(3.6) 6(41.2)

Germany 14(4.2) 7(4.2) 8(1.5) 7(1.8) 9(1.8) 1(64.3)

Sweden 13(3.9) 8(3.9) 7(2.1) 7(1.8) 7(2.7) 4(46.2)

France 12(3.6) 9(3.6) 7(2.1) 9(1.5) 8(2.1) 5(41.7)

Mexico 11(3.3) 10(3.3) 8(1.5) 10(1.2) 9(1.8) 2(54.5)

Note TA the number of total articles; TAR the rank of total articles and percentage; SCAR the rank
of single country articles and percentage; ICAR the rank of internationally collaborative articles
and percentage; FAAR the rank of first author articles and percentage; CR the percentage of
internationally collaborative articles in its total articles for each country and rank
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In addition, the increasing number of articles from universities and collaboration
between universities and institutions [60] were found.

Figure 3 shows the top five productive countries which have published on “solar
irrigation”. China, the second on the list ranked by TA, has published 45 (13.5%)
articles with the fastest growing trend. Zero articles from China were published
before 2008 but the number increased sharply by 2015. Meanwhile, for the other
countries’ number of published articles there also appears to be a sharp growth,
especially. This indicates that with the increasing price of conventional energy and
the awareness of climate exchange, the study about solar irrigation becomes a hot
research topic.

3.5 The Future Trend of Hot Topics

Keywords supply the main information in articles and thus research trends can be
obtained by analyzing the keywords [61]. “Water”, “solar” and “soil” were the most
popular keywords among all the 333 keywords examined (Fig. 4). Articles referring
to water, such as water cycle and water use, are the most popular ones with 66
counts (20%) and a continuously rising trend is expected in the coming years;
“solar” is the second most popular keyword which appeared in 44 (13%) articles.
Based on Fig. 4, TA on “water”, “solar”, and “soil” have grown remarkably. This
suggests that study about solar energy applying on agricultural irrigation will be
expected to be one of the hottest trends in the future.

Fig. 3 Comparison of total articles (TA) of the top five most productive countries in the world
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3.6 The Most Frequently Cited Articles

During 1956–2015, five most frequently cited articles were cited, and their cited
times are 140, 127, 107, 103 and 85, respectively. The most frequently cited article
was published in Computers and Electronics in Agriculture and was originated in
the USA. Other four articles were published in Journal of Hydrology, Field Crops
Research and Agricultural Water Management and were originated in France,
Australia, Mexico, India and Spain, respectively. Among all the articles in the
SCI-Direct database from 1956 to 2009, the most frequently cited article was
“Imaging from an unmanned aerial vehicle: agricultural surveillance and decision
support” by Herwitz et al. in 2004 [62] with 140 times of TC2015. However, this
article does not actually concentrate on “solar irrigation” but simply mentions the
subject in its abstract. This was a major source of bias in this work but could not be
avoided. Although several flaws produced by Keywords Plus by separating words
related to “solar irrigation” in article title, abstract and keywords have been suc-
cessfully eliminated, limitations are still inevitable due to some inherent problems
of citation analysis.

4 Summary and Conclusions

Based on the SCI-Direct database, 378 publications were found during the period
from 1956 to 2015. Articles were published in 70 journals from 60
countries/territories. Seventy-seven percent of the articles were SCA and 23% were

Fig. 4 Trends of hot topics of solar irrigation
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ICA. The USA, Spain, China, India and Australia were ranked as the top five
countries by TA on “solar irrigation”. This study shows that solar irrigation research
mainly focuses on factors such as water, solar and soil, which have been the hottest
topics from 1956 to 2015 and will continue to be the key issues in solar irrigation
research in the near future.
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Applicability of Runoff Simulation
in the Zhanghe Upstream Based
on SWAT Model

Wu Haixia, Li Qingxue and Sun Yuzhuang

Abstract Sequential Uncertainty Fitting-2 (SUFI-2) with ArcSWAT2009 was
used to test the performance of SWAT model for predicting runoff in the Zhanghe
upstream. Parameter calibration and distributed hydrologic model building for the
Zhanghe upstream were performed by coupling manual and auto-calibration
methods. Monthly simulation values of R2 and NSE were 0.83 and 0.79 during the
calibration period, and 0.83 and 0.76 during the validation period, respectively. The
results showed that SWAT model could be successfully used to model long-term
continuous runoff in the study area. The calibrated model can be used for further
analysis of the effects of the climate and land use change, water quality analysis and
sediment yield analysis.

Keywords Runoff simulation � SUFI-2 algorithm � SWAT-CUP
SWAT model

1 Introduction

With the improvement of living standards, climate changes, land and water use
policies, water shortages have become the major crises of sustainable development
of communities all over the world. It is momentous for sustainable development of
human society to reasonably develop and utilize the water resources. In recent

W. Haixia
Hebei University of Engineering, Handan 056038, Hebei, China
e-mail: whx2307@126.com

L. Qingxue (&) � S. Yuzhuang
Hebei Collaborative Innovation Center of Coal Exploitation,
Key Laboratory of Resource Exploration Research of Hebei,
Hebei University of Engineering, Handan 056038, Hebei, China
e-mail: 745259266@qq.com

S. Yuzhuang
e-mail: syz@hebeu.edu.cn

© Springer International Publishing AG, part of Springer Nature 2019
W. Dong et al. (eds.), Sustainable Development of Water Resources
and Hydraulic Engineering in China, Environmental Earth Sciences,
https://doi.org/10.1007/978-3-319-61630-8_27

317

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-61630-8_27&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-61630-8_27&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-61630-8_27&amp;domain=pdf


years, the rapid social and economic development as well as human activities
produced great change within the catchment storage water diversion; thereby, more
and more complex water resources problems have developed in the Zhanghe
upstream, which is located in the southwest of Haihe River Basin (HRB), China and
belongs to the sub-basin of HRB. It is necessary to conduct hydrological research in
the Zhanghe upstream that can support the improved catchment management
programs and safeguard the alarming degradation of soil and water resources.

Researches on water resources in HRB can be found in many previous studies
[1–5]. Weng et al. [1] developed an integrated scenario-based multi-criteria decision
support system (SMC-DSS) applied to planning water resources management in
HRB. Guo and Shen [2] developed an operational model to simulate water and energy
fluxes in theHRBover the past 28 years usingmultiple data sources ofmeteorological
data, remotely sensed NDVI data, soil parameters, and land use data. A model was
developed in the companion paper to analyze the changes ofwater and energy budgets
using multi-source data. Based on the analysis, it is found that climate change and
human activities have resulted inmassive changes in energy balance and hydrological
cycle in HRB [3]. Historical simulations from 1965 to 2000 with different water
demands, and future simulations were conducted to investigate the effects of water
overexploitation and the possible responses to different exploitation scenarios in the
Basin [4]. According to the Chinese National Standards of GB 3838-2002 and GB
18918-2002, the comprehensive water quality in HRB has been described [5].
However, relevant hydrological simulation that is quite important to forecast the flood
events in the future in the Zhanghe upstream is relatively rare.

Hydrological models are important tools for planning sustainable use of water
resources to meet various demands. The Soil and Water Assessment Tool (SWAT) is
a physics-based, long-term, and distributed hydrological model and has been applied
worldwide as an excellent assessment model for hydrological modeling and water
resource management [6]. This model is applied to runoff and soil loss prediction [7,
8], water quality modeling [9, 10], land use change effect assessment [11, 12] and
climate change affects water quality modeling [13, 14]. These models, due to a large
number of immeasurable parameters (owing to measurement limitations and scaling
issues) and various sources of uncertainties, require careful calibration and uncer-
tainty analysis before they can be used to understand and investigate the underlying
system. In the previous studies, several sensitivity analyses, calibration and uncer-
tainty analysis techniques can be found [15, 16]. The current modeling requires that
models are transparently described, and that calibration, validation, sensitivity and
uncertainty analyses are routinely performed as part of the modeling work. As
calibration is affected by many factors (i.e. the model structure, model inputs,
analyst’s assumptions, calibration data, etc.) and not uniquely determined, sensi-
tivity analysis and uncertainty analysis are essential to evaluate the strength of a
calibrated model. SWAT-CUP (Calibration and Uncertainty Procedures) is a stan-
dalone program developed for calibration of SWAT. The program contains three
different calibration procedures and functionalities for validation and sensitivity
analysis as well as visualization of the study area. These procedures include: GLUE,
ParaSol and Sequential Uncertainty Fitting (SUFI-2). The program SUFI-2 is more
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methods used for model calibration and uncertainty analysis [17]. The SUFI-2
algorithm is an effective method, but it requires additional iterations as well as the
need for adjustment of the parameter ranges [18].

In this study, SWAT model and the uncertainty analyses were carried out in the
Zhanghe upstream. The focus was particularly on calibration, evaluation and
application of SWAT2009 model for hydrological simulation in the study area. The
main objective of this study is to test the performance of the SWAT model for
predicting streamflow in the mountainous basin, which will contribute to the water
resources management in the Zhanghe upstream and thereby is useful for the
sustainable development of the country.

2 Study Area

The upper reaches of Zhanghe basin are seen in Fig. 1.
The area covers a total area of 18,284 km2 and equals to 6% out of 318,200 km2

of the HRB area. The area includes 22 counties (cities, districts) in Shanxi, Hebei,
Henan provinces; the basin has many tributaries with large tributaries of the Qing
Zhanghe and Zhuo Zhanghe. The elevation of the basin ranges from 133 to 2149 m
above the mean sea level.

Fig. 1 Location of the study area
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Within the basin most of the runoff yield area is mountainous; and the geological
composition for limestone, pad formed under complex surface area. The area
involves the provinces in the region with a large number of water storage and water
diversion projects.

3 Methods and Data

3.1 SWAT Model

SWAT is a distributed hydrological and water quality model. It has played
important roles in various fields, such as modeling water availability and quality,
plant growth, evaluating effects of watershed management options, and land use
and climate change impacts [19].

It uses hydrological response units (HRUs) that consist of specific land use, soil
and slope characteristics. The HRUs are used to describe the spatial heterogeneity
in terms of land cover, soil type and slope class within a watershed. The model
estimates relevant hydrological components such as evapotranspiration, surface
runoff and peak rate of runoff, groundwater flow and sediment yield for each HRU.
ArcGIS extension is a graphical user interface for the SWAT model. The SWAT
model is developed and refined by the U.S. Department of Agricultural Research
Service (ARS) and scientists at universities and research agencies around the world.
The water balance equation is the base of the hydrologic cycle simulation in
SWAT:

SWt ¼ SW0 þ
Xt

i¼1

Rday � Qsurf � Ea � wseep � Qgw
� �

i ð1Þ

where,

SWt is the final soil water content (mm),
SW0 is initial soil water content on day i (mm),
t is the time (days),
Rday is the amount of precipitation on day i (mm),
Qsurf is the amount of surface runoff on day i (mm),
Ea is the amount of evapotranspiration on day i (mm),
wseep is the amount of water entering the vadose zone from the soil profile on day i

(mm), and
Qgw is the amount of return flow on day i (mm).
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3.2 SWAT-CUP Model

SWAT-CUP (Calibration and Uncertainty Procedures) is a standalone program
developed for calibration of SWAT [20]. The program contains five different cal-
ibration algorithms, such as Sequential Uncertainty Fitting SUFI-2, Particle Swarm
Optimization (POS), Generalized Likelihood Uncertainty Estimation (GLUE),
Parameter Solution (ParaSol), and Mark chain Monte Carlo (MCMC) procedures to
SWAT. It includes functionalities for validation, uncertainty and sensitivity anal-
ysis. The sub-basins, simulated rivers, and outlet, rainfall, and temperature stations
can be visualized. For time-consuming large-scale models, SUFI-2 was found to be
quite efficient. Therefore, the SUFI-2 methods are applied in this study.

3.3 Data Input

The spatially distributed data (GIS input) needed for the ArcSWAT interface
include the Digital Elevation Model (DEM), soil data, land use, stream network
layers and data of the weather and river discharge. Descriptions of these data are
given in Table 1.

The land use map year 2005 and soil type maps were shown in Fig. 2a, b. The
observed monthly discharge data period 1980–2010 used in this model was divided

Table 1 Basic data for model development

Data type Resolution/
proportion/scale

Format Description of these data

Figure DEM 30 m � 30 m ESRI
grid

Elevation and slope

Water System
Images

30 m � 30 m ESRI
grid

Channel distribution

Land use map 30 m � 30 m ESRI
grid

Space distribution of Land use/
vegetational cover

Vegetation
data

—— dBase
table

Vegetational cover;growth data

Soil type
maps

1:100000 ESRI
grid

Space distribution of soil type

Soil properties —— dBase
table

Soil grouping and physical and chemical
properties

Weather Observed daily
data

dBase
table

Rainfall, air temperature, wind speed,
humidity, solar radiation

Reservoir Observed
monthly data

dBase
table

Observed monthly discharge data

Hydrology Observed
monthly data

dBase
table

Runoff
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into three periods, that is, model preheating period (1980–1984), calibration (1985–
2004) and validation (2005–2010). As the input data for the weather generator of
SWAT, the daily temperature, humidity, wind speed and precipitation data are used.
These hydrological and meteorological data were provided by the Ministry of
Hydrology of upper reaches of Zhanghe. The original polygon land use data were
combined and transferred to the land use raster map by using ArcGIS 9.3.

3.4 Model Development

Basin Delineation. Basin delineation depends on DEM to delineate the watershed
and to analyze the drainage patterns of the land surface terrain. The ArcSWAT
interface uses the mask area for stream delineation, and the stream networks are
delineated from the DEM by using an automatic delineation to SWAT model. The
model fills all of the non-draining zones to create a flow direction and superimposes
the digitized stream network into the DEM to define the location of stream
networks.

The ArcSWAT proposes the minimum, maximum and suggested size of the
sub-watershed area in hectare to define the minimum drainage area. Generally, the
smaller the threshold area is, the more detailed the drainage networks and
the number of sub-basins and HRUs are. In addition, more processing times and
spaces are needed. In this study, the 12,000-ha area is provided to define all
sub-basins of upper reaches of Zhanghe and outlet in which it is later taken as a

Fig. 2 Landuse (a) and Soil types (b) in the Zhanghe upstream
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point of calibration of the simulated flows. As a result, there are 74 sub-basins of
upper reaches of Zhanghe.

HRU Definition. The analysis of HRU definition indicates that the dominant
type of HRU definition results in a single HRU for each sub-basin where the
dominant land use, soil and slope within the basin are considered to be the land use,
soil and slope of each sub-basin. This single HRU within each sub-basin is not able
to properly represent the characteristics of the sub-basins. Accordingly, the simu-
lated stream flow shows an unsatisfactory result as compared to the measured
stream flows in the observed stations of upper reaches of Zhanghe. The multiple
scenarios that account for 5% land use and 10% soil threshold combination give a
better estimation of streamflow.

The upper reaches of Zhanghe results in 504 HRUs in the whole basin. This
scenario results in the detailed land use, slope and soil database, containing many
HRUs, which in turn represent the heterogeneity of the study area. The comparison
between the default model predictions and measured discharge produces the highest
Nash-Sutcliffe efficiency (NSE). The distribution of land use, soil and slope char-
acteristics within each HRU has the greatest impact on the predicted stream flow.
As the percentage of land use and soil threshold increases, the actual evapotran-
spiration decreases due to eliminated land use classes. Hence, the characteristics of
HRUs are the key factors affecting the streamflow.

4 Results and Discussion

The calibration is the modification or adjustment of model parameters, within the
recommended ranges, to optimize the model output so that it matches with the
observed set of the data. The calibration provides several different parameters for
adjustment through user intervention. These parameters can be adjusted manually
or automatically until the model output best matches with the observed data. The
validation is the process of determining the degree in which a model or simulation
is an accurate representation of the observed set of data from the perspective of the
intended uses of the model. In this study, SWAT-CUP is applied for calibrating and
validating outlet streamflow. The discharge data were recorded during the years
1980–2010 at Guantai station, and the monthly discharges from 1985–2004 were
used for calibration; 2005–2010 were used for validation, but for the years 1980–
1984 it was skipped for model warm-up.

A general performance rating of statistics for streamflow monthly time-step was
recommended: 0.75 < NSE < 1.00 considered as very good. Values of R2 greater
than 0.5 were considered acceptable [21]. The comparison between the simulated
monthly stream flow and the observed data is a good result for the calibration and
validation periods, respectively. The simulated monthly flow matches the observed
values for the calibration and validation periods with R2 = 0.83, 0.79 and NSE =
0.83, 0.76, respectively (Table 2). They were acceptable between the observations
and the final ‘‘best’’ simulation. The results showed that SWAT was able to
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simulate the hydrological characteristics of the Zhanghe upstream very well. Hence,
the model can be used for further hydrological studies in the basin.

To offer a pictorial comparison of measured and simulated flows, calibration and
validation results were shown graphically in addition to tabulating quantitative
statistical values. Comparison of the observed monthly streamflow time series
hydrographs were in good agreement with predicted one for most parts of cali-
bration and validation period (Figs. 3 and 4). The strength of calibration analysis as
explained by R-factor (95PPU band) was also illustrated on the same figure by the
shaded region.

Table 2 Statistical results of
the calibration and validation
periods

P-factor R-factor R2 NSE

Calibration period 0.47 0.46 0.83 0.83

Validation period – – 0.79 0.76

Time in months (1985-2004) 

St
re

am
flo

w
 (m

3 /s
)

Fig. 3 Observed, best estimation and 95PPU of monthly streamflow for model calibration

Time in months (2005-2010) 

St
re

am
flo

w
 (m

3 /s
)

Fig. 4 Observed and best estimation of monthly stream flow for model validation
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Often hydrologic conditions of a validation period were different from those of a
calibration period, which may lead to differences in performance of the parameter
solutions for the respective periods [22]. Likewise, in this study, SUFI-2 achieved a
bit higher R2 and NSE values (0.83 and 0.83, respectively) for the calibration period
than did in validation period (0.79 and 0.76, respectively) (Table 2). Effective
techniques were used for calibration and prediction uncertainty analysis of SWAT
model in the study watershed which fine-tuned the parameters to provide reasonable
verification in the validation stage.

5 Conclusions

Efficient and effective algorithms for optimization of computationally intensive
hydrologic models like SWAT are becoming increasingly more important because
of limited time and computational resources. Application of SUFI-2 algorithms to
simultaneously conduct calibration and validation of SWAT in the Zhanghe
upstream was perfectly done. The good result is shown with the likelihood measure
of the model calibration and validation for two periods: 1986–2004 and 2005–2010.
Monthly simulation values of R2 and NSE were 0.83 and 0.79 during the cali-
bration period, and 0.83 and 0.76 during the validation period, respectively. The
calibrated model can be used for further analysis of the effects of the climate and
land use change, water quality analysis and sediment yield analysis.
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Research on Reservoir Water
Temperature Simulation and Fish
Response

Wei Li, Jia-Hong Liu, Yu-fei Zhang and Wei-Hua Xiao

Abstract Temperature is an important parameter for a body of water, affecting
chemical and biological reactions as well as the material exchange. It is also
important with respect to the water environment and the growth and propagation of
microbes. Water temperature research addresses two important aspects: the impact
on the environment due to water temperature change caused by human activities,
and better analysis of reactions related to water temperature. Deep reservoirs have
both vertical and horizontal temperature stratification. This paper establishes a 2D
water temperature model for the Panjiakou Reservoir and simulates the stratification
phenomena. Temperature was simulated from May to October 2010, and the dif-
fusion parameters were confirmed. Results showed distinct stratification from May
to August with vertical equality from September to October. From May to June,
water temperature downstream declined because of discharging. Discharged water
temperature significantly affects the spawning time of fishes downstream and can
delay spawning by up to a month.
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1 Introduction

Temperature, which is stratified vertically in lakes, reservoirs and rivers, is one of
the most important characteristics of water. Water temperature can affect the
material exchange ability, chemical reactions, and the entire ecosystem, especially
those species sensitive to temperature. Research into a water temperature distri-
bution law could help the integrated management and regulation of lakes or
reservoirs, which is important to keep fish healthy.

Water temperature ecosystem research comprises two main aspects: firstly, the
effect of water temperature variation leading to climate change at ecosystem level
[1, 2], such as a rise in temperature from global warming influencing fish habitats
[3]; and secondly, the influence of human activities [4, 5], such as reservoir reg-
ulation, influencing the ecosystem [6]. Research to date has focused mainly on
qualitative analysis, while ignoring quantitative analysis. In China, most of the
relevant research areas are in the south [7, 8], although deep reservoirs in the north
also have temperature delamination. At the same time, storage of water in and
discharge from the reservoirs has had an effect on downstream ecologies.

Experimental methods, investigative and statistical methods, model simulations,
etc., form the basis of the research conducted in this study. The model that this
paper proposes can simulate water temperature changes under different weather
conditions, leading to advantageous applications. Based on the theory of heat
conduction and aquatic animals’ temperature response research, this paper simu-
lated the water temperature of the Panjiakou Reservoir in North China using a
vertical 2D model. The spatial and temporal distribution of water temperature in the
reservoir was analyzed. By investigating local aquatic animals, the effect of
reservoir discharge on fish downstream is presented with a view to minimizing any
adverse effects of reservoir discharge by regulation.

2 Water Temperature Simulation Model

2.1 Theory of Heat Conduction

The temperature and rate of flow of incoming water, and the weather are the main
parameters affecting a reservoir’s water temperature. Depending on their temper-
ature delamination, lakes and reservoirs can be classified as mix type, stable
stratified type, or transition type. The temperature of a mix type is well distributed
with a temperature gradient of less than one. The stable stratified type has a tem-
perature difference between surface water and the lower layer, especially in sum-
mer. The transition type lies in between. The method of a� b index could be used
to identify the stratification type of lakes or reservoirs, where:
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a ¼ average income flow
total storage capacity

: ð1Þ

b ¼ total valume of flood
total storage capacity

: ð2Þ

a indicates the time that water stayed in the reservoir, with a < 10 a stable
stratified type, 10 < a < 30 a transition type, and a > 30 a mix type. The stable
stratified type could be subdivided into two types according to b, with b [ 1:0 a
temporary stratified type, and b\ 0:5 a stable stratified type.

The main heat conductors that could cause water temperature change include
heat exchange in water surface, heat exchange with the riverbed, heat generated
inside the water, and artificial heat exchange. Sources of heat include both solar and
atmospheric radiation. Heat dissipation factors include water radiation, surface
water reflection and evaporation heat consumption.

2.2 2D Vertical Water Temperature Model

A 2D vertical water temperature model could predict the distribution of water
temperature in a body both vertically and horizontally. It is used to calculate water
temperatures in deep water, such as channel reservoirs and deep lakes. It is assumed
that water temperature and current velocity are constant in the cross-sectional
direction, while they change in the vertical and horizontal directions. The water
body is divided into a discrete number of small horizontal and vertical units. The
model simulates heat exchanges, current velocities and silt of each unit.

The heat flux into the water can be expressed by:

/ ¼ /0 � /e � /c � /ra ð3Þ

where /0 is solar radiation flux, /e evaporative heat flux, /c heat transfer flux, and
/ra effective inverse radiation flux,which equals water radiation flux, /rw, minus
atmospheric radiation, /a.

/0 ¼ ð1� arÞ/s/s is heat generated by solar radiation, which will enter the
interior water body. The amount of radiation received at the depth of y can be
expressed as /yðyÞ ¼ ð1� bÞ/0e

�gðys�yÞ where b/0 is surface water absorption, ar
is surface water reflectance, b is surface absorption ratio, and g is water
transparency.
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/e þ/c ¼ ð0:000308þ 0:000185wÞqðes � weaÞ½Lv þCwTs þ 269:1ðTs � TaÞ
es � wea

�
ð4Þ

/ra ¼ 0:97k½T4
w � 0:937� 10�5T6

Að1þ 0:17C2
1Þ�: ð5Þ

This is total heat flux of the water body. The heat transfer process is carried out
only on the surface layer. w is the wind speed, ea the saturated vapor pressure of air,
es the saturated vapor pressure of water, w relative humidity, Lv the latent heat of
vaporization of water, Ts the water temperature, Ta the surface air temperature, k the
Stefan-Boltzmann constant, Tw the absolute surface water temperature, TA the
absolute surface air temperature, and C1 a cloudiness factor (equal to 10 with
complete overcast and 0 when cloudless).

The water temperature at a depth of y (meters) can be expressed as:

@Ty
@t

¼ aþDð Þ
Ay

@

@y
Ay

@Ty
@y

� �
� 1
qCpAy

@

@y
Ay/y

� �

� 1
Ay

@

@
tyAyTy
� �þ 1

Ay
uiyByT

0
i � uiyByTy

� � ð6Þ

where Ty is the water temperature at depth y, uiy flow velocity in the horizontal
direction at depth y, ty vertical flow velocity at depth y, T 0

i the inflow water
temperature, Ay the water area at the depth y, /y the daily radiation dose at the depth
y, a the molecular diffusion coefficient, D the eddy diffusion coefficient, q the water
density, and Cp the specific heat of water.

The 2D vertical water temperature simulation model developed by Gao and
Zhang [9] is used in this paper.

3 Case Study

3.1 Panjiakou Reservoir

The Panjiakou Reservoir is located in Taoyuan, in the Qianxi County of Hebei
Province. It is a large water conservancy project in the middle reaches of the Luan
River. When full it has a surface area of 68 km2, and extends for 64 km. Panjiakou,
a typical river-type reservoir, has a total capacity of 2.93 billion m3, with a dam wall
height of 107.5 m. Flood discharge structures in the middle of the river are fitted
with radial gates. The spillway has 18 floodgates with 4 exit holes (4 m � 6 m). The
reservoir’s catchment area is 33 700 km2, which is 75% of the whole Luan River
basin.
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Applying the a� b index method to the Panjiakou Reservoir gives a equal to
0.95, far less than 10 and thus indicating a stable stratified type, and b equal to 0.09
which, being much smaller than 5, indicates that flooding has little effect on the
distribution of water temperature.

3.2 Data Collection

Topographic Data. The longitudinal section of the generalized reservoir is shown
in Fig. 1. When full, the maximum water depth is 69 m; and, as mentioned earlier,
the reservoir extends up to 64 km. The reservoir width reduces gradually upstream
from the dam wall. At Qinghekou, the surface width is 1150 m, and the corre-
sponding bottom width is 970 m. The width of the reservoir is 200 m at the
narrowest part. The simulation model takes 1 km (horizontal) by 1 m (vertical) as a
computing unit. There are thus 64 horizontal and 69 vertical cells which gives a
total of 2246 computing units. The cross sections were changed into trapeziums,
and the bottom cell depth was determined according to the nearest measured section
terrain. The width of each unit was determined by linear interpolation of the width
at the top and bottom.

Meteorological Data. The meteorological data used in the simulation is mainly
from the Tangshan and Leting Stations, which were part of the Global
Meteorological Observation Project of the World Meteorological Organization
(WMO), as well as from the China Meteorological Administration. Figures 2 and 3
show the 2010 air temperature and the average wind speed at Tangshan respec-
tively. Over this period, the average air temperature was 13 °C, and average wind
speed was 5.5 m/s. The daily radiation data, calculated solely from the amount of
sunshine due to the lack of measured cloud data, came from the Leting Station. The
average relative humidity in 2010 was approximately 50%, with the lowest mea-
sured value 15%. The rain was concentrated in July and August.

Hydrological Data. The runoff data and water temperature data of inflow at the end
of the reservoir is from the Haihe River Basin Hydrological Yearbook. Inflow from
this tributary is the greatest in June, July, and August.
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Fig. 1 Longitudinal geometric shape of the Panjiakou Reservoir
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During the simulation period the reservoir water level varies between 53.3 and
59.1 m. The reservoir discharges water in spring in order to have a low level in
June. The water level rises about 5 m through the summer, peaking in September.
Discharges of up to about 60 m3/s are done mid-August, late-September, and
October.

Inflow Data. The inflow water temperature data was approximated using air
temperature data due to the lack of measured data in 2010. Mohseni et al. [10] have
studied the nonlinear correlation between air temperature and water temperature as
follows:

Ts ¼ lþ a� l

1þ ecðb�TaÞ ð7Þ

where Ts is water temperature, l minimum water temperature, a maximum water
temperature, b inflection temperature, c the maximum slope (which is between 0.1
and 0.2), Ta the air temperature. The calculated result of 2010 inflow water tem-
peratures has the same trend when compared to measured data from 2006, so it is
considered to be representative.

Fig. 2 The temperature at Tangshan in 2010

Fig. 3 Wind speed at Tangshan in 2010
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3.3 Verification

The main sensitivity parameters of the model are surface and bottom temperature,
diffusion coefficient (X, Y direction), surface reflectivity, surface absorption ratio
and water transmission rate. The diffusion coefficient has a large effect on the
temperature distribution structure. The last three parameters affect mainly the water
energy absorption from solar radiation (Fig. 4).

The model’s simulation results were validated using measured water temperature
data from October 29–31, 2010. Figure 4 (left) shows the simulation’s water tem-
perature compared with that measured at the Section 1 km before the damwall. There
is a 0.5–1.5 °C difference between the two temperatures. On October 29, the water
temperature at 12:00 a.m., was 0–0.5 °C higher than that at 10:00 a.m., which has the
same trend as the measured data. Water temperature above the 20 m level rose
between 0 and 1.4 °C more on October 31 than on October 29 according to the
measured data, while the simulated values are higher. Figure 4 (right) shows
the simulation’s water temperatures compared to the temperatures measured at the
section of South Guojiazhuang onOctober 29 and Jiajiaan onOctober 31. The surface
temperature results compare well, but the bottom results differed between 0 and 4 °C
with the measured data.

The model’s simulation results are acceptable at sections near the dam, with the
errors in the 6–10% band. At the section of South Goujiazhuang, the simulation
error is within 10% above the 5 m level, while at the section of Jiajiaan, the error is
between 2 and 10% above the 13 m level, with a larger bottom error.
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4 Results

4.1 Water Temperature Distribution

The vertical water temperature distribution in different sections is displayed in
Figs. 5, 6 and 7. The sections are located, respectively, at 1 km, 11 km, 21 km,
31 km and 41 km upstream of the dam wall. The Panjiakou Reservoir has vertically
temperature stratification from May to August, especially in July and August. The
temperature also differs in the horizontal direction. The water temperature is highest
near the dam wall, and decreases upstream where it is affected by the temperature of
the inflowing water. From May to October, the surface water temperature increased
from 16 to 24 °C, and then decreased to 9 °C, and the bottom water from 11 to 13 °C,
and then to 6 °C.

From the beginning of May, surface water temperature increases due to the
warming weather, and also transfers heat to the bottom. The surface water tem-
perature peaks in July and August, and decreases from September. The bottom
water temperature decreases from October.

Figures 8, 9 and 10 show isotherm diagrams of Panjiakou Reservoir at different
times. The isograms in May are inclined which indicated horizontal differences in
water temperature. The average temperature in May is about 12 °C. Bottom water
temperature reached 15 °C in July. In August, while the surface water had increased
by 1–2 °C, the bottom water began decreasing by 3–4 °C. The water temperature to
a depth of 10 m was above 20 °C.

4.2 Effects of Water Temperature on Fish

The Panjiakou Reservoir discharges water through the hydroelectric power station
in both spring and autumn. The spring discharge runs from the end of March until
June, while the autumn discharge is in September and October. Assuming a minute
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Fig. 7 Water temperature curve on vertical at 08:00 a.m., August 20

Fig. 8 Isotherm diagram at 08:00 a.m., May 15

Research on Reservoir Water Temperature Simulation … 335



temperature change while water flows through the power station, the discharged
water temperature is considered to be the same as the intake temperature.

Table 1 presents some of the data, including air temperature, discharge water
temperature, surface water temperature and the deltas for the period May 3 until
June 15. The average discharged water temperature was 13.7 °C, which differed
from the reservoir surface water temperature by between 0 and 7.6 °C, while the
discharged water temperature differed from the reservoir inflow water by between
−0.1 and 5.3 °C.

Using the comparison of discharged to surface water temperature, the influence
on fish downstream is evaluated. The investigation showed that the fishes in
Panjiakou Reservoir and downstream are primarily carp, grass carp, crucian
carp, silver carp, loach, and Pseudorasbora parva. Fish spawning and embryo

Fig. 9 Isotherm diagram at 08:00 a.m., July 15

Fig. 10 Isotherm diagram at 08:00 a.m., August 15
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development occur primarily in spring, coinciding with the reservoir discharge
period. The spawning time, minimum spawning temperature and optimum devel-
opment temperature for embryo are listed in Table 2. The minimum spawning
temperature for carp and crucian carp is 14 °C. Grass carp, silver carp, loach, and
Pseudorasbora parva have a higher temperature requirement (>18 °C) for spawning.
The optimum temperature for fish embryonic development is above 20 °C.

The discharge water temperature from Panjiakou is 11–13 °C in May, rises to
15–16 °C in the first half of June, and reaches 18 °C in the second half of June.
Compared with the surface water, which would be above 14 °C in May and be
stable at 18 °C in late May, the discharge water has a temperature rise delay. For all
the fish listed, the reservoir discharge water would delay their spawning time by up
to one month.

Table 1 Contrast of water temperature (°C)

Time Air
temperature

Discharge water
temperature

Surface water
temperature

DT1 Inflow water
temperature

DT2

May 3 18.7 13.2 17.2 4.0 13.6 0.4

May 7 20.7 14.1 15.7 1.7 14.8 0.8

May 11 16.1 12.1 13.9 1.9 13.8 1.7

May 15 22.1 12.2 15.6 3.4 14.6 2.4

May 19 23.4 12.8 16.2 3.4 17.8 5.1

May 23 21.7 13.1 18.7 5.6 17.2 4.1

May 25 25.0 13.3 19.6 6.3 17.4 4.2

May 27 21.2 13.4 18.6 5.2 14.4 1.0

May 31 18.4 13.7 18.4 4.7 19.0 5.3

June 4 21.9 14.5 18.3 3.8 18.0 3.5

June 7 24.3 15.0 20.0 5.0 19.2 4.2

June 10 19.6 15.6 20.2 4.6 16.4 0.8

June 15 25.7 15.8 21.2 5.5 17.8 2.0

Table 2 Suitable water temperature to fish downstream

Fish Spawning time Minimum
temperature
for spawning (°C)

Optimum temperature
for embryonic
development
(°C)

Grass carp May–July 18 20

Silver carp May–June 18 22–26

Pseudorasbora
parva

April–June 20 20–25

Carp April–June 14 25

Crucian carp March–
September

14 22–25

Loach May–July 18 20
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The inflow (tributary) water temperature will reach 14 °C in the second half of
May, and run up to 18 °C in June. To carp and crucian carp, the reservoir discharge
water compared with tributary would delay the spawning time up to half a month.
To the other fishes, the delay is not significant.

5 Conclusions

(1) The water temperature of the Panjiakou Reservoir between May and October
2010 was simulated using a 2D simulation model. The results indicated that the
Panjiakou Reservoir had vertical temperature stratification from May to
October. Over this period the surface water temperature varied between 9 and
24 °C, while the bottom water temperature varied between 6 and 13 °C. The
vertical stratification was most prominent during July and August.

(2) The water temperature declined because of Panjiakou Reservoir discharge. The
temperature of reservoir discharge water is 0–7.6 °C (4 °C average) lower than
the surface water. The difference between reservoir discharge and inflow water
is −0.1–5.3 °C (2.3 °C average).

(3) The discharge water in spring from the Panjiakou Reservoir could have an
impact on spawning of some fish. For crucian carp, carp, and other
low-temperature spawning fish, the impact of discharged low-temperature
water is obvious; the spawning time can be postponed by 0.5–1 month. The
impact on fish spawning in higher temperature water is less, typically the
Pseudorasbora parva and loach.
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Calculation of Early Warning Index
of Mountain Torrent Disaster in Yushe
County

Xuyang Yang, Dandan Yan and Lingling Sun

Abstract According to the investigation of the disaster of mountain torrents in
Yushe County, the disaster water level of the flood disaster prevention objective is
determined with regard to the disaster situation of the village and the historical
flood investigation of the small watershed. According to the “Shanxi Hydrological
Calculation Manual” analysis of a design storm, combined with the actual situation
in Shanxi, analysis determined the warning period and soil moisture content. Based
on the hypothesis of rainstorm and flood of the same frequency, the same frequency
anti-push method is used to reverse the disaster flow from the designed storm flood.
The designed rainfall is the early warning rainfall in the early warning period, that
is, the small rainfall warning index (immediate transfer of indicators). Through the
analysis and calculation, the rainfall warning index of 0.5, 1 and 1.5 h of Yuhong
County flood disaster prevention objective is determined, and the rationality of an
early warning index is analyzed. The results show that the early warning index of
the mountain flood disaster in Yuqi County is reasonable and reliable.

Keywords Mountain torrent disaster � Critical rainfall � Rainfall warning index
Yushe County

1 Introduction

A mountain torrents disaster is caused by floods and flash floods induced debris
flow and landslides in the hilly area, which cause loss of the national economy and
people’s lives and property [1]. The formation of mountain torrents is the result of
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the combination of various factors such as climate, topography, rainfall and
underlying surface conditions [2]. A flash flood warning is an important part of the
prevention of system flood disasters, which is an effective means of reducing
casualties and property losses. The mountain flood disaster warning is based on
weather, hydrological and other forecast information to predict the occurrence of
flash floods that occur and to release the emergency instructions or signals. In the
method of judging the critical flow or water level method and critical rainfall
method, the critical rainfall method is the most widely used one at home and abroad
[3, 4]. The concept of critical rainfall is widely found in the study of generalized
mountain flood disaster prediction [4–7], including landslide and debris flow, which
is the key index of the forecast of mountain flood disaster and directly affects the
rate of omission and empty reporting rate, which is the center of the work of
mountain flood disaster prevention and control work.

The warning index of mountain flood disaster plays a key role in the operability
of the flood protection plan and determines whether sufficient time is required when
flash floods or debris flows occur. The general situation is based on historical
rainfall and flash flood disaster data, terrain, topography, vegetation, and soil type to
determine the revised and improved practical application. For the more abundant
areas, it is usually measured by the actual rainfall statistics, storm critical curve
method [8], water level or flow reversal method [7, 9] and comprehensive analysis
and other calculations. For less data or no data areas, interpolation [5, 6], com-
parison [5, 6], disaster and rainfall frequency analyses were used [7, 10, 11]. Due to
the scarcity of rain stations in Yushe County, many areas are monitoring the blank
area, and the construction time is relatively late. The observation series is short and
the observation means is backward, which is because of the severe shortage of
rainstorms. In this paper, the critical rainfall is calculated by using the watershed
model method.

2 Overview of Mountain Torrent Disaster
in Yushe County

A mountain flood disaster is the highest frequency, the greatest harm to natural
disasters in Yushe County, which are affected by the climate and the underlying
surface. The main source of floods in Yushe County is the formation of rainfall, the
convergence of the mountain slope steep, more rivers, ferocious flash floods con-
vergence. In a few hours or less it can form a torrential flood, resulting in flash
floods. Yushe County flood season is in early May to the end of September; the
main flood season is concentrated in June–August. This time is also the Yushe
County torrential disasters of the multiple period, the regional heavy rain intensity,
steep mountains, quick convergence, flood steep rise and fall, with obvious
mountain river characteristics. In the county since the founding of the disaster
occurred in the year 1963, 1976, 1989, 1991, 1992, 1996, 1998, 2004, 2008, 2009,
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2012, 2013, torrential disasters directly caused major casualties and property
damage.

According to the investigation, there are 49 mountain flood disaster prevention
objects that need to be heavily guarded by the threat of mountain torrent disaster in
Yushe County to carry out analysis of early warning indicators. This paper lists the
calculation of analyzed results as a typical example of early warning index analysis
for Luo Xiu Village, Yushe County and Simma township.

3 Research Methods

3.1 Calculating Designed Flood

Calculation of the Design of Rainstorm. The statistical parameters of villages
threatened by mountain torrential floods are read on the isoline map of statistical
parameters of point rainstorm in Shanxi Hydrology Manual. The design point
rainfall of various diachronic periods is calculated according to the parameters, and
the design area rainfall is calculated according to the point surface reduction
coefficient. Time history distribution is according to the design rain pattern. It
mainly includes three steps: design point rainfall, design area rainfall and design
rainstorm time distribution. According to the design rain pattern and the design
rainfall results of the time period, the time history distribution of the time period
design rainfall of each frequency is carried out by using the method of precipitation
sequence of the time period.

Calculating Designed Flood. Design floods were the design of heavy rain by the
production flow and the convergence calculation derived. In the calculation of the
runoff yield of the watershed model, the design of net rainfall depth is calculated by
using the hyperbolic tangent model. The net rain process is calculated by the
variable loss rate deduction method. The integrated instantaneous unit hydrograph
is used to calculate the confluence of the watershed model. In the design flood
analysis, the river cross section along the river village is taken as the control
section, and the calculation and analysis of the different frequency design floods are
carried out. Each frequency designed flood result of Luo Xiu village control section
is shown in Table 1.

Table 1 Luo Xiu village control section of the frequency design of the flood results

Flood elements Reproduced flood element values

100 years 50 years 20 years 10 years 5 years

Peak flow (m3/s) 52.07 43.6 32.34 23.54 15.64

Flood volume (million m3) 28 23 16 12 8

Flood hydrograph (H) 1.5 1.5 1.5 1.5 1

Flood duration (h) 9 8.5 8.5 8.5 8

Peak water level (m) – – – – –
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3.2 Calculation of Rainfall Early Warning Index

Determination of Disaster Water Level and Control Section. According to the
actual situation of the village section along the river, the hydraulic method is used
to calculate the water surface line. The river section of the village along the river in
Yushe County did not investigate the highest flood level in history, so the scope of
design flood inundation once in 100 years is now defined as the dangerous area. It
is determined that there are 49 dangerous river villages in Yushe county from the
range of dangerous areas. The design flood water surface line is designed for
50 years, 20 years, 10 years and 5 years, respectively. According to the results of
design flood surface line of each frequency, combined with the topography of
villages along the river and the elevation of residential households, the flood
inundation range of each frequency is drawn.

A comparison of the elevation of the residents on the side of the river and the
water surface level of the river reach were used to determine flood level, and the
specific method is:

(1) According to the frequency design flood, the flooding range was used to
determine the minimum design flooding period that can threaten households.

(2) The residential households on the side of the river submerged by the design
flood during the recurrence period are projected onto the vertical section, and
the comparison between the elevation of the residential household and the
design flood surface line during the recurrence period is drawn. The comparison
between the elevation of residents and the line of water surface in Luo Xiu
Village is shown in Fig. 1. Residential households below the water line rep-
resent the submerged.

(3) The residential household height farthest from the water surface line determined
in the last step is the flood level, and the nearest cross section from the
household is the control section.

The water level-flow relationship of the control section is derived from the
analysis of the frequency of the water surface line. The results are shown in Fig. 2.

According to the above water level-flow curve (Fig. 2), it can be seen that Luo
Xiu village control sections of the water level flow relations are gentle. There are no
bifurcations and tributaries of the river along the river control section, and they are
relatively straightforward, with good representation; therefore, there is no need to
correct the relationship diagram.

According to the above-mentioned water level-flow curve, the peak flow rate
corresponding to the flood water level is deduced; at the same time, it refers to the
flow frequency curve, and the disaster water level of the flood flow corresponds to
the peak flow, which is determined by the interpolation method. The flood return
period is then obtained as the river flood control capacity. The table of the flood
level and its corresponding flood frequency in Yushi County is given in Table 2.
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Fig. 2 Luo Xiu village control section water level-discharge curve

Table 2 Achievements of flood water level and corresponding flood frequency in Yushe County

Name of
administrative
division

Administrative
division code

Disaster water
level (m)

Peak flow
(m3/s)

Frequency
(%)

Luo Xiu village 140721202226100 1340.36 5.3 >20.0
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According to the water level flow curve, as well as the disaster water level, the
frequency of the design of the flood level of population and household statistics for
Luo Xiu village, the flood control status evaluation is shown in Fig. 3.

Warning Period to Determine. The warning period is related to the confluence
time of the river basin and is determined according to the following principles:

(1) According to Yushe County characteristics of a rainstorm, the size of the basin
area, the average ratio, the shape factor and the underlying surface, the basic
warning period is 0.5, 1, 2, 3 and 6 h;

(2) If the confluence time is not less than 6 h, the warning period is 0.5, 1, 2, 3 and
6 h as well as the confluence time. If the confluence time is less than 6 h, the
warning period is set as the confluence time and the basic warning period is less
than the confluence time.

Watershed soil water content: the use of “hydrological manual” in the basin
before the water holding capacity B0 is an indirect indicator of soil moisture or soil
moisture. B0 values of 0, 0.3 and 0.6, respectively, on behalf of the soil moisture is
more dry, generally and more wet in three cases.

Calculation of Critical Rainfall. After determining the disaster water level, the
warning period and the production and confluence analysis method, it is possible to
calculate the water-holding capacity of different watersheds (B0) for each typical
period of the critical area of the critical rainfall. The specific calculation steps are as
follows:

(1) A maximum value is assumed in the second hours to maximum value in the
sixth hours of the total rainfall initial value H. According to the design

Fig. 3 Luo Xiu village flood control status evaluation chart
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hyetograph, respectively, the maximum value in the second hours to maximum
value in sixth hours the corresponding rainfall is P2′–P6′.

(2) Calculation of the rainstorm parameters: The total rainfall value H1–H6 and
rainfall value P2–P6 of the maximum value in the second hours to maximum
value in sixth hours of different rainstorm parameters are calculated from the
formulas (1) and (2). According to the range of rainstorm parameters in
Table 3, it is possible to obtain multiple sets of P2–P6, and each group P2–P6 is
compared with P2′–P6′. The parameter of P2–P6 with the smallest sum of
squares is the required. The rainstorm parameters are as follows:

Hp tð Þ ¼ Sp � t1�n; k 6¼ 0

Sp � t1�ns ; k ¼ 0

(
0� k\0:12 ð1Þ

n ¼ nS
tk � 1
k ln t

ð2Þ

In the formula, n, nS, respectively, the slope of the curve between rainstorm
duration and rainstorm intensity and the slope at t = 1 h in double logarithmic
coordinate system; sp for the design of rain force, that is, 1 h design rainfall,
mm/h; t for the storm lasted, h; k for empirical parameters.

(3) For the value of the rainstorm parameter calculated from (2), the rainfall value
of the maximum value in the second hours to maximum value in the sixth hours
can be calculated by the Eqs. (1) and (2). According to the design hyetograph, a
typical period of time per hour of rainfall Hp1, Hp2, …, Hp6 must be obtained.

(4) The hyperbolic tangent flow model and the unit line basin convergence model
were used to calculate the peak flow rate Qm formed by the rainfall in the
typical period.

(5) If 丨Qm − Q丨 > 1 m3/s, then with dichotomy to re-assume H, where Q is the
flood level corresponding to the peak flow.

(6) Repeat steps (2)–(5) until the丨Qm − Q丨is less than 1 m/s. the total amount of
rainfall in each hour in a typical period is the critical rainfall.

According to the above calculation steps, the dynamic critical rainfall of 49
dangerous villages along the river village is obtained, and the dynamic critical
rainfall results of Luo Xiu village are shown in Table 4. The warning of critical

Table 3 Range of rainstorm
parameters

Rainstorm parameters Ranges Precision

Sp P2–100 0.1

Ns 0.01–1 0.01

k 0.001–0.12 0.001
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rainfall is drawn from the dynamic critical rainfall. The warning of critical rainfall
curve is shown in Fig. 4.

Estimation of Rainfall Early Warning Indicators.

(1) Immediate transfer of indicators

Since the critical rainfall is calculated from the flood of the corresponding
disaster water level, in the numerical form the critical rainfall is considered to be an
immediate transfer of indicators.

(2) Prepare transfer indicators

When the warning period is 0.5 h, prepare the transfer index = immediate
transfer index � 0.7.

When the warning period is 1, 2, 3 and 6 h and the confluence time, the
immediate transfer index of the first 0.5 h is the preparation index of the warning
period.

Calculation results can be seen from Table 5.

Analysis of Rationality of Rainfall Early Warning Index. Because of the limi-
tations of the data conditions with only three years of data of Yushe County village
along the river floods, the data series is shorter, and should not be used as a basis for
comparison of design flood results. However, the field investigation of two his-
torical floods in 2006, Shecheng town of Xiyadi river section of the catchment area

Table 4 Results of dynamic critical rainfall in Yushe County

Name of administrative
division

Administrative division
code

B0 Time period
(h)

Rainfall
(mm)

Luo Xiu village 140721202226100 0 0.5 19

1 (s) 27

0.3 0.5 17

1 (s) 22

0.6 0.5 14

1 (s) 18

Fig. 4 Luo Xiu village warning rainfall critical curve
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is 51.7 km2 with peak flow of 35.6 m3/s, the watershed model method was used to
calculate the design of floods in 100 years. The catching area of Shawang village in
the town is 23.16 km2 and the peak flow rate is 44.8 m3/s in 5 years. Through the
area ratio method, it can be seen that with the historical flood marks close; and the
recurrence period is 3 years. The calculation result is reasonable. In 1970, Qicheng
town of Shizhandao river section of the catchment area is 702 km2, the peak flow is
1190 m3/s, the catchment area of Wangjing Village in Qicheng town is 55.25 km2,
and the peak flow rate is 137.15 m3/s in 5 years. Through the area ratio method, it
can be seen that with the historical flood marks close and the recurrence period of
4 years, the calculation results are reasonable.

Based on the analysis, the calculation results of Shawang and Wang Jing Village
are reasonable. The data and methods used in the calculation of the torrential floods
in the villages threatened by the torrential floods, which are derived from the
Handbook of Hydrology in Shanxi Province and Detailed verification, the design of
the storm flood calculation results is reasonable.

4 Conclusion

In view of the complexity of the mountain channel, such as more wading buildings
and serious river siltation, part of the river is occupied by man-made buildings,
channel irregularity, bank slope low easy floodplain. In addition, there are factors
such as measurement error, soil moisture content, roughness, specific drop error,
design error, etc. The early warning index of a mountain flood disaster in a small
watershed of Yushe County is not completely accurate, but through the analysis the
results are more reasonable. According to the actual situation of Yushe County, the
following suggestions are put forward: (1) The early warning index of a mountain
flood disaster in Yushuan County can be placed on the early warning platform after
the accumulation of hydrological data and rainfall data over a certain period of time.
In the application process, there must be step-by-step optimization, in order to more
accurately guide the mountain flood disaster prevention. (2) For the objects of
defense in the same river basin, in order to facilitate management and application, if

Table 5 Yushe County early warning indicators results table

Name of
administrative
division

Categories B0 Time
period
(h)

Early warning indicator
(mm)

Rainfall
(mm)

Prepare
for
transport

Immediate
transfer

Water
level
(m)

Luo Xiu cun Rainfall
amount

0 0.5 13 19 18.9

1 (s) 19 27 26.7

0.3 0.5 12 17 16.5

1 (s) 17 22 22.3
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the current flood control capacity is basically the same, the same early warning
index may be used; for a river basin, the villages along the upper and lower rivers
must be linked up and down, and the information should be shared which is
common defense.
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Impacts of Climate Variability
and Human Activities on Runoff: A Case
Study in the Jinghe River Basin

Qiu-Bo Long

Abstract Assessing the impacts of climate variability and human activities on
streamflow is crucial to regional water resource management. In recent years,
significant decreases in streamflow have emerged in the Yellow River basin. The
Jinghe River Basin (JRB), a tributary in the middle reaches of the Yellow River, has
experienced dramatic land use changes over the past decades. At the same time, the
climate has also shown a significant change. The annual streamflow exhibits an
apparent decreasing trend in the JRB. In this study, the non-parametric
Mann-Kendall test is employed to detect the trend and breakpoint. The effects of
climate variability and human activities are assessed quantitatively using the climate
elasticity method and the hydrological model. The results showed that annual
streamflow in the JRB decreased significantly (P<0.05) from 1956 to 2012 and that
an abrupt change occurred in 1997. The annual precipitation presents a slightly
decreasing trend, whereas the annual mean temperature and potential evapotran-
spiration show an upward trend. The results of quantitative assessment indicated
that climate variability was responsible for 44.0% of the decrease in streamflow,
whereas the hydrological modeling method indicated a value of 48.8%. The annual
amount of water diversion from the Jinghe River increased, accounting for 20.5%
of the decrease in streamflow from 1997 to 2010. Moreover, the land use and land
cover change contributed to 30.7–35.5% of the decrease in streamflow. All human
activities contributed to 51.2–56.0% of the decrease in streamflow. Therefore, the
effect of human activities played a dominant role in the decrease in streamflow in
the JRB.
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1 Introduction

The variance of runoff can be attributed to the joint effects of climate change and
human activities in a river basin. Climate variation is expected to extensively alter
hydrological processes, primarily by changing the precipitation and actual evapo-
transpiration levels at the watershed scale [1]. Human activities, such as land use
practices, soil and water conservation, dam construction and city expansion, change
water infiltration, evapotranspiration and storage at the watershed scale result in
significant hydrological alteration [2–4]. Quantitatively assessing the impacts of
climate change and human activities on streamflow is vital for water resource
management. Numerous studies have been conducted to separate the effects that
climate change and human activities have on streamflow; however, the results
present high regional differences [5–8]. For instance, Tang et al. (2008) [9] found
that climate change played a dominate role in the decrease in streamflow in the
upper reach of the Yellow River. Chen et al. (2012) [10] used a hydrological model
to study streamflow variations in the Pearl River Basin and noted that the change
points of monthly streamflow series are roughly in line with those of annual, winter
and summer precipitation, indicating that changes in precipitation have obvious
influences on runoff change. Bao et al. (2012) [11] analyzed the reasons for runoff
changes in Haihe River Basin and the influence of human activities using hydro-
logical model, and then proved that human activities were the main force driving
the reduction of water resources. Zhang et al. (2013) [12] estimated the influence of
human activities on runoff change in places where water conservation projects have
been constructed. The effect of the Three Gorges Dam (TGD) on streamflow of the
Yangtze River and Poyang Lake was investigated, and the results showed that the
operation of the TGD changed the seasonal variations of Poyang Lake and Yangtze
River; the strongest influence of TGD on the lower reaches of the Yangtze River
occurred in October.

Many methods can be used to evaluate the response of streamflow to climate
change and human activities. Of these methods, the climate elasticity method and
the hydrological model are the two major methods widely used to separate the
effects of climate change and human activities on runoff variation [1]. The climate
elasticity method, which was first applied by Dunne and Milly in 2002 [13], is
primarily applied to evaluate the sensitivity of annual runoff to precipitation and
potential evapotranspiration. This method has been proven to be a simple but
efficient approach for separating the impact of climate change from that of human
activities on streamflow on a yearly time scale, particularly in mountain basins [14].
Compared with the climate elasticity method, the hydrological method generally
requires higher input but can provide a more detailed description on the hydro-
logical process. To achieve more reasonable assessment results, the two methods
noted above are thus employed in this study to calculate the impacts of climatic and
anthropogenic factors on runoff variation. Liu et al. (2013) [15] used the two
methods in a sub-basin of the Yellow River and found that human activities
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contributed 58.4–61.1% to the decrease in annual runoff. Wang et al. (2012) [16]
applied the hydrological model method, hydrological sensitivity analysis method
and climate elasticity method to assess the response of streamflow to climate change
and human activities in the Haihe River and obtained similar results. Zhang et al.
(2004) [17] analyzed the reasons for the decrease in streamflow in the Fenhe River
using a two-parameter monthly water balance model and climate elasticity method
and concluded that human activities were the major driving factor for runoff
decrease.

The Jinghe River is the largest tributary of the Wei River, which is a part of the
Yellow River. Recently, a series of soil conservation practices have been imple-
mented to reduce soil erosion [18–20]. Water consumption in the river basin has
increased dramatically with the expanding population [21]. The climate also
showed a significant change [16, 22, 23]. The annual streamflow significantly
decreased in the JRB [2]. However, a systematic quantification of the effects of
climate change and human activities on changes in runoff in the JRB has not yet
been reported. Therefore, the main objectives of this study are to identify trends in
such changes and the change points in annual runoff and to separate the effects of
climatic variability from those of human activities. The paper is organized as fol-
lows: first, a brief description of the study area and data sources is provided in
section two. The methods used are described in section three, followed by a pre-
sentation of the results, which include trend analysis, change-point detection and
inter-comparison of the two models. Finally, discussions and conclusions are given.

2 Study Area and Data

2.1 Study Area

The JRB is located in the middle reach of the Yellow River and hasa basin of
45,421 km2 (Fig. 1). The basin belongs to a typical continental climate between the
semi-humid and semi-arid temperate zones. The average annual air temperature is
nearly 8 °C, and the lowest temperature can reach −10 °C. The frost-free span is
approximately 150 days long. The average annual precipitation is approximately
500 mm, of which 73% occurs during the wet season. Recently, human activities
have become extensive due to rapid population growth and economic development.
According to statistical data from the Ministry of Water Resources, the irrigation
area in the basin in 2008 is approximately 9500 km2, accounting for 20.9% of the
total area of the basin. In addition, more than 130 reservoirs, with a total storage
capacity of 1.67 billion m3, have been built since 1949 [24]. These reservoirs lead
to increasing evaporation due to the increase of water surface area and affect the
inter-annual distribution of streamflow.
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2.2 Data

The meteorological data and streamflow data were collected from the Yellow River
Hydrological Bureau. The meteorological data contain precipitation, temperature,
wind speed, vapor pressure and sunshine duration data. Potential evapotranspiration
was calculated using the Penman-Monteith method. The spatial averages of the
hydro-climatic variables were estimated using the Tiesen polygon. The
Zhangjiashan station is situated at the outlet of the basin, where daily streamflow
data from 1956 to 2012 were collected.

Fig. 1 Study area—Jinghe River basin
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3 Methodology

3.1 Statistical Analysis Method

Penman-Montieth Method. Penman-Montieth formula is introduced to obtain the
potential evapotranspiration in this study:

ET0 ¼
0:408DðRn � GÞþ c 900

T þ 273 u2ðes � eaÞ
Dþ cð1þ 0:34u2Þ ð1Þ

where ET0 is evapotranspiration (mm/d); T is average temperature (°C); Dis satu-
rated vapor pressure curve slope (kPa/°C); c is psychomotor constant (kPa/°C),
which can be obtained by elevation calculation; Rn is net solar radiation (MJ m−2

d−1); G is the soil heat flux (MJ m−2 d−1); u2 is wind speed around two meters
above ground; es and ea is saturated vapor pressure and water vapor pressure (kPa),
respectively.

Trend Test. The rank-based Mann-Kendall test [25, 26] was used to identify trends
in hydro-climatic series. The method, which is recommended by the World
Meteorological Organization (WMO), is broadly used and has generally been
adopted to estimate monotonic trends in hydrological and meteorological time
series [27–29].

For the sequential time series x1, x2, …, xn, mi is the number of later terms in the
series whose values exceed xi. The MK rank statistic dk is calculated as:

dk ¼
Xk
i¼1

mi ð2 � k� nÞ ð2Þ

The expected value E(dk) and variance Var(dk) could be estimated as follows:

EðdkÞ ¼ k k�1ð Þ
4

VarðdkÞ ¼ k k�1ð Þ 2kþ 5ð Þ
72

(
ð3Þ

The test statistic (UFk) is calculated by the following formula:

UFk ¼ dk � EðdkÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Var Skð Þp ð1 � k� nÞ ð4Þ

The positive value of UF indicates an increasing trend, and negative value
denotes a decreasing trend. Then according to the inverse time series: xn, xn-1,…, x1,
the same method is applied to get a series UB. The intersection point of UF and UB
curves would be regarded as the breakpoint of the series [30].
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The Climate Elasticity Method. Precipitation and evaporation are the dominant
factors that determine natural runoff variability [31]. The streamflow variation [32]
of a river watershed can be described as follows:

DQ ¼ DQH þDQC ð5Þ

where DQ is the streamflow change between the natural period and the impacted
period and DQC and DQH are changes in streamflow due to climatic variation and
human disturbances, respectively. The naturalized streamflow is the sum of the
observed streamflow and the water direction:

QNatural ¼ QObs þQDirect ð6Þ

where QNatural is naturalized runoff, QObs is observed runoff and QDirect is water
diversion.

The impact of human activities on streamflow in the Jinghe River (DQH)
comprises the direct impact (water diversion, DQDirect) and indirect impact (change
in land use and vegetation, DQIndirect) and can be written as:

DQH ¼ DQDirect þDQIndirect ð7Þ

The impact of climate change on the streamflow (DQC) can be approximately
calculated as follows [31, 32]:

DQC ¼ DQP þDQET0 ¼
epDP
P

þ eET0DET0=ET0

� �
QNatural ð8Þ

where DQP and DQET0 are the contributions of the changes in precipitation and ET0
to the change in streamflow, respectively. DP and DET0 are the change in pre-
cipitation and ET0 between the periods, respectively. ep and eET0 are climate
elasticity of streamflow due to precipitation and ET0, respectively, which can be
estimated as follows based on the Budyko hypothesis:

eP ¼ 1þuF0 uð Þ= 1� F uð Þ½ � and ePþ eET0 ¼ 1 ð9Þ

where u is the aridity index, which is the ratio of ET0 and precipitation and
calculated at a yearly timescale in this study. FðuÞ is the function of u; and F0 uð Þ is
the derivative of FðuÞ with respect to u. Based on the Budyko hypothesis, many
forms of FðuÞ were proposed [33–35]. The calculations of F uð Þ and F0 uð Þ are
expressed as follows:

F uð Þ ¼ 1þxuð Þ= 1þxuþ 1=uð Þ
F0 uð Þ ¼ u�2 þ 2xu�1 þx�1ð Þ= 1þxuþ 1=uð Þ2

�
ð10Þ

where x is the plant-available coefficient relating to vegetation type.
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Hydrologic Model and Assessment Criteria. Model-based projections of the
impacts of hydro-climate variability and non-stationarity on water resources
underpin policy-relevant decision making of major national and international sig-
nificance [36]. This study employed “abcd”, a monthly water balance model, as the
assessment model because it is comparable with other balance models and because
each of its parameters has a physical interpretation [37]. The “abcd” model is a
nonlinear watershed model that accepts monthly precipitation, air temperature and
potential evapotranspiration as inputs and produces streamflow as an output [38].
This hydrologic model was originally introduced by Thomas in the 1980s and is
applied using an annual interval. Some scholars found that a monthly “abcd” model
compared favorably with several other monthly water balance models [37–39].
A detailed description of the model has been summarized by Alley (1984) [38] and
Fernandez et al. (2000) [37].

The model has four parameters, a, b, c, and d, each of which is presumed to have
some degree of physical interpretation. The parameter a (0 <a� 1) reflects the
propensity of runoff to occur before the soil is fully saturated. Values of parameter a
less than 1.0 result in runoff when Wi < b. The parameter b is an upper limit on the
sum of evapotranspiration and soil moisture storage. The parameter c is related to
the fraction of mean runoff that comes from groundwater. Finally, parameter d is the
reciprocal of the groundwater residence time.

In this study, two criteria, Nash-Sutcliffe Efficiency (NSE) and Water Balance
Error (WBE), are used to evaluate the performance of the “abcd” model. The model
was calibrated by maximizing the NSE of monthly streamflow [7]. NSE is defined
as follows:

NSE ¼ 1�
Pn

i¼1 Qobs;i � Qsim;i
� �2

Pn
i¼1 Qobs;i � Qobs

� �2 ð11Þ

The WBE in percentage is considered the linear inequality constraint that
compels the total simulated streamflow to be within 5% of the total recorded
streamflow [7]. WBE is calculated as follows:

WBE ¼ 100

Pn
i¼1 Qsim;i �

Pn
i¼1 Qobs;iPn

i¼1 Qobs;i

� �
ð12Þ

where Qsim and Qobs are the simulated and observed streamflow, respectively. Qobs

is the arithmetic mean of the observed runoff.
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4 Results

4.1 The Change in Annual Runoff, Precipitation and E0

Historical trends of hydro-meteorology factors can help identify the effects of cli-
mate change on water resource systems. Figures 2 and 3 show the long-term
variation of the observed annual streamflow, precipitation and potential evapo-
transpiration from 1956 to 2012. The results indicated that an abrupt change point
in approximately 1997 was detected by the MK test. Therefore, the streamflow
series was divided into two periods: “natural period (period I: 1956–1996)” and
“impacted period (period II: 1997–2012).” In period I, the change in streamflow is
primarily controlled by climatic factors, and the effects of human activities can be
ignored. On the contrary, human activities play an important role in streamflow
change in period II and must be considered. The results of the trend analysis show
that the annual runoff presented a remarkable negative trend (P<0.05) by 6.05 mm
per decade. The observed annual streamflow was 41.7 mm in period I, whereas it
decreased to 19.3 mm in period II. The relative rate of change reached −53.7%
(Table 1). Figure 3 shows the change in annual precipitation, the potential evap-
otranspiration, the temperature and the runoff coefficient. Compared with period I,
the precipitation decreased by 40.67 mm in period II, whereas the temperature and
E0 increased by 1.54 °C and 59.7 mm, respectively (Table 1). Because of the
impacts of human activities, there is a significant change in the relationship between
precipitation and runoff. As observed in Fig. 3a, b, the runoff coefficient in period II
is clearly lower than that observed in period I. This finding indicates that the same
annual precipitation in period II generated less runoff than it did in period I.

Fig. 2 Water diversion in the
JRB from 1956 to 2012. The
blue line represents 5-years
moving average
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4.2 Attribution of Change in Streamflow Using the Climate
Elasticity Method

Through parameter calibration, when the plant-available coefficient x = 0.89, the
best agreement between the calculated Eq. (10) and observed (annual precipitation
minus runoff) actual evapotranspiration occurred (Fig. 4). Following Eq. (9), the
elasticity index of the annual streamflow to precipitation (eP) and ET0 (eET0) was
2.15 and −1.15, respectively. This result indicated that a 10% increase in precipi-
tation would result in a 21.5% increase in streamflow, whereas a 10% increase in
ET0 would result in an 11.5% decrease instreamflow. The annual streamflow was
more sensitive to the change in precipitation than the change in ET0. The 40.67 mm
decrease in precipitation led to a 7.58 mm decrease in streamflow, whereas the
59.7 mm increase in ET0 resulted in a decrease in annual streamflow of 3.34 mm.
The changes in precipitation and ET0 together led to a decrease in streamflow by
10.92 mm in period II, accounting for 48.8% (10.92/22.40 mm) of the total
observed decrease in annual streamflow. Correspondingly, human activities resulted
in a decrease in annual streamflow of 11.48 mm, accounting for 51.2% of the
decrease in streamflow. Among the various human activities, the direct impact

Fig. 3 a Variation of annual observed stream flow in the JRB. b The Mann-Kendall analysis of
annual observed stream flow from 1956 to 2012

Table 1 Hydrological variables statistics during the two periods

Hydrological variables Period I Period II Relative change

(mm) (%)

Observed stream flow (mm) 41.7 19.3 −22.4 −53.7

QDirect (mm) 2.35 6.94 4.59 195

Precipitation (mm) 513.62 472.95 −40.67 −8.0

Temperature (°C) 8.43 9.97 1.54 18.3

E0 (mm) 909.8 969.5 59.7 6.6
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(water diversion) was responsible for the 20.5% decrease in annual streamflow; the
remainder of the decrease came from indirect impacts, such as land-use change, soil
and water conservation practices and dam construction.

4.3 Attribution of Change in Streamflow Using
the Hydrological Model

The “abcd” model was calibrated using the monthly series from 1956 to 1980 and
validated using data from 1981 to 1996. Model performance during calibration and
the validation periods can be found in Fig. 5 and Table 2. The NSE of the simulated
monthly streamflow in the calibration and validation period was 0.86 and 0.80,
respectively. The WBE was 2.41% and 3.92% in the two periods, respectively. This
result indicates that the model can achieve good performance in simulating
long-term streamflow. To estimate the impact of climatic variation on the stream-
flow, the model parameters obtained during the calibration period were used to
simulate the natural streamflow in period II. The difference between the simulated
and observed streamflow was the streamflow change caused by human activities.
According to the results of hydrological modeling, the average annual streamflow at
the Zhangjiashan station was 36.10 mm in period II under the natural scenario
(Fig. 6), whereas the naturalized streamflow in period II was 26.24 (19.3 + 6.94)
mm (Table 1). The difference between the simulated and naturalized streamflow
was 9.86 mm, which was the impact of climatic variation on streamflow. Therefore,
climatic variation accounted for 44.0% (9.86/22.4 mm) of the decrease in stream-
flow in period II, and human activities led to 56.0% of the decrease in annual runoff.

Fig. 4 Correlation relations
between annual actual
evapotranspiration
(AET) calculated directly
from water balance equation
and simulated by Zhang’s
curve
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5 Discussions

5.1 Uncertainties

This paper performs a quantitative assessment of the impacts of climate change and
human activities on the decrease in runoff in the JRB using the climate elasticity
method and a hydrological model. Some uncertainties are inevitable in the input
data, model parameters and assessment methods. The distribution of precipitation in
the basin is uneven. Thus, the precipitation data from 11 hydro-meteorological

Fig. 5 Model performances in calibration and validation period

Table 2 The contributions of climatic variation and human activities to the stream flow decrease

Climate elasticity
method

ep eET DQC

(mm)
DQH

(mm)
DQC

(%)
DQH (%)

DQDirect DQIndirect

2.15 −1.15 −10.92 −11.48 48.8 20.5 30.7

Hydrological
modeling

NSE MAE DQC

(mm)
DQH

(mm)
DQC

(%)
DQH (%)

DQDirect DQIndirect

0.86a 2.41%a −9.85 −12.55 44.0 20.5 35.5

0.80b 3.92%b

a,bData series from 1956 to 1980 and validated using data from 1981 to 1996
eP and eET are climate elasticity of runoff to precipitation and potential evapotranspiration,
respectively. DQC and DQC are the contribution of climatic variation and human activities,
respectively. DQDirect and DQIndirect are the direct and indirect influence in Eq. (7)
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stations can hardly represent actual regional precipitation. In addition, due to the
inhomogeneity in land surface and the “equifinality of parameter sets” (hydrological
models of many different parameter sets are equally good at reproducing an output
signal), the model parameters obtained via automatic optimization cannot represent
the real model parameters in the basin. Thus, the uncertainty of model parameters
also affects the assessment results. Moreover, uncertainties exist in the climate
elasticity method. The impacts of precipitation and potential evapotranspiration are
separated under the assumption that they are independent in Eq. (8). However, they
do, in fact, impact each other [35]. Finally, there is also large uncertainty in the
water diversion data. Any error of the water diversion data can affect the assessment
results to a certain degree.

5.2 Impact of Human Activities in the Jinghe River

Water diversion is primarily used to meet the demands of domestic, industrial and
agricultural water use. With economic development and the increasing population,
water diversion in the JRB increased clearly from 1956 to 2012. The average annual
amount of water diversion was 2.35 mm in period I, whereas it increased by
4.59 mm and reached 6.94 mm in period II. The increase in water diversion
accounted for 20.5% of the total decrease in streamflow in period II (Table 2).
Water diversion is thus an important driving factor and can lead to a decrease in
streamflow at the outlet of the watershed.

In addition, the JRB is part of the Loess Plateau, which is characterized by thick
and highly erodible loess, sparse vegetation, unevenly distributed rainfall, and a
relatively high intensity of rainstorms [40]. To reduce soil erosion and maintain
ecosystem health, massive soil and water conservation measures have been
implemented since the 1970s. These conservation measures include building

Fig. 6 Simulated and
observed annual stream flow
in “natural period” and
“impacted period”
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terraces, planting trees, and constructing sediment-trappingdams. The areas of
terraces, forest, and sediment-trapping dams in 1999 reached up to 1445, 6751, and
672 hm2, respectively. Especially in the late 1990s, a national ecological restoration
project named the Grain for Green Project was implemented over the Loess Plateau.
As a result, there has been an increase in vegetation coverage and significant land
use change in the JRB [40], leading to an increase in canopy interception, plant
transpiration and soil moisture storage capacity. There will eventually be a decrease
in direct runoff and an increase in actual evapotranspiration [41]. In this way, soil
and water conservation measures have changed the underlying surface gradually
and impacted the relationship between precipitation and streamflow (Fig. 7d).

6 Conclusions

In this paper, the trend in streamflow and driving factors for the JRB were inves-
tigated. The MK test was used to detect the trend and the abrupt change of climatic
and hydrological variables. Two methods, the climatic elasticity method and the
hydrological model, were used to quantitatively assess the impacts of climate
change and human activities on streamflow.

Fig. 7 Variation of annual precipitation (a), potential evapotranspiration (b), temperature (c) and
runoff coefficient (d). The blue line shows the five-year moving average and the red horizontal
dotted lines represent the averages of the corresponding period
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From 1956 to 2012, the annual streamflow showed a significant downward
trend, but the potential evapotranspiration showed a significant upward trend.
A slight but non-significant decreasing trend was found in the annual precipitation.
An abrupt change year in approximately 1997 was detected by the MK test. The
contribution of climatic variation and human activities was assessed using the
climate elasticity method and a hydrological modeling model. The results indicate
that the effect of climate variability on runoff decrease, as calculated by the climate
elasticity and hydrological model, are 44.0 to 48.8%, respectively.
Correspondingly, the contribution of human activities on the decrease in runoff is
51.2–56.0%. Both methods indicated that human activities were the major driving
factor for the decrease in streamflow in the JRB. Among the various human
activities, 20.5% of the decrease in streamflow comes from direct water diversion,
and the indirect impact of human activities through land use and vegetation change
accounts for 30.7–35.5% of the resulting decrease in streamflow.
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Research on Water Resources Carrying
Capacity Based on ET

Su Li and Bin Liu

Abstract With the progress of society, the human demand for water resources is
increasing. However, due to the shortage of water resources and the serious water
pollution, the contradiction between people and water is becoming more prominent.
Therefore, it is necessary to study the water resources carrying capacity. Based on
the previous studies, the water resources carrying capacity is defined as a region
whose water resources is not beyond the allowable transpiration evaporation and
can bear the largest population and the corresponding arable land area in the
condition of sustainable development and ensuring the normal material level in this
paper, using Weixian as an example. The method of ET was used and the rela-
tionship between subject and object was considered; meanwhile, the regional
evapotranspiration was defined as the subject and the largest population and the
corresponding cultivated land area was the object; and the water resources carrying
capacity of different levels in Weixian was calculated.

Keywords Water resources carrying capacity � ET � Weixian

1 Introduction

Water resources carrying capacity is an extension and expansion of various natural
resources carrying capacity in the sustainable development of a country or region. It
has a vital influence on the social and economic development of a country or region
[1]. Because it concerns different water resources and social economic systems of
different countries, it has uncertainty and ambiguity.

The first time that the concept of water resources carrying capacity was explicitly
put forward was in the study of the carrying capacity of water resources in Urumqi
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and the river basin in 1992 by Shi and Qu [2]. It is defined as a region of water
resources, in a certain social history and the development of the science and
technology stage, without destroying the social and ecological system, the largest
ability bearing industry, agriculture, city scale and population capacity. It is a
comprehensive index with the social, economic, scientific and technological
development. After much research [3–5], China has made great progress in the
direction of water resources carrying capacity. However, the definition of water
resources carrying capacity is still not a unified concept. To comprehensively
analyze its definition, it is generally divided into three views: the first view is the
largest water resource support capacity; the second one is the largest
water resources support scale, both of which are called the sustainable theory of
water resources; and the third view is the greatest development capacity of water
resources, which is called the scale of water resource development [6, 7]. Although
the sustainable theory of water resources and the scale of water resource devel-
opment are from different views, they both define water resources as the main body,
emphasize the importance of the ecological environment and make optimal allo-
cation of water resources in the condition of sustainable development. In the long
run, the sustainable theory of water resources is more in line with the shortage of
water resources.

To summarize previous research on the carrying capacity of water resources, the
carrying subject and object and the relationship between both should be included. It
is generally believed that the main body is the water resources system, the object is
the human impact and survival of the social economic system and the environ-
mental system [8]. However, the analysis of water resources carrying capacity is
often focused on the amount of water resources so far and carrying objects on the
production and life of the economic use and economic benefits. Although it has
been recognized that the ecological environment is also the carrying object, the
course of the study either ignores or roughly estimates or relates to ecological
environment of computations and neglects the full utility value of water resources
in the ecosystem level [9]. Because the factors affecting the water resources car-
rying capacity is more and the research content is complex, there is not an accurate
response evaluation index system of the relationship between the subject and
object. The construction of the index system tends to simplify and is artificial, and
also the selection of indicators and complete standard is often not enough [10, 11].
Water resources carrying capacity in a certain sense has become a “particular
solution under the background”, which means that the water resources carrying
capacity can be improved by some ways and means. This will lead to the emergence
of “optimization” or “maximum” carrying capacity in this period. It is hard to
determine which is the water resources carrying capacity and which is contrary to
the limit of water resources carrying capacity [9]. At the same time, there is also a
great gap between the bearing scale obtained by various quantitative research
methods. Even when the same method is used, corresponding to a different scheme
of bearing scale also has a large gap.

Based on the previous studies, according to the problems existing in the
development and utilization of water resources in Weixian, the research method of
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water resources carrying capacity based on ET is proposed. Different from the
traditional meaning of ET, the concept of ET is extended and expanded. It refers to
the area of real water consumption. The shortage of water resources, the serious
overexploitation of groundwater and the phenomenon of irrational use of water
resources is general in Weixian. Therefore, it has a certain practical significance to
calculate the carrying capacity of water resources in Weixian from the point of view
of water consumption.

2 General Situation

Weixian is located at the southern tip of Hebei Province, Southeast of Handan city,
between the north latitude 36°03′–36°26′36″00″, east longitude 114°43′42″–115°
07′24″. The east of Weixian connects Da Ming county, north Guang Ping, and the
south borders on Qingfeng, Neihuang, and Nanle counties which are three counties
of Henan Province; the west is adjacent to Cheng’ An and Lin Zhang counties.
Weixian covers the area of 862 km2. It belongs to the warm temperate zone,
semi-humid and semi-arid continental monsoon climate zone; and its main rivers
are Zhang he and the Wei River. By the end of 2012, its population had reached
976.5 thousand and 912 thousand mu of the cultivated area. Rainfall is mainly
concentrated in 6–9 months; the average annual precipitation is 550.7 mm; and the
average annual surface water resources is 5.629 million m3. The average years of
groundwater resources is 77.74 million m3 and the gross amount of water resources
is 83.37 million m3 when recharge methods were used.

3 Research Methods

In this paper, the ET analysis method was used to evaluate the water resources
carrying capacity in Weixian. The main body of water resources carrying capacity
is the regional transpiration evaporation. It includes not only the regional evapo-
transpiration of produced water, but also the consumption of the entry of water
outside the region with the largest population and the corresponding cultivated land
area as the object. According to the regional average water balance equation, the
average years of target ET was calculated. Meanwhile, according to the dynamic
principle, and to keep the dynamic balance of groundwater, there was a high flow
year of remaining water stored in the reservoir and groundwater was appropriately
in dry years. Based on this, the target ET of the wet year, normal year and dry year
was calculated. Through the establishment of the population, the cultivated land
area, ET-cultivated land area, and ET-non-arable land, the water resources carrying
capacity of the target ET at different level years was determined.
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4 Analysis of Carrying Capacity Based on ET

4.1 Analysis and Calculation of the Main Body

Regional evapotranspiration is a process of moving water from the earth’s surface
to the atmosphere, and it is an important part of the water cycle in nature. In the
natural state, the water balance equation of a closed basin is expressed as follows:

P ¼ RþET � DV ð1Þ

where P is the annual precipitation; R is the annual runoff (the surface runoff and
underground runoff); ET is the basin annual evapotranspiration; and DV is the
annual water storage variation.

For many years on average, DV is zero. In this way, the equation of water
balance equation is expressed as:

P ¼ RþET ð2Þ

For a region, in view of the regional water quantity and the external exchange,
the average regional water balance equation is:

Pþ I ¼ ET þO ð3Þ

where I is the regional mean annual inflow; O is the regional mean annual outflow
(the surface runoff and underground runoff).

Regional evapotranspiration is the sum of the regional interior surface evapo-
ration, water surface evaporation, plant emission, and the social and economic
activities of human beings. Regional evapotranspiration not only contains the
transpiration and evaporation in the natural water cycle, but also covers the evap-
oration of the water in the artificial water cycle to meet the needs of life, production
and ecology.

From (3), it is known that the average annual rainfall is 550.7 mm in Weixian;
the average inflow minus outflow is 59.8 mm. By calculation, ET is 610.5 mm, that
is 52,624.3 m3. Evapotranspiration of the township is mainly determined by the
current situation of water resources and water supply. Table 1 indicates the dis-
tribution of the average ET of the townships in Weixian.

To truly reflect the regional water resources carrying capacity, the target ET of
wet year, normal year and dry year should be determined, respectively. In the
premise of ensuring the groundwater dynamic balance, the dynamic principle to
determine the target ET of different level years was used. By calculation, the target
ET of a wet year is 620.2 mm; the target ET of a normal year is 607.9 mm; and the
target ET of a dry year is 598.0 mm.
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4.2 Analysis and Calculation of the Bearing Objects

In this paper, the object of water resources carrying capacity is the population that
water resources can bear and the corresponding cultivated land area. Wheat and
corn are mainly grown in Weixian; the plant system is to double crop a year. In this
paper, two kinds of grain crops of wheat and corn are used as the basis for the
calculation of grain yield in Weixian. Through the statistics, the wheat production
of Weixian is about 450 kg/acres, and corn production is about 550 kg/acres.

According to the actual situation of Weixian, grain output was 588 thousand tons
and per capita grain production was 602 kg in 2012. On the basis of the present
level of per capita consumption of grain, ensuring the self-sufficiency of grain,
meeting the improvement of people’s living standards and preserving a certain
amount of wealth, the per capita consumption of grain in Weixian was defined as
600 kg/acre.

Table 1 The statistical table of ET of towns in Weixian

Name Area
(km2)

Precipitation
(mm)

Precipitation
(�104 m3)

Inflow minus
outflow
(�104 m3)

Target ET

(�104 m3) (mm)

Weicheng 65 547.5 3558.6 465.4 4024 619.1

Dondaigu 29 548.5 1590.6 165.9 1756.5 605.7

Jizhenzhia 28 545.9 1528.5 382.7 1911.1 682.6

Dezheng 24 551.1 1322.6 192 1514.6 631.1

Shakouji 62 556.7 3451.4 350.9 3802.3 613.3

Yehuguai 26 553.5 1439 284.9 1723.9 663

Shiwangji 24 549.9 1319.7 107 1426.7 594.5

Beigao 66 535.8 3536.1 234.6 3770.7 571.3

Qiandamo 37 544.9 2016 127.5 2143.5 579.3

Yuanbao 21 539.7 1133.3 72.8 1206.1 574.3

Shuangjing 49 553.8 2713.5 374.5 3088 630.2

Nanshuangmiao 44 554.1 2437.9 254.4 2692.3 611.9

Damacun 22 540.2 1188.4 90.9 1279.3 581.5

Daixnhzuang 46 548.8 2524.4 238.3 2762.7 600.6

Bianma 51 553.4 2822.2 190.3 3012.5 590.7

Yali 48 560.9 2692.2 376 3068.2 639.2

Zhangerzhuang 61 564.9 3445.7 638.5 4084.2 669.5

Chewang 45 544.5 2450.1 154.8 2604.9 578.9

Builong 44 550.2 2420.8 150.5 2571.3 584.4

Beitaitou 27 549.9 1484.7 92.3 1576.9 584.1

Bokou 43 556.9 2394.6 210 2604.5 605.7

Total 862 550.7 47,470.3 5154 52,624.3 610.5

Research on Water Resources Carrying Capacity Based on ET 371



By establishing the correlation between population to cultivated land area,
population to grain consumption, grain to population, cultivated land area to ET
consumption, and the area of non-cultivated land to ET consumption, the regional
carrying capacity level of Weixian under different levels of annual target ET was
determined.

The relationship between population and cultivated land area is expressed as:

ðPwheat þPcornÞ � Acultivate ¼ 600� R ð4Þ

where Pwheat is wheat yield, in kg/acre; the value of Pwheat is 450 kg/acre; Pcorn is
wheat yield, in kg/acre; the value of Pcorn is 550 kg/acre. Acultivate is the cultivated
area, in acre; R is population, in million.

Comparing the per capita water consumption quota in the developed area
comprehensively, the comprehensive quota of small city life is 220 L person-1 d −
1; comprehensive quota of rural life is 200 L person-1 d − 1. Taking into account
the actual situation of Weixian, the comprehensive water consumption quota of
residents as 240 L person-1 d − 1 was defined:

ETtarget � ETlife � R ¼ ETcultivate þETnon ð5Þ

where ETtarget is the target of ET; ETlife is residents living ET; ETcultivate is the
cultivated land ET; ETnon is the non-cultivated land ET.

ðETwheat þETcornÞ � Acultivate ¼ ETnon ð6Þ

In the Hai River Plain, it is estimated that ETnon is 0.6 � ETcultivate.

0:6� ðETwheat þETcornÞ � ðA� AcultivateÞ ¼ ETnon ð7Þ

where ETwheat is the ET of wheat, the value of ETwheat is 387 mm/acre; ETcorn is the
ET of corn, the value of ETcorn is 313 mm/acre; A is the total area.

According to the measured ET values of various crops in Weixian in 2010 refers
to ET data of the evaporation experiment station in the North China Plain. After a
comprehensive analysis, the ET of various crops in Weixian was determined.
The ET of wheat is 387 mm/acre; The ET of corn is 313 mm/acre.

From Eqs. (4)–(7), the population can be known that water resources can bear
and the corresponding cultivated land area are, respectively, 1116.7 thousand
people and 670 thousand acres for many years on average. The population that
water resources can bear in a wet year, normal year and dry year are, respectively,
1173.7 thousand people, 1101.6 thousand people, and 1043.3 thousand people; the
corresponding cultivated land areas are 704.2 thousand acres, 661 thousand acres,
and 626 thousand acres.

The carrying capacity in different level years are listed in the Table 2.
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4.3 Result Analysis of Water Resources Carrying Capacity

Through the above analysis of water resources carrying capacity of subject and
object in Weixian, the target of ET in different level years can be obtained and the
population and corresponding cultivated land area calculated that water resources
can bear. On the whole, the actual area of cultivated land has been beyond the scope
of bearing in Weixian. The main reason is the level of agricultural water con-
sumption which has been beyond the carrying capacity. However, the population of
some villages and towns also exceeded the carrying capacity. These towns mainly
rely on the ultra deep groundwater to meet the current water scale. Based on this,
water-saving measures should be taken to alleviate this phenomenon, such as the
adjustment of planting structure, the regional water resources allocation, regional
water diversion and so on.

5 Analysis of Carrying Capacity After South North Water
Diversion Water

The South North Water Diversion Water would increase the water consumption and
alleviate the water resources shortage pressure. The Yellow River began to supply
water to Handan in 2011 and the south north water transfer would be scheduled to
supply to Handan in 2015. Through the data analysis, evapotranspiration can
increase 34015 thousand m3. Therefore, the allowable transpiration evaporation in
Weixian will add to 560258 thousand m3, which is 650 mm.

From Eqs. (4)–(7), it could obtain the population that water resources could bear
and the corresponding cultivated land area, which are 1348.1 thousand people and
808.8 thousand acres, respectively, after the south north water transfer. It increased
by 231.4 thousand people and 138.8 thousand acres more than before; however, it
still cannot carry the existing cultivated land area.

Table 2 The statistical table of carrying capacity in different level years in Weixian

Level
year

Target
ET
(mm)

Population
( �104

people)

Cultivated
area ( � 104

people)

Population (�104

people)
Cultivated area
(�104 acres)

2012 year Difference Status Difference

Average 610.5 111.67 67.00 97.65 14.02 92.19 −25.19

Wet 620.2 117.37 70.42 97.65 19.72 92.19 −21.77

Normal 607.9 110.16 66.10 97.65 12.51 92.19 −26.09

Dry 598.0 104.33 62.60 97.65 6.68 92.19 −29.59
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6 Conclusion

1. Based on ET, the summarizing of the previous research on water resources
carrying capacity, and the research method of water resources carrying capacity
is proposed. Meanwhile, the ultimate bearing capacity can be reflected with the
regional evapotranspiration, the largest population and the corresponding land
area evaluation index.

2. In the study of water resources carrying capacity of Weixian, the carrying
objects have been beyond the scope of bearing more or less because of the
shortage of water resources, the serious groundwater overdraft and exceeding
water consumption.

3. The proportion of agricultural water consumption is far greater than the
domestic water and industrial water in Weixian. It is necessary to take
water-saving measures, for instance, the adjustment of planting structure, and
the increase of irrigation water coefficient.

4. Although it alleviated the contradiction between supply and demand of water
resources to some extent after South North Water Diversion Water, there are still
some problems.

5. Analysis of water resources carrying capacity based on ET is just a preliminary
study; there are still many deficiencies. for example, incomplete evaluation
index and the ignoring of the calculation on water consumption in the ecological
environment.
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Estimation of Environmental Water
Requirements via an Ecological
Approach: A Case Study of Yongnian
Wetland, Haihe Basin, China

Lingyue Wang and Xiaoliu Yang

Abstract Due to natural change and special human destruction, the area of wetland
is greatly decreasing. To recover the wetland ecological system has become an
urgent task that must be faced. Water plays an important role in the course of
wetland recovery. With Yongnian wetland as a case study, the ecological function
method was used, based on structures and functions of the wetland ecological sys-
tem, the ecological water requirement was divided into four parts: water require-
ment of wetland vegetation, water requirement of wetland soil, water requirement of
wildlife habitats and water requirement of recharging ground water. According to
the indexes that were presented in the paper, each part was classified to three grades,
respectively. According to the formulas that were given in the paper, all kinds of
ecological water requirement of Yongnian wetland were calculated; the results
showed that the least ecological water requirement is 1.256 � 108 m3. The proper
ecological water requirement is between 3.041 � 108 m3 and 4.301 � 108 m3, and
the most ecological water requirement is 6.350 � 108 m3.

Keywords Wetland ecosystem health � Ecological water requirement
Haihe River basin � Yongnian wetland

1 Introduction

Wetlands, pivotal components of our environment and the cradles of biodiversity,
cover approximately 5–8% of the world’s land surface (7–10 million km2) and must
be preserved for their significant functions as natural habitats and global carbon
cycling. A wetland has important resources, the unique ecosystem formed by the
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surface-land interaction, which plays a very important role in flood storage drought,
regulating climate, controlling soil erosion, promoting silt-making and degrading
environmental pollution, etc. [1]. Water is the dominant factor of a wetland’s
formation, development, succession, extinction and regeneration; and it is the key
to the formation of the soil and the maintenance of biological species in the wetland
ecosystem [2]. With the increasing tension of water resources, the research of
ecological water demand has been paid close attention to by scholars. In this paper,
the ecological function method [3] is used to study the ecological environment
water demand of Yongnian Wetland in Hebei province.

2 Study Area

Ziya water system is located in the sea of Henan province, from the Taihang
Mountains of Fuyang and from the northern slope of Wutai Mountain, Hutuo River.
The catchment area of the Haihe River basin is 25%, and the population accounted
for 16%. Yongnian wetland is located in the eastern part of Hanhan Yongnian
County, north latitude 36°40′60″–36°41′06″, east of the 114°41′15″–114°45′00″,
and the central lake is located in the ancient city; the south and east are adjacent to
the Fuyang left dike; the west and the northern is a dike (Fig. 1). In recent years, the
surface area of Yongnian wetland has been reduced seriously; its water resources
and water environment are one of the most serious river systems in Haihe River
basin, which is a typical epitome of the ecological environment of Haihe River
basin.

3 Method

A wetland ecosystem is a complicated continuous system, and the existing calcu-
lation method lacks the cause and mechanism of wetland whole ecological evo-
lution; therefore, the calculation results cannot be applied well to wetland protection
and management. In the past two years, according to the theory of wetland
eco-hydrological structure, the area of wetland central area is determined by
hydrologic connection degree, and the research of wetland water demand analysis
has made great progress. The research on ecological environmental water demand
in foreign countries mainly concentrates on the river [4–6], which has less research
on the wetland eco-environmental water demand. However, due to the lack of
relevant data in most wetland research areas, the application range of hydrological
connectivity has been limited. There is no specific quantitative analysis on how to
carry out effective wetland water replenishment and how to rationally plan and
design wetland water replenishment plan. There are two main methods to calculate
the water demand of wetland ecological environment: wet-week method and
Habitat method, which is costly and requires long-term observation and experiment.
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Domestic scholars have carried out much work in the theory and practical appli-
cation of wetland eco-environmental water demand [7–13]; from a disciplinary
point of view, there are hydrology and ecological methods. The former is mainly
based on a series of data, through comparison, selection, modeling and so on; the
latter is mainly according to the wetlands that are facing the key problems and
ecological function value of water demand assessment. Because the research area is
small and there is poor continuity of hydrology, the ecological function method is
used to calculate.

Ecological water demand has a certain objective and maintains different eco-
logical functions. To facilitate the study, the ecological water demand is divided
into the largest, smallest and most suitable ecological water requirement.
The maximum ecological water demand is the maximum amount of water that the
system can withstand, and if it exceeds this threshold system, it may mutate; the
minimum ecological water demand is the minimum amount of water needed for
the ecosystem to maintain its own development; and the lower than the minimum
water ecosystem will gradually shrink, degenerate or disappear. The most suitable
ecological water requirement is the optimum water quantity for sustaining the
development of the ecosystem, and the system is in the optimal state of develop-
ment. According to the definition of wetland ecological water demand, the eco-
logical water demand of Yongnian depression can be decomposed into: wetland

Fig. 1 Yongnian wetland and Ziya River basin
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vegetation water demand, wetland soil water demand, biological habitat water
requirement and recharge water requirement.

4 Calculation of Ecological Water Requirement
of Yongnian Wetland

4.1 Water Requirement of Wetland Vegetation

The water requirement of wetland vegetation is the amount of water needed for
vegetation to grow normally. Plant transpiration is much larger than that caused by
plant population shadowing effect, and the vegetation water demand can be
approximated as the water requirement of vegetation evaporation. The actual
evaporation of vegetation was calculated by Penman formula. The water require-
ment of wetland vegetation can be regarded as the product of vegetation area and
evaporation, and the formula is as follows:

Wp ¼ aðtÞET ð1Þ

In the formula, WP is the wetland plant water requirement; a(t) is the wetland
area; E is the vegetation coverage; T is the steam emission.

Referring to historical documents, the surface area of Yongnian WA in 1957 was
7 km2; The research institute uses remote sensing imagery Landsat TM7, TM4–5,
MSS image data to download the Earth explorer image retrieval engine from the US
Geological Survey (USGS). The time period is for years 1980, 1990, 2000, 2010,
2015; each year is 6-August data, which guaranteed the wetland is in the abundant
water period. The interpretation of remote sensing image is carried out by Envi
software. To improve the resolution of water and vegetation, 4, 3 and 2 bands of
false color synthetic images were used, and the results of the Earth high-resolution
image and field investigation were shown in Table 1. After on-the-spot investiga-
tion, the wild plant community in Yongnian WA wetland is the dominant species,
which is more than 90%. Table 2 shows that the community has Moss, Lotus,

Table 1 The surface area of
Yongnian wetland during
1957–2015

Year Area/km3

1957 15.7

1980 5.31

1990 3.57

2000 10.12

2005 8.68

2010 2.61

2015 3.86
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Calamus and so on. To calculate the water requirement, the level of water
requirement is divided into reed coverage degree.

4.2 Wetland Soil Water Demand

At present, the wetland soil water demand has not been clearly defined [14]; in the
author’s case, that is the wetland ecosystem corresponding to the reserves. In
the calculation, the soil moisture content is approximate, so the soil is special. And
the two large water constants often appear in the calculation. First, the field holding
water, indicating that if the water level is relatively deep, the soil layer can maintain
the maximum water content. Because of the different characteristics of chemistry
and physics, there are different water demands in all kinds of wetland soils.
Combined with the requirement, the calculation can be completed by saturation and
field water-holding capacity, which is the concrete formula as follows:

Qt ¼ aHtAt ð2Þ

The above formulas correspond to the water requirement, area, thickness, sat-
uration, or volume water content of the wetland soil.

The soil moisture content test and wetland soil investigation in Time Domain
Reflector (TDR) were carried out in August 2016, and the soil types involved in the
region included peat soil, meadow and humus soil. Topsoil, grass-roots layer, is the
thickness of about 10 cm. The soil layer of humus is 30 cm deep, and the peat layer
is about 20 cm thick. The peat soil grass layer and peat layer thickness are 20,
40 cm, respectively. Because the peat soil has extremely strong water absorption,
there exists the perennial stagnant water in which the soil is more saturated.
Combined with the proportion of all kinds of soil and water characteristics, with
saturation, field water-holding capacity is a concrete basis, according to the peat
Swamp soil standards; the level of water requirements is delineated. The results are
given in Table 3.

Table 2 Water requirement of wetland vegetation

Reed
coverage/%

Annual steam
emission/mm

Wetland
area/km2

Plant water requirement/
million m3

Min 40 900 15.7 565.2

Suitable 60–70 1400–1600 15.7 1313.8–1758.4

Max >90 1900 15.7 2331.45
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4.3 Biological Habitats

Birds, fish and other breeding habitats are wetland habitat water requirements as the
basic water demand. The wetland system is composed of swamp vegetation and
water surface, which can provide habitats for waterfowl, and can determine how the
species richness is affected by the ratio of surface water and swamp vegetation area
to a large extent [15]. Therefore, in general, in the calculation of this water demand,
according to the water depth of the habitat, the proportion of the surface area to the
level of water requirements can be divided and calculated; the specific formula is as
follows:

Wq ¼ AðtÞCHðtÞ ð3Þ

In the formula, Wq is a biological habitat water requirement; C is the flooded
area as a percentage of the total area; and HðtÞ is water depth.

In recent years, due to the reduction of water area in sediment deposition, the
wetland storage is often not more than 20 million m3, which is a large exposed land.
Grain planting activity appeared in the periphery of the WA Lake, and the number
and species of fishes decreased significantly. In the light of the 1983–1986 related
survey, the natural fishing volume continues to decrease. Residents built about a
hundred acres of aquarium, more for catfish, grass carp and other aquaculture;
therefore, production has improved. In the continuous development of artificial
aquaculture, fishery production has been increasing continuously. As a result of the
local more pollution-resistant fish and waterfowl for minimum water requirement,
the survival of waterfowl space can be ensured, in which the water flooded area
accounted for the minimum value of 25%; and for the appropriate water index set,
normal living space to fish, waterfowl can be provided. For the maximum water
demand index, even if the optimal survival of fish meets the needs of water depth,
Chen et al. [16] and other scholars give the results of the study, and the ideal depth
is 2 m. The results of water requirement for biological habitat are given in Table 4.

Table 3 Water requirement of wetland soil

Type of water holding Volume
moisture/%

Soil
thickness/
cm

Wetland
area/km2

Soil water demand/
million m3

Water-holding capacity
in the field

30 30 15.7 141.3

Saturated
water-holding capacity

50–60 30 15.7 235.5–282.6

Capacity for saturated
water storage

>80 30 15.7 376.8
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4.4 Water Requirement for Recharge Groundwater

Generally, combined with the leakage pathway, the wetland recharge groundwater
can be completed because the wetland itself is related and more complex. The
calculation makes the assumption that the recharge of groundwater is only partially
involved in the water surface of the wetlands; and that if the swamp is not
water-free, it only needs to be maintained for its own requirements, as follows:

Wq ¼ kIAT ð4Þ

In the formula, Wq is the recharge water requirement; k is the permeability
coefficient; I is hydraulic gradient; and A is the seepage section area, which is the
calculation period length.

In 1985–2015, the monthly precipitation data of Lotus Estuary Hydrologic
station were selected and analyzed; the precipitation appeared in May–October
reached 438.2 mm, about 90% of the year. The replenishment time is calculated
according to 180 days. In combination with the local soil type, the number of
osmotic systems is determined, i.e. 0.005 m/d. Table 5 shows the result of water
requirement of recharging groundwater in Yongnian wetland.

Table 4 Water requirement of wildlife habitats

Flooded area/% Depth/m Wetland area/km2 Water requirement of
wildlife habitats/million m3

Min 25 0.5 15.7 196.25

Suitable 50–60 1.0–1.5 15.7 785–1413

Max >80 2 15.7 2512

Table 5 Water requirement of recharging groundwater

Flooded
area/%

Permeability
coefficient/
(m d−1)

Wetland
area/km2

Replenishment
time/d

Recharge
groundwater
requirement/
million m3

Min 25 0.005 15.7 180 353.3

Suitable 50–60 0.005 15.7 180 706.5–847.8

Max >80 0.005 15.7 180 1130.4
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5 Results

After calculating the water demand (Table 6), it is found that the local ecological
water demand is minimum, maximum and suitable values of 1256 million m3,
6350.45 million m3, 3040.8–4301.8 million m3.

5.1 Analysis on the Rationality of Maximum Value
of Wetland Ecological Water Demand

In the Ziya Basin, Yongnian wetland belongs to one of the flood detention areas
with design area of 16 km2, and a lag of flood up to 54 million m3. According to the
definition of maximum water requirement, it can be found that when the amount of
water is exceeded, there will be floods and the calculation of the maximum eco-
logical water demand is more scientific.

5.2 Analysis of the Proportions of Each Type

According to the different types of water requirement, the most important propor-
tion is the water demand of plants, which is 45.86%, 42.75%–45.65% and 41.61%,
respectively, in the minimum, the suitable and the maximum water requirement.
With the level of increase, the proportion continued to decrease. The corresponding
proportion of wetland soil water requirement is 11.25, 7.7–6.6 and 5.9%. With the
level of increase, the proportion continued to decrease. The corresponding pro-
portion of water demand for habitats is 15.6, 25.8–32.8 and 39.6%. With the level
of increase, the proportion continues to increase. Groundwater recharge supplies
corresponding to 28.1, 23.2–19.7 and 17.8%. The ratio continues to decrease as the
level increases.

Table 6 Wetland ecological water requirement

Min/million
m3

Suitable/million
m3

Max/million
m3

Plant water requirement 565.2 1313.8–1758.4 2331.45

Soil water requirement 141.3 235.5–282.6 376.8

Water requirement for biological
habitats

196.25 785–1413 2512

Water requirement for recharge
groundwater

353.25 706.5–847.8 1130.4

Total 1256 3040.8–4301.8 6350.45
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It can be found that the water demand in this area is mainly the evapotranspi-
ration of vegetation, and the increase of water quantity will be more beneficial to the
conservation of habitats.

5.3 Countermeasures for Ecological Protection
of Yongnian Wetland

To protect the wetland ecological environment, water problems should be solved,
and ecological water supplement work should be carried out. According to the local
amount of water, for the problems faced, the corresponding seasonal characteristics
and the implementation of concrete measures include the following:

(1) This area uses Fuyang River as the main source of water and provides pro-
tection for urban and factory water supply. To ensure the ecological water
replenishment, it is necessary to improve water efficiency and ensure the
downstream ecological water.

(2) Local government should unify the management and dispatching of water
resources so that the utilization efficiency of water resources can be improved
and the water environment can be improved so as to achieve the purpose of
sustainable utilization. In the meantime, water conservancy projects should be
dispatched reasonably and gradually transformed from open management to
closed ones. Through the use of engineering measures, local water resources
should be optimally allocated.
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Establishment and Application
of Evaluation Index System of Soil
Salinization in Plain Reservoir:
An Example for Shifosi Reservoir

Lijun Xu

Abstract Plain reservoir surrounding soil salinization assessment method for the
small scope of application, low evaluation precision of the common problems
proposed for underground water level elevation, soil water salinity, evaporation and
precipitation ratio were used as evaluation factors of the soil salinization assessment
index system. Shifosi Reservoir, as an example, in the field water test obtained
evaluation parameters based on using AHP fuzzy comprehensive evaluation
method of the reservoir after impoundment and the degree of soil salinization was
evaluated. The results show that the most serious salinization area is in the left bank
of Shifosi Reservoir, after the impoundment of Shifosi reservoir; and closer to the
main salinization is more serious, and away from the main dam area the salinization
degree is gradually reduced. The right bank of the terrain is relatively low in soil
salinization degree due to a serious problem in most parts; less parts presented mild
salinization. According to the result of the evaluation, the measures of prevention
and control of the salinization of precipitation and water supply were determined,
and the rational development and utilization of water resources were realized. This
study provides a new idea for the evaluation of soil salinization and provides a
scientific basis for the control and prevention of environmental geological hazards
in the reservoir area.

Keywords Plain reservoir � Soil salinization � Evaluation index system
Water storage test � Fuzzy comprehensive evaluation

1 Introduction

Plain reservoir water storage easily led to a problem of soil salinization in the
reservoir and bank of the reservoir. It could cause a variety of environmental
geological disasters and bring huge economic losses; and it is the important content
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of an engineering survey and evaluation of the reservoir, which is also one of the
four main engineering geological problems [1]. Therefore, soil salinization degree
and evaluation caused by plain reservoir water storage is deeply studied by
domestic and foreign scholars. The evaluation method of soil salinization can only
forecast according to limited groundwater level data of the research area. In terms of
landform, geologic parameters of an applicable area also have more constraints. The
accuracy of the evaluation is low, and the applicable scope is small [2, 3].
Therefore, to establish a scientific evaluation index system and evaluation method
of soil salinization degree in the reservoir area is worth deep exploration.

Soil salinization refers to the phenomenon of salt accumulation in the surface
soil caused by the salt in the subsoil, and groundwater rises to the surface with the
capillary water, for which the phenomenon caused by groundwater level around the
reservoir is higher than the ground as a result of the supply of surface water to
groundwater that increased rapidly after reservoir filling [4, 5]. Groundwater ele-
vation of the reservoir area is the most intuitive index of salinization degree. Soil
salinity should be used as an evaluation index of salinization degree because it is
also an important factor of soil salinization [6]. Besides, evaporation-precipitation
ratio has a certain influence on soil salinity. Evaporation and infiltration are
important drivers of salt movement in the soil; the distribution and existing state of
salts in the soil is directly controlled [7, 8]. Therefore, evaporation-precipitation
ratio is also an important index of salinization degree. Hence, groundwater eleva-
tion, soil salinity and evaporation-precipitation ratio as evaluation index of soil
salinization was proposed in this study. The standard of soil salinization degree was
divided, which will provide a new research method and idea for the quantitative
evaluation of soil salinization degree in a reservoir.

Using the mainstream of Liao River dominant water project using Shifosi
reservoir as an example, fuzzy comprehensive evaluation methods of soil salin-
ization degree were studied on the basis of the establishment of the evaluation index
system of soil salinization in Shifosi reservoir. Reasonable control measures of soil
salinization were proposed according to the actual situation of the reservoir. It
overcame the limitations of traditional evaluation methods of soil salinization,
provided scientific basis for environmental geologic calamity and rational devel-
opment and utilization of water resources in the reservoir.

2 Establishment of Evaluation Index System

2.1 Groundwater Elevation

There are two conditions of soil salinization. One is a certain amount of salt in
groundwater, where either groundwater elevation or capillary water rises to the
height of the root zone; and the salinity detained in the soil with the evaporation of
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water leads to an increase in soil salinity. The other is that in low-lying ground, the
water cannot be discharged in time and detained salinity of the ground leads to an
increase in soil salinity after evaporation [9]. Hence, groundwater elevation is
selected as the evaluation index. Groundwater elevation is divided into groundwater
depth and the rising height of capillary water; these two evaluation indexes were
used as the impact of soil salinization degree. Height of the capillary water was
calculated according to Appendix C of Code for Water Resources and Hydropower
Engineering Geological Investigation Standard (GB50287-99) [10].

The limit depth of evaporation in Shenyang is 4.0 m without salinization, which
was defined as the range of groundwater level below 4.0 m. Most of the soil is silty
clay in the study area. Average height of capillary water is 1.5 m. Therefore, serious
salinization was defined as the rising height of capillary water below 4.0 m.

2.2 Soil Salinity

Soil salinity is the direct factor of influence on soil salinization. Soil salinity is
divided into the content of chlorine ion and salinity. The relationship between
salinity and critical depth of groundwater is shown in Table 1 [11]. The total
content of salt and sodium chloride has a great influence on crops. As an example of
rice, critical concentration of salt tolerance in each reproductive stage of rice is
shown in Table 2. The relationship between soil salinity and salinization degree has
been defined through analysis and summary on different spatial variation of soil
salinity and the actual situation of Shifosi reservoir [12].

2.3 Evaporation-Precipitation Ratio

Soil salinization is the gradual accumulation process of soluble salts in the soil
surface. Evaporation and infiltration are important drivers of salt movement in the
soil; the distribution and existing state of salts in the soil is directly controlled.
Evaporation-precipitation ratio has a certain influence on soil salinity [13]. The
relationship between the evaporation-precipitation ratio and soil salinization is
shown in Table 3. In conclusion, the soil salinization evaluation index and stan-
dards are shown in Table 4.

Table 1 Relationship between salinity and critical depth of groundwater

Salinity (g/L) 2 4 6 10

Critical depth of groundwater (m) 2 2.5 3 3.3
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Table 3 Relationship between of evaporation-precipitation ratio and soil salinization

Evaporation-precipitation ratio Soil salinization

<1 Salinization or little salinization

5–10 Segmental salinization

10–15 Saline soil area < 5%

15–20 Saline soil area 5–10%

>20 Saline soil area > 20%

Table 2 Critical concentration of salt tolerance in each reproductive stage of rice

Reproductive stage Growth Soil salinization degree

Total content of salt
(%)

Sodium chloride
(%)

Seedling stage–returning green
stage

Growth
death

<0.212 <0.088

Gradual
death

>0.265 >0.117

Returning green stage–tillering
stage

Growth
death

<0.242 <0.088

gradual
death

>0.348 >0.208

Tillering stage–heading stage Growth
death

<0.250 <0.117

Gradual
death

>0.400 >0.280

Heading stage–maturation
stage

Growth
death

<0.280 <0.126

Gradual
death

>0.469 >0.322

Table 4 Soil salinization evaluation index and standards

Index soil
salinization

Groundwater elevation (m) Soil salinity

Ground-water
depth

Height of
capillary water

Salinity Sodium
chloride

Evaporation-
precipitation
ratio

Serious
salinization

� 1.5 2.2–2.5 7–10 >0.322 10–20

Moderate
salinization

1.5–3.0 1.8–2.2 5–6 0.117–0.28 6–10

Mild
salinization

3.0–4.0 0.8–1.8 3–4 0.088–
0.117

2–5

Without
salinization

� 4.0 0.5–0.8 � 2 <0.088 1
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3 Application Example

3.1 Study Area Profile

Shifosi reservoir is located in Huangjia Town and Faku County, XinChengZi
District, Liaoning Province. It is only a dominant water project in the mainstream of
Liao River; the study area is shown in Fig. 1. It is located in the middle of an
alluvial fan of Liao River in Lower Liao River alluvial plain. It belongs to the
temperate continental monsoon climate. Average annual rainfall and evaporation is
665.5 mm and 1300–1800 mm, respectively [14]. Most of the aquifer rock groups
are medium and fine-grained sand and gravel in the dykes. The thickness of
medium and fine-grained sand is 2–9.5 m, and the thickness of gravel is 35–45 m.
A continuous water-resisting layer does not exist. Most of the aquifer rock group is
mainly clayey soil of Quaternary loose sediments; aquifer rock groups are medium
and fine-grained sand and gravel, and the thickness is 5–10 m.

Fig. 1 Scope of the study area
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3.2 Evaluation of Salinization Degree

Division of Evaluation Area. The division method of the evaluation area used the
grid points; it divides the study area into many same size grids. The sampling points
set in the center of the grid, grid division, is shown in Fig. 2.

Grid division is based on the immersion scope of beginning judgment. The range
was divided into 500 m � 500 m same size grids. Each grid is an evaluation grid; a
total of grid cell is 280. The grid center points were selected as the grid feature
points; evaluation data in the grid area is based on the value of the grid point.

Calculated Parameters. To determine the relationship between groundwater level
with ground elevation and soil physical property parameters into and surrounding
the reservoir, the wild water storage test was proceeded. Long-term monitoring of
groundwater level in the study area was obtained through groundwater level
observation and a survey well. The rising height of the capillary water, natural void
ratio and saturation were obtained and are shown in Tables 5 and 6.

Evaluation Analysis and Results. (1) Evaluation index system of soil salinization
degree.

Fig. 2 Grid division of evaluation area
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U (soil salinization degree) = {groundwater elevation, soil salinity, evaporation-
precipitation ratio}; each factor was divided into N factors according to its nature
and degree. Shown by the following: groundwater elevation = {groundwater depth,
rising height of capillary water}; soil salinity = {salinity, sodium chloride}.

According to monitoring data of groundwater elevation and soil salinity in the
study area and parameters of water storage test, using two-level fuzzy compre-
hensive evaluation method, evaluated the soil salinization degree in the reservoir by
the evaluation index system of soil salinization degree. The result is shown in
Fig. 3.

Table 5 Statistical chart of rising capillary water in test pit

Left bank Right bank

Test pit
number

Stratum
lithology

Rising height of
capillary water(m)

Test pit
number

Stratum
lithology

Rising height of
capillary water (m)

TK2-1 Silty clay 1.23 TK1-1 Silty clay 1.24

TK2-2 Silty clay 1.20 TK1-2 Silty clay 1.2

TK2-3 Silty clay 0.89 TK1-3 Silty clay 0.94

TK2-4 Silty clay 1.10 TK1-4 Silty clay 0.7

TK2-5 Silty clay 0.70 TK1-5 Silty clay 0.89

TK2-6 Silty clay 0.89

TK2-7 Silty clay 0.99

Table 6 Statistical chart of natural void ratio and saturation level for different depth pit

Soil
sample
number

Sample
depth
(m)

Natural
void ratio
(eo)

Saturation
(Sr)

Soil
sample
number

Sample
depth
(m)

Natural
void ratio
(eo)

Saturation
(Sr)

ZK1-1-1 2–2.3 0.82 0.892 ZK1-6-1 1.5–1.8 0.943 0.897

ZK1-1-2 4–4.3 0.89 0.949 ZK1-6-2 3.8–4 1.147 0.902

ZK1-1-3 6–6.3 0.906 0.965 ZK1-6-3 6–6.3 1.235 0.971

ZK1-1-6 11–11.3 0.663 0.979 ZK1-6-4 8–8.3 0.734 0.928

ZK1-2-1 1.3–1.6 0.668 0.882 ZK1-8-1 1.8–2 0.770 0.908

ZK1-2-5 9–9.3 0.753 0.957 ZK1-8-2 2.8–3 0.834 0.974

ZK1-2-6 12.5–
12.8

0.676 0.955 ZK1-8-8 15–15.2 0.707 0.894

ZK1-3-1 1.8–2.1 1.104 0.955 ZK1-9-1 2–2.2 0.611 0.878

ZK1-4-1 2–2.3 0.815 0.931 ZK1-10-1 1–1.3 0.726 0.86

ZK1-4-2 4–4.3 0.886 0.933 ZK1-11-1 2–2.2 0.97 0.801

ZK1-5-1 1.5–1.8 1 0.91 ZK1-11-2 2.3–2.5 0.831 0.984

ZK1-5-2 3–3.3 0.850 0.937 ZK1-12-1 1.5–1.7 0.825 0.922

ZK1-5-3 6–6.3 1.381 0.971 ZK1-12-2 1.7–1.9 0.873 0.878

ZK1-5-4 9–9.3 0.84 0.894 ZK1-13-1 1.5–1.8 1.107 0.931

ZK1-5-5 11–11.3 1.410 0.967
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Figure 3 shows that most areas of Gaokanzi District, Yaochanghe District and
Dadingzipao District, respectively, located at the southwest, south and southeast of
the main dam downstream of the left bank in the reservoir appear to have serious
salinization. Part of area of southwest Longgangzi District and southeast
Xiaobaojiazigang District, far away from main dam, appear to have mild salin-
ization. A small part of south of Longgangzi District appears without salinization.
Most areas of Daijia wasteland, Shijia wasteland, Chenpingpu and Lijiawopeng
District, located at right bank in the reservoir, appear to have serious salinization.
Part of the areas of Lijiawopeng, Weijiawopeng and Tuanshan District, near the
right bank of Liao River, appear to have mild salinization.

The evaluation results of soil salinization degree show that reservoir water
storage would lead to serious environmental geological disasters around most of the
Shifosi reservoir with serious salinization and have a certain influence on local
residents.

Fig. 3 Evaluation result of soil salinization degree in study area
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4 Solution of Prevention and Control for Soil Salinization

To eliminate geological disasters of soil salinization due to reservoir water storage,
designed intake programs of deep-and-shallow well were used to deploy and
control soil salinization around the reservoir. Groundwater extraction is a water
source supply for Shenbei New District, Shenyang. A lower groundwater level was
used to reduce environmental geological disasters; and at the same time, full use
was made of water resources from the reservoir. According to the environmental
condition of Shifosi reservoir, Mingshen Road as an important transportation road
connects Shenyang city and Mingshen city of Heilongjiang Province. Ground
elevation of Mingshen Road as a limiting height of water storage is 46.5 m.
Numerical simulation was used to intake programs by Visual Modflow software;
the result is shown in Fig. 4.

Figure 4 shows that until the main dam downstream on the left bank in the
reservoir for most of Gaokanzi District appears to have mild salinization. Part of
area of Southwest Shijia wasteland, Lijiawopeng and Chenpingpu on the right bank
in the reservoir appears to have mild salinization. The rest of the area appears
without salinization. In the comparison of Fig. 3 with Fig. 4 it can be seen that the
scope of serious salinization and mild salinization greatly reduces. The problem of
immerged soil in Shifosi reservoir is basically solved by a deploying and con-
trolling program of deep-and-shallow wells.

Fig. 4 Prediction result of prevention and control for soil salinization
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5 Conclusion

(1) Plain reservoir surrounding soil salinization assessment method of the common
problems proposed groundwater level elevation, soil salinity, evaporation—and
precipitation ratio as evaluation factors of the soil salinization assessment index
system. The evaluation standard of soil salinization was proposed according to
the actual situation of the reservoir. This study provides a new idea for the
evaluation of soil salinization.

(2) According to the evaluation index system of soil salinization degree, the soil
salinization degree of the reservoir after water storage was evaluated using the
AHP fuzzy comprehensive evaluation method. The results show that there are
different degrees of soil salinization around the reservoir. Above all the main
dam downstream on the left bank and Chenpingpu District on the right bank in
the reservoir there appears to be serious salinization. According to the result of
the evaluation, soil salinization must be controlled at the same time of the
source supply for Shenbei New District. The evaluation realizes the rational
development and utilization of water resources and provides a scientific basis
for soil salinization.
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Effects of Discharge of Dripper on Soil
Water and Heat Energy Movements
Under Water Storage Pit Irrigation

Fei Li, Chao Ma, Lihua Hao, Shubin Li, Qiang Ma, Ming Xu,
Yunxin Zhang, Lishu Wang and Yunpu Zheng

Abstract Water storage pit irrigation was combined with drip irrigation, and the
influence of discharge of the dripper on soil water and heat movements was
examined to explore a better water-saving irrigation. The results showed that the
maximum soil moisture content appeared below the drop point after irrigation. In
addition, the soil moisture content near the drop point has a greater change than soil
moisture content near the wetting front. There was only a little trend after 24 h of
irrigation because of water evaporation. It was also found that increased discharge
of the dripper not only increased the volume of the wetted soil, but also increased
the soil moisture content of each layer. In addition, a different dripper discharge pit
has an effect on soil temperature about water storage pit; the temperature is higher
with greater flow than with a small flow.

Keywords Water storage pit irrigation � Drip irrigation � Wetting front
Soil temperature
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1 Introduction

China has a vast territory and different natural characteristics, and there are also
differences in water conservancy conditions for developing agriculture. North of
Huaihe, generally referred to as the north, the annual rainfall is generally less than
800 mm, which belongs to arid or semi-arid areas. Most of the irrigation methods
are surface irrigation, and the field engineering facilities are simple and without
energy and easy to implement; however, it is easy to cause a soil surface knot and
decrease water use efficiency because of evaporation [1]. Water storage pit irriga-
tion is a method in which the irrigation water can infiltrate directly into the deep
soil. To maintain the dry soil surface and reduce the evaporation, the irrigation
water can directly infiltrate into the middle and deep layer soil by the water storage
pit. In addition, the method of the water storage pit can greatly improve the irri-
gation water use efficiency and water retention property [2]. Drip irrigation is
developed by underground irrigation. The irrigation water is transported directly to
the root and matches the root distribution of the crop. Many studies have reported
that the shape of wetted soil by drip irrigation has an important influence on root
water uptake of crops. For example, Li et al. [3] studied the relationship between
discharge of the dripper and the volume of wetted soil and found that the discharge
of the dripper irrigation has a great influence on the shape and size of wetted soil.
Zhang et al. [4] found that the relationship between the horizontal or vertical
moving distance of the wetting front with irrigation time appeared as a power
function.

Most researches mainly focus on indoor experimental research and a physical
model that are based on water storage pit irrigation and drip irrigation [5]. However,
it should be noted in future application of drip irrigation and water storage pit
irrigation. The simulation experiment was examined and the effect of the discharge
of the dripper on the characteristic of wetted soil in was analyzed in a greenhouse.
In other words, the discharge of the dripper, measured soil moisture content and
temperature in different depths and locations were controlled.

2 Materials and Methods

2.1 Test Soil Parameters

Field experiments were conducted at the experiment field of Hebei University of
Engineering in 2016. The greenhouse experiment was started when the temperature
and humidity were suitable in late spring and early summer.
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2.2 Experimental Design

The hole with the same depth and the same diameter according to the requirements
of the experiment was excavated, and the diameter of each water storage pit is
20 cm and 15 cm in depth. Three discharges of the dripper were controlled for
experiments which were 1.4 L/h, 2.16 L/h and 2.8 L/h, respectively. In addition, for
the experiment 10.8 g nitrogen fertilization was applied with the same method and
the same amount of water, about 2 L for each treatment, and meanwhile soil
temperature and irrigation time were recorded.

The drip irrigation device is a simple piece of equipment made up of a Markov
bottle, a rubber hose, a syringe needle and three tripods. The drip irrigation dripper
was fixed on the three tripods, just above the selected suitable drop point. The
discharge of the dripper was controlled by the altitude difference between the outlet
of the Markov bottle and the outlet of the emitter; and the greater the height, the
greater the discharge of the dripper. Soil samples were taken at 0, 24 and 72 h after
irrigation with a small soil sampler according to the design and test requirements.

The pit center was the sampling center, and then along the 4 o’ clock direction,
the 8 o’clock direction and the 12-point direction radial sampling was performed,
respectively. The first sampling point is A (distance center 5 cm), and the interval is
5 cm as the second sampling point B, and three sampling points were set up
(Fig. 1). The vertical direction is downward from the soil surface, spaced at 5 cm,
until the wetted soil front is the wetted front boundary (Fig. 1). Soil tamped pits
were used due to sampling to prevent pit collapse.

Fig. 1 Distribution of sampling points
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2.3 Determination of Soil Moisture Content

The oven-drying method was used to measure the soil moisture content for soil
samples immediately. The temperature was 106 °C for oven-drying and the time
was set for 5 h. The soil initial water content is 3.9%; bulk density is 1.38 g/cm3;
and field capacity is 27.8%. The calculation of soil water content is as follows: soil
moisture content = (soil wet weight-soil dry weight)/soil dry weight � 100%.

3 Results

3.1 Effect of Dripper Discharge and Irrigation Time on Soil
Moisture Content Distribution

The results showed that the contour distribution was from sparse to dense from the
drip irrigation point to the wetting front direction. Near the drop point, the soil
moisture content had little change, while the soil moisture content changed sig-
nificantly near the wetting front. In addition, the maximum soil moisture content
occurred at the drip point just below the emitter (Figs. 2a, 3a and 4a); and the soil
moisture content decreased gradually with the increase in the distance from the drop
point. The distribution of soil water in 24 and 72 h after irrigation appears as a
similar rule (Figs. 2b, c, 3b, c and 4b, c). When the dripper discharge was 1.44 L/h
in 72 h after irrigation soil moisture distribution, the soil moisture content increased
with the increase of 0–10 cm soil depth. This trend was obvious in the soil moisture
contour map after 72 h for each flow irrigation, but not obvious after 24 h
irrigation.

Fig. 2 Soil moisture content at different time with dripper flow rate of 1.44 L/h

402 F. Li et al.



It was also found that the soil moisture content increased with the increase of
dripper discharge after 0 h irrigation at the same sampling point (Figs. 2, 3 and 4).
However, this rule was not satisfied at the wet boundary. The distribution of water
content in soil after 24 and 72 h redistribution still met this rule (Figs. 2b, c, 3b, c
and 4b, c). These results also showed that the vertical wetting front was 25 cm after
72 h irrigation, and the soil water movement is no longer obvious after 72 h of
irrigation by the above discussion. Therefore, when the dripper discharge was in
1.44–2.8 L/h and the irrigation amount was 2 L, soil moisture changed significantly
only at 25 cm soil depth above; below 25 cm was not influenced by the experiment
of drip irrigation.

Fig. 3 Soil moisture content at different time with dripper flow rate of 2.16 L/h

Fig. 4 Soil moisture content at different time with dripper flow rate of 2.80 L/h
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3.2 Effect of Dripper Discharge on Soil Temperature

These results showed that the soil temperature increased with the increase of dripper
discharge, and it changed obviously at the horizontal distance from the emitter at 0–
10 cm. Because of the 10–14 cm covered by dry soil, it was less affected by the
outside temperature. The soil temperature was affected by irrigation water near the
wetting front, so the temperature changed obviously (Figs. 5a, 6a, 7a). It was not
difficult to find that changes in the vertical direction of the temperature was the
same direction as the horizontal direction, which was that the soil temperature first
increased and then decreased with the increase in distance from the drop point,
which corresponds to the trend of water migration.

Comparing the three pictures, it could clearly be seen that the maximum soil
temperature gradually moved down as time went on. When the emitter flow was

Fig. 5 Soil temperature at 9 a.m. under different head flow

Fig. 6 Soil temperature at 14 noon under different head flow
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1.44 L/h, it could clearly be seen that at 9 in the morning, the highest temperature
appeared at 10 cm layers and 14 at noon; the highest temperature appears at 10–
11 cm layers, and 19 in the evening; the highest temperature appeared at 11–12 cm
layers.

The variation of soil temperature was closely related to the law of soil water
movement. Irrigation water can maintain soil temperature, and it had greater influ-
ence on topsoil temperature than on the deep soil temperature (Figs. 2, 3 and 4).

4 Discussion

As is known, one of the purposes of drip irrigation is to enable crops to obtain
suitable moisture in their root active layer [6, 7]. It is very important according to
the depth of crop roots and reasonable selection of dripper discharge and irrigation
quota. To avoid wetting depth is not enough to limit crop root growth or wetting
depth beyond the crop root layer which causes loss of soil water and nutrient. The
results showed that the maximum soil moisture content occurred at the drip point
just below the emitter, and the soil moisture content decreased gradually with the
increase of the distance from the drop point. The distribution of soil water in 24 and
72 h after irrigation appears to be a similar law (Figs. 2b, c, 3b, c and 4b, c). Maybe
this situation had a great relationship with the surface soil moisture evaporation, at
10 cm depth, soil water evaporation for 24 h after irrigation, soil moisture content
decreased in 0–5 cm layer, while the 5–10 cm layer was not affected; therefore, soil
moisture content would be increased from top to bottom. After 72 h irrigation, the
surface evaporation was more serious; the surface water content is very low, and the
evaporation depth also increased; therefore, the trend was more obvious (Figs. 2c,
3c and 4c). The soil moisture content was almost unaffected by evaporation under

Fig. 7 Soil temperature at 19 p.m. under different head flow

Effects of Discharge of Dripper on Soil Water and Heat … 405



the 10 cm layer, and the distribution of soil moisture content is the same as that at
0 h after irrigation; that is, the soil moisture content increases with the distance from
the drop point.

Soil temperature also plays an important role in plant growth. It was found that
the maximum soil temperature gradually moved down with time [7–10]. The
variation of soil temperature was closely related to the law of soil water movement.
Irrigation water can maintain soil temperature, and it had greater influence on the
topsoil temperature than on the deep soil temperature. This research may provide a
good theoretical basis for the better development of water-saving irrigation tech-
nology in the future.
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The Relationship and Influencing
Factors Water-Gas Interface Mercury
Emission Flux and Water Suspended
Mercury of a Gold Mining Area River

Rui-Ping Liu, You-Ning Xu and Jiang-Hua Zhang

Abstract In order to study the coupling relationship and its influencing factors
river water-air interface emission flux of mercury with the rivers of mercury, based
on the small Qin Lingjin mining area shuangqiao river as the research object, with
field investigation, monitoring and indoor suspended adsorption desorption
experiments means. Obtaining the datas about winter and summer season water,
suspended solids, gaseous mercury and hydrological and meteorological conditions
of river. The result show that water velocity and Quantity of flow, relative pressure
were positively correlated with the river-gas interface mercury exchange flux;
humidity and rivers of mercury volatilize were positively correlated in summer, the
winter not no monitoring data shows that correlation; river volatile mercury is
restricted in air and water temperatures, Water temperature affect the suspended
solids of mercury adsorption desorption, the higher the temperature, the lower
adsorption. Mercury not easily soluble in river water, suspended matter mercury
concentration as positively related with river-gas interface mercury emission flux.
Research results will enrich the river mercury migration transformation rule and
pollution prevention and control work.
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1 Introduction

Mercury is one of the most toxic heavy metals in water environment, due to special
physical and chemical properties of elemental mercury by atmospheric transmission
of cross-border global pollution [1–3]. After entering rivers of mercury under
certain conditions will translate into greater toxicity and biological validity more
methyl mercury, and through the way such as wastewater irrigation, breathing into
the food chain, constitute the harm to human health [4]. 50–60 s of the 20th
century, Japan kyushu minamata bay nearby residents due to consumption of
methyl mercury contamination of seafood, thousands of people appear nervous
system disease, the disease was known as the “minamata disease”, since then,
mercury pollution become the research focus of the world’s attention in 1990, 1992
and 1996, respectively, in Sweden, the United States, Canada and Germany held a
mercury as a global pollutant international academic conferences. In 2013 the
United Nations environment programme (unep) through the minamata convention,
again on the agenda will be global mercury pollution abatement [5].

Mercury mine development brings a lot of characteristics of pollutants, and to be
the only can exist as a liquid at normal temperature and has a volatile metals, it exists
in the environment in a variety of chemical form, mercury is the only and in con-
tinuous movement between water, air, soil and biological transformation. Among
them, the water and air are mercury “source entrance” or “discharge”, on the one
hand, the release of water into the atmosphere from mercury reduces the load of
mercury in water. On the other hand, also increase the content of mercury in the
atmosphere, and vice versa. The exchange of water and atmospheric mercury on the
interface between flux affects rivers of mercury in water migration transformation
way. Was spread to the surrounding environment into the atmosphere, on the other
hand, in the river further into methyl mercury and with flow in the mutual trans-
formation between dissolved and suspended state, sedimentary state, eventually pose
a threat to human health, the water is released into the atmosphere every year
accounted for about 32–77% of the natural sources of atmospheric mercury mercury.
Mercury exchange flux between water and air interface, therefore, the study received
extensive attention of the researchers at home and abroad [6–9]. A large number of
studies have suggested that the thermodynamics, the interface of water-gas mercury
exchange function controlled by Henry law ([Hg0]/[Hg0] water = H), [Hg0] the
content of water, the water dissolved gaseous mercury (Hg0) gaseous elemental
mercury content in the atmosphere. Day and night, seasons, and mercury exchange
flux exists in the fine rain change rule [10–16]. About river mercury vapour interface
exchange research, under the condition of rainfall, flood, dry gas input and output of
mercury and rivers of mercury research [17, 18], also have Hg0 experts to study the
seasonal change in the atmosphere—transformation of river system [19]. Mercury
exists mainly in the forms of water soluble state, suspension type, sedimentary state
in river, How the coupling relationship and the influence factors of river of the water
soluble state, suspension state of mercury with in the atmosphere, there is few people
discussed. The author expect to provide reference basis for water environment
management in gold mining area studying this subiect.
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2 Organization of the Text

2.1 Sample Collection and Test Methods

(1) The Sample Collection

The study area lie in our country’s second largest gold producing region—small
Qin Lingjin mining area. The shuangqiao river flow into the Yellow River, length
of 29.73 km, water catchment area of 171.64 km2, the average annual runoff 37.67
million m3. Its contain seven tertiary water. Because mercury is brought about by
the human activities, this article all sample distribute in Tai valley river near to the
pollutant, the river flow cross over the alluvial plain, two kinds of geomorphic units.
In order to compare the winter and summer for rivers, the effect of mercury in the
atmosphere, the sampling respectively on August 27 and December 21, 2015. We
collected in the same place at the time from 8 in the morning to 15 in the afternoon,
water, suspended solids, water-gas mercury exchange flux of river surface and the
corresponding meteorological parameters, the physics properties of rivers,
hydraulic parameters, and so on, the summer once every 1 h, sampling, sampling
winter every 2 h. Water-gas mercury exchange flux using Zeeman effect between
mercury analyzer (LUMEX Zeeman RA915+) field measurement as shown in
Fig. 1, the continuous determination of each point 3 min, repeat 3 times, averaging
mercury concentrations at various points as per sample.

According to the law of conservation of mass, Hg emission flux calculation
formula is:

F ¼ ðCout � Cin � C0ÞQ� A

F for river/gas interface between mercury emission flux, ng/(m2/h);
Cin Cout of flux respectively for import and export of total gaseous mercury

concentrations (ng/m3);
C0 for flux tank wall adsorption or release of mercury(ng/m3);
Q for flux in the air flow rate (m3/h);
A is flux box at the bottom of the area, the m2

Fig. 1 The river-gas interface mercury exchange flux diagram
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(2) Suspension of Mercury Adsorption Test Method

The suspension adsorption mercury experiment, objective to study the suspended
matter on the biggest mercury adsorption quantity: weigh and dry sediment sample
5 g in the number of points in dissolved oxygen bottles (in view of the volatile
mercury, mercury dissolved oxygen bottle sealed with black cloth), respectively, to
join the background electrolyte concentration of NaNO3 is 0.01 mol L−1, several
groups of mercury concentration (e.g., in the form of Hg (NO3)2) (0.01, 0.05, 0.01,
0.05, 1, 5, 10, 50 mg/L) 50 ml of the solution. With 0.5 mol L−1 HNO3 or NaOH to
adjust pH value of soil sample suspension, with suspended solids of the pH = 8
value of the sample. In constant temperature water bath oscillation on continuous
oscillation of not less than 4 h later, with the speed 4000 r. min−1 for 15 min, take
the supernatant water, analysis of mercury. using atomic spectrophotometer
determination. Change the water bath temperature (15, 25, 35 °C), repeat the
experiment two times.

2.2 The Results and Analysis

(1) Influence Factors Analysis

The river-gas interface mercury exchange flux and relevant parameters collect at
time on August 27, 2015, and December 31, 2015 at 8:30–15:30. From the Table 1
and Fig. 2: gas mercury decrease migrating with time, the highest value at 9:30 in
the morning, at noon time (11–13:30) keep a certain concentration range, in the
afternoon the gas mercury concentrations to minimize (13:30–15:30). The daily
variation of gas mercury with humidity, relative pressure, velocity, and rate of flow

Fig. 2 The river-gas interface mercury exchange flux and relevant parameters of a day on summer
and winter river
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is positive correlation, the negative correlation with air and water temperatures (see
Table 2).

With seasonal change rule: the temperature, humidity, absolute pressure is lower
in summer, the relative air pressure is higher in summer than in winter, the
gas-water interface mercury exchange flux is high in winter rather than in summer.

In some river sections, the velocity of speed affects the river of turbulence, the
velocity of fast promote the collision between mercury molecular in river; And in
general, the higher surface temperature and humidity, the greater the pressure is
lower, the smaller the density of the gas, so lead to the smaller the mercury content
in the gas.

b. Andersson Maria E study of spring and summer season season (warm) water
interface mercury emission flux is higher than the autumn and winter festival (or
cold season) [20], why this paper point of view is different from his?

Andersson Maria describes mercury vapour interface to exchange information
about a region types of lake or coastal. In our study area is a small river system, and
the difference between the lakes, is the water area of the lake is broad, under the
intense sun radiation factors control, increasing temperature of water, so as to show
the water flux of the release into the atmosphere of mercury. And the river section is
not wide rivers, and rivers water relatively large liquidity, environmental factor and
velocity of speed, suspended adsorption (Fig. 3) are all important. Mercury is not
soluble in water (Table 1), this paper think that as water temperature is higher rivers
suspended solids on mercury adsorption quantity is smaller. Suspended matter not
easy adsorption of heavy metals in river mercury, mercury to escape the water
surface and deposition in the sediment. The higher the gas temperature and the
faster velocity of speed, gaseous mercury in the gas escape very faster to higher sky,
The solubility of mercury in air, Which lead the gas mercury values is lower than in
winter by LUMEX Zeeman RA915+.

(2) The River Surface Gas Relationship with Rivers

From Table 1 shows river-gas interface mercury exchange flux have no correlation
with mercury concentration of river water after filtering suspended solids, if the
river-gas interface mercury exchange flux have a relation with the rivers? This
paper discusses the river-gas interface mercury exchange flux and mercury

Table 2 The correlation coefficient between the river-gas interface mercury exchange flux and
physical parameters

Parameters Summer air mercury Gas mercury in winter

Water tem. (°C) −0.60 −0.95

Gas humidity (%) 0.67 –

Gas tem. (°C) −0.31 −0.87

Relativity atmospheric press (mp) 0.43 0.90

V (m/s) 0.60 0.57

Q (m3/h) 0.65 0.68
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concentration in water containing suspended solids, as shown in Fig. 4, river-gas
interface mercury exchange flux and mercury concentration in water containing
suspended matter relationship in a straight line in the gold mine, the correlation
coefficient of 0.935.

Fig. 3 Rivers adsorption quantity and temperature of the suspended solids

Fig. 4 Water-gas interface exchange flux of mercury and mercury in water containing suspended
solids
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3 Conclusion

(1) The influence factors of river mercury volatilize the water velocity of flow,
relative pressure and rivers of mercury volatilize, humidity, Volatile mercury
in air and water temperatures.

(2) Water flow is mainly have transmitted and disturbance effect to mercury, and
mercury not easily soluble in water, suspended matter mercury concentration
was positively related with the river-gas interface mercury emission flux.
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