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Abstract Impact assessment of sluice regulation on
water quality is one of the crucial tasks in the present
river management. However, research difficulties re-
main because of insufficient in situ data and numerous
influencing factors in aquatic environments. The
Huaidian Sluice, the main control sluice of the Shaying
River, China, was selected for this study. Three field
experimental programs were designed and carried out to
analyze spatial and temporal variations in water quality
parameters under various sluice regulation conditions
and to explore the impacts of regulation mechanisms
on water quality. Monitoring data were used to simulate
water quality under different scenarios by the water
quality analysis simulation program (WASP). Results
demonstrate that the influences of sluice regulation on
permanganate index (CODMn) and ammonia nitrogen
(NH4-N) concentrations (indicators of water quality)

were complex and nonlinear and presented different
trends of increase or decrease from different regulation
modes. Gate openings of different widths and different
flow rates affected CODMn and NH4-N concentrations
differently. Monitoring results and numerical simulation
results indicate that the sluice opening should be small.
Flow discharge through the sluice should be greater than
10 m3 s and less than 60 m3 s to maintain low CODMn

concentrations, and discharge should be low (e.g.,
14 m3 s) to maintain low NH4-N concentrations. This
research provides an experimental basis for further re-
search on the construction of water quality models and
for the development of reasonable regulations on water
quality and quantity.
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Introduction

The construction of sluices and dams is an impor-
tant strategy for the development and management
of water resources. China has the largest number
of dams and sluices in the world, and most rivers
are fragmented (Zhang et al. 2010). The Huai
River Basin, one of the largest river basins in
China, has a high population density and serious
water pollution problems. According to the statis-
tics of the Ministry of Environmental Protection of
the People’s Republic of China (MEP; http://jcs.
mep.gov.cn/), in 2012, tributaries of the Huai
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River, of which more than 60 % state-controlled
sections are not up to national standards (GB
3838-2002) (China State Environmental Protection
Administration 2002), are moderately polluted.
Sluices and dams can greatly affect aquatic envi-
ronments; excessive sluice and dam construction
may obstruct river flow, resulting in pollutant en-
richment upstream of sluices. When flood water is
discharged from the sluices, sudden water pollu-
tion events are prone to occur. The first such event
occurred in the Huai River in 1975. After the
1990s, water pollution incidents occurred more
frequently, and sudden pollution incidents of the
Huai River occurred in 1994, 1999, 2001, and
2004. For example, the water pollution incident
in 1994 caused a number of bubble clouds to form
in the river; as a result, fish and shrimp died
immediately, and some residents suffered from
nausea, diarrhea, emesis, and other symptoms.
Sudden pollution incidents and daily pollution in-
cidents affect local people’s daily life and produc-
tivity (Zuo et al. 2010). Research on the impacts
of sluice and dam regulations on water quality in
the polluted rivers can reduce the occurrence of
water-related disasters, and any findings will pro-
vide technical support for water pollution control
and protection for aquatic environments and can
be applied to ecological restoration strategies.

Research on the impacts of sluices and dams on
water quality and quantity has experienced two
major phases. (1) From the 1960s to 1990s, re-
search focused on material and energy transmis-
sion, channel structure, and impacts on indicator
organism populations. (2) Many experts and
scholars had more profound understanding of the
management of sluice and dam regulations and
demanded that it played more active roles in water
quality and quantity and could be used to prevent
negative effects on water environment (Zuo et al.
2011).

The main methods used to assess the impacts
of sluices and dams on river quality can be clas-
sified into four categories. (1) Analysis of aquatic
organisms, water quality, water quantity, ecology,
and other aspects of the water environment is
conducted through field surveys (Muñoz et al.
2005; Mallik and Richardson 2009; Zhao et al.
2010); (2) exploration of the impacts of sluices
and dams on river discharge, water quality,

ecology, river structure, and other aspects of the
water environment has been conducted through
examination of historical data (Brandt 2000; Petts
and Gurnell 2005; Gülbahar and Elhatip 2005;
Kurunc et al. 2006; William 2006; Braatne et al.
2008); and (3) numerical simulation models, in-
cluding mature hydrological models (such as the
Solid and Water Assessment Tool (SWAT))
coupled with water quality models, mature water
quality simulation models (such as the water qual-
ity analysis simulation program (WASP)), and oth-
er numerical simulation analyses have been used
(Campbell et al. 2001; Newham et al. 2002;
Chung et al. 2008; Marcé et al. 2010). Specifical-
ly, mature hydrological models, coupled with wa-
ter quality models, have been used to analyze the
impacts of discharged sewage on downstream wa-
ter quality (Hayes et al. 1998; Li and Zuo 2012;
Zheng et al. 2012; Zhang et al. 2010, 2011,
2013); mature water quality simulation models
have been used to calculate and analyze water
quality and other aspects of the water environment
(Di Toro et al. 1983; Stow et al. 2003; Jae 2010;
Zheng et al. 2010; Lai et al. 2013); and (4)
mechanism experiments have been carried out.
Some researchers have carried out model experi-
ments to analyze the impacts of sluice regulation
on flow regimes, migration, and pollutant transfor-
mation (Zhang et al. 2012), while others have
conducted field experiments to study the change
laws of water and sediment contaminants under
different regulation conditions (Liu et al. 2011;
Chen et al. 2014).

However, in these studies, water quality pa-
rameters changed frequently in response to the
impacts of sluice regulation; therefore, the influ-
ence of sluice and dam regulation on water
qua l i t y va r i a t i on was d i f f i cu l t to p rove
completely by numerical simulation. Mechanism
experiments, especially field prototypes for ex-
perimental research, need to be further strength-
ened. Furthermore, experimental research and
field monitoring provide the basis for theoretical
analyses and numerical simulations. Thus, to
better understand and grasp contaminant distri-
bution patterns and processes governing contam-
inant concentrations in regulated rivers, field
research should be applied to water quality pro-
cesses regulated by sluices.
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Most rivers of the Huai River Basin are fragmented
intomany short reaches by sluices and dams. Regulation
by sluices and dams plays an important role inmanaging
pollution of existing rivers. Research that employs
mechanism experiments is helpful in understanding
changes and migration processes of water pollutants
under the control of sluices and dams, so it is important
to continue to carry out mechanism experiments. In this
study, we carried out three integrated impact field mech-
anism experiments on the water quality of a polluted
river. The following are the main objectives of our
research: (1) the exploration of the change laws and
migration processes of water pollutants under different
regulation conditions of the Huaidian Sluice using field
experiments, (2) the analysis of the impacts of sluice
regulation on water quality, and (3) the exploration of
the relationships between flow discharges through
sluices and changes in pollutant concentrations. The
results are expected to provide an experimental basis
for further research on the construction of models for
aquatic environments, the law of function of gate, and
the development of reasonable regulations on water
quality and quantity.

Methods and materials

Study area

The Huai River Basin (30°55′–36°36′N, 111°55′–
121°25′E) is located in eastern China, between the
Yangtze River Basin and the Yellow River Basin.
It is the sixth largest river basin in China and has
many tributaries. The Shaying River is the largest
and most seriously polluted tributary of the Huai
River Basin and has numerous sluices and dams.
The wastewater and chemical oxygen demand
(COD) loading rates accounted for over 40 % of
that of the main stream of the Huai River; the
Shaying River is therefore called the Bbarometer^
of water quality for the Huai River (Zhang et al.
2007).

The Huaidian Sluice (33°23′15″N, 115°04′24″E)
of the Shaying River, located in Shenqiu County,
in the city of Zhoukou, Henan, is about 34 km
away from the border of the provinces of Henan
and Anhui. The size of its controlled basin area is
about 28,150 km2. The Huaidian Sluice is com-
posed of shallow-hole gates, deep-hole gates, and

a ship lock. The shallow-hole gate was built in
1959 and has 18 holes; the width of each hole is
6 m. The deep-hole gate was built in 1969 and has
five holes, with a width of 10 m each. Presently,
the shallow-hole gate maintains flow discharge, the
deep-hole gate is only used in flood periods, and
the ship lock is used for normal navigation. The
designed flood frequency of the shallow-hole gate
and the deep-hole gate is 20 years (3200 m3 s),
and the checking flood frequency is 200 years
(3500 m3 s). The designated irrigation area is
about 667 km2, the normal irrigation water level
is about 38.50–39.50 m, the highest irrigation wa-
ter level is 40.00 m, the normal water storage
capacity is about 30–37 million cubic meters, and
the maximum storage capacity is about 45 million
cubic meters. The study area and locations are
shown in Fig. 1.

Experimental design

To research the impacts of sluice regulation on
water quality, three field experiments (experiment
A, experiment B, and experiment C) were carried
out in March 3rd to 6th, 2010, October 7th to
11th, 2010, and April 5th to 8th, 2013, respective-
ly. Experiment A monitored the spatial distribution
of pollutant concentrations of water bodies and
sediments under three scheduling modes. Experi-
ment B monitored the changes in pollution loads
of water bodies under four scheduling modes. Ex-
periment C monitored the spatial and temporal
distribution of water quality parameters and trans-
formation laws of pollutants in water, suspended
solids, and sediments under five scheduling modes.
The overall objective of the three experiments was
to study the impacts of sluice regulation on water
quality by designing different sluice regulation
schedules, monitoring sections, and sampling
points in the sluice upstream and downstream.

In experiment A, there were six monitoring sec-
tions (I, II, III, IV, V, and VII) upstream and down-
stream of the sluice and 12 monitoring points (1#,
2#, 3#, 4#, 5#, 6#, 7#, 8#, 9#, 10#, 11#, and 15#), as
shown in Fig. 2a; systematic sampling was con-
ducted three times, and supplementary sampling
three times; a total of 39 water samples and three
sediment samples were collected. In experiment B,
there were seven monitoring sections (I, II, III, IV,
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V, VI, and VII) and 15 monitoring points (1#, 2#, 3#,
4#, 5#, 6#, 7#, 8#, 9#, 10#, 11#, 12#, 13#, 14#, and 15#),
as shown in Fig. 2b; systematic sampling was
conducted five times and supplementary sampling
four times; a total of 99 water samples were col-
lected. In experiment C, there were five monitoring
sections (I, III, IV, V, and VII) and five monitoring

points (1#, 5#, 7#, 12#, and 15#), as shown in
Fig. 2c; systematic sampling was conducted seven
times; a total of 18 water samples, three sediment
samples, and four upper cover water samples were
collected. To further analyze trends in pollutant con-
centrations in each monitoring cross section under
different scheduling modes, four representative

Huaidian Sluice 

Shaying River 

Fig. 1 Map of the study area
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monitoring cross sections were selected as follows:
the main stream upstream of the sluice (I), the cross
section near the shallow-hole upstream of the sluice

(IV), the end of the baffle wall style downstream of
the sluice (V), and the mainstream downstream of
the sluice (VII).

Fig. 2 Sampling cross sections
and points layout diagram in the
field experiments: a experiment
A, b experiment B, and c
experiment C
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Research methods

Monitoring and sampling processes

The sampling and monitoring methods of experiment A
were divided into three steps. (1) Sampling and moni-
toring of water and sediments were conducted in current
scheduling mode (all 18 shallow-hole gates opened
20 cm), (2) sampling and monitoring of water were
conducted in decreased gate opening mode (all 18
shallow-hole gates opened 10 cm), and (3) sampling
and monitoring of water were conducted in increased
gate opening mode (all 18 shallow-hole gates opened
50 cm). Experimental monitoring indicators were divid-
ed into field monitoring indicators (temperature, flow
velocity, and water depth) and indoor detection indexes
(ammonia nitrogen (NH4-N) and permanganate index
(CODMn)).

Experiment B was set three floodgate scheduling
modes. (1) Sampling and monitoring of water was con-
ducted in the current scheduling mode (all 18 shallow-
hole gates opened 20 cm and 12 deep-hole gates opened
50 cm), (2) sampling and monitoring experiments of
water were conducted in the centralized small opening
mode (10 middle shallow-hole gates opened 40 cm, and
the deep-hole gates closed) and the centralized large
opening mode (10 middle shallow-hole gates opened
80 cm and the deep-hole gates closed), (3) sampling and
monitoring of water were conducted in the large open-
ing mode (all 18 shallow-hole gates opened 80 cm and
the deep-hole gates closed) and small opening mode (all
18 shallow-hole gates opened 40 cm and the deep-hole
gates closed). Experimental monitoring indicators were
divided into field monitoring indicators (temperature,
flow velocity, and water depth) and indoor detection
indexes (NH4-N and CODMn).

Experiment C included three scheduling modes, and
the numbers of open gates and the widths of gate open-
ings were different in each scheduling mode. (1) The
sampling and monitoring of water, suspended solids,
and sediment were conducted in current scheduling
mode (the middle eight shallow-hole gates opened
30 cm), (2) the sampling and monitoring of water and
suspended solids were conducted in large gate opening
mode (the middle six shallow-hole gates opened 50 cm
and middle four shallow-hole gates opened 70 cm), and
(3) the sampling and monitoring of water and suspended
solids were conducted in decreased gate opening mode
(middle four shallow-hole gates opened 10 cm and all

shallow-hole gates closed). Experimental monitoring
indicators were divided into field monitoring indicators
(temperature, flow velocity, and water depth) and indoor
detection indexes (NH4-N, CODMn, biochemical oxy-
gen demand (BOD5), nitrate nitrogen, and suspended
solids).

Experimental apparatus and methods

The following equipment was used: pH meter (PHS-
25), turbidity meter (WGZ-B), intelligent velocity meter
(LGY-II), portable ultrasonic depth meter (HSW-1000
DIG), thermometer, portable ammonia analyzer (PC-II),
HACH water quality monitoring component, Hydrolab
DS5 instrument, homemade sediment grab sampler, and
homemade suspended solids sampler.

Surface water samples were taken in polyethylene
bottles, with sampling depths of 0–0.2 m; surface sedi-
ment samples were collected with the grab sampler in
experiments A and C, with sampling depths of 0–
0.15 m; suspended solids samples were collected with
the homemade sampling device in experiment C, with
sampling depths of about 0.15 m. All samples were
sealed in plastic bags or polyethylene bottles and were
sent to the technical laboratory for analysis. The analysis
followed the methodology provided in BWater and
Wastewater Monitoring Analysis Method^ (SEPA
2002) and BRegulation for Water Environmental
Monitoring^ (Yangtze River Basin Water Environment
Monitoring Center 1998).

NH4-N and CODMn concentrations were analyzed in
different scheduling modes; then, flow discharges
through the Huaidian Sluice were measured under var-
ious scheduling modes for NH4-N and CODMn indexes
in the three experiments, and change laws under differ-
ent flow rates were explored, and appropriate flow dis-
charges (or sluice scheduling modes) through sluices
were analyzed and achieved.

Mathematics model

WASP is one of the most widely used water quality
models in the world, which can be applied in one-,
two-, and three-dimensional aquatic systems, such as
lakes, ponds, streams, rivers, reservoirs, estuaries, and
coastal waters, and developed by the Athens laboratory
of the EPA (Wool et al. 2001). The WASP7.5 system
consists of two independent computer programs,
DYNHYD5 and WASP. The hydrodynamics program,
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DYNHYD5, is used to simulate the movement of water,
while the water quality program, WASP, is used to
simulate the movement and interaction of pollutants in
water. The WASP program also includes the EUTRO
and TOXI models. The WASP7.5 is supplied with the
abovementioned sub-models to simulate twomajor clas-
ses of water quality problems: conventional pollution
and toxic pollution. The former, which includes dis-
solved oxygen, BOD5, phosphorus, and nitrogen, are
addressed using the EUTRO sub-model; the latter,
which includes organic chemicals, metals and sediment,
is addressed by the TOXI sub-model (Wool et al. 2001).-
This model allows users to interpret and predict water
quality responses to natural phenomena and man-made
pollution caused by various pollution management de-
cisions, and it can simulate hydrological dynamics, un-
steady flow in one-dimensional rivers, unsteady three-
dimensional flow in lakes and estuaries, and the migra-
tion and transformation rules of conventional pollution
and toxic pollution of water.

In this study, we wanted to simulate the impacts of
flow rates on water pollutant concentration changes
under different scenarios and considered the influence
of sediment pollutants. WASP software can satisfy the
simulation requirements. Thus, WASP was selected as
the mathematics model to simulate water quality chang-
es. According to the field conditions of the Huaidian
Sluice, the sluice-controlled river was divided into two
sections: the section upstream and the section down-
stream of the sluice. Analog ideas were as follows: first,
to verify the reliability of the model in combination with
field monitoring data, the concentrations of two moni-
toring indicators, NH4-N and COD, were simulated
upstream of the sluice using the simulation software
WASP7.5; then, the simulation results were used as
initial pollution values downstream of the sluice to
analyze the impacts of sluice regulation on water quality
under different scenarios or at different flow rates.

Results

Experimental results

In this paper, different water quality indicators were
detected in three field experiments on the Huaidian
Sluice; we summarized the water monitoring results
obtained from them, as well as results from other re-
search conducted nationally and internationally. Two

common indicators (CODMn and NH4-N) were chosen
to research the impacts of sluice regulation on water
quality. In the current scheduling mode of experiment
B, deep-hole gates were turned on, while only shallow-
hole gates were open in the other scheduling modes.
CODMn and NH4-N concentrations measured in differ-
ent scheduling modes were shown in Table 1; variations
in pollutant concentrations in different sections and
under different regulation modes are shown in Fig. 3.

CODMn concentrations were quite different between
different scheduling modes. Under most scheduling
conditions in experiments A and B, CODMn concentra-
tion declined continuously upstream of the gates,
reached a minimum value near the gates, then increased
downstream of the gates to the end cross section of the
baffle wall style, and gradually decreased again up-
stream of the hydrological station cross section. How-
ever, there were three regulation modes (all 18 shallow-
hole gates opened 10 cm and all 18 shallow-hole gates
opened 50 cm of experiment A, and 10 middle shallow-
hole gates opened 40 cm of experiment B) in which this
pattern was not observed. CODMn and NH4-N concen-
trations were consistent between most scheduling
modes of experiment C, except the scheduling mode in
which the middle four shallow-hole gates were opened
70 cm; these concentrations were also similar to those
observed in experiment B in the scheduling mode in
which 10 middle shallow-hole gates were opened
40 cm.

NH4-N concentrations were also quite different be-
tween different scheduling modes. In most scheduling
modes (about 46.2 % of scheduling modes), NH4-N
concentrations in water increased continually upstream
of the gates, then declined downstream of the gates to
the end cross section of the baffle wall style, and grad-
ually increased again upstream of the cross section of
the hydrological station. In about 23.1 % of scheduling
modes, pollutant concentrations decreased continually
upstream of the gates, reached a minimum near the
gates, increased downstream of the gates to the end
cross section of the baffle wall style, and then gradually
decreased again upstream of the cross section of the
hydrological station. In the remaining scheduling
modes, irregular results were observed.

In about 38.5 % of scheduling modes, trends of
CODMn and NH4-N concentrations were opposite to
one another; in about 15.4 % of scheduling modes,
concentrations follow the same trends; in the re-
maining scheduling modes, concentrations were
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Table 1 Experimental results of water quality indicators

Experiment number Regulation modes Monitoring
points

Water flow
(m3/s)

Monitoring indicators concentrations (mg/L)

CODMn NH4-N

Experiment A 18 holes 20 cm 1# 78 5.48 4.42

7# 4.94 4.85

10# 5.51 4.66

15# 5.30 4.83

18 holes 10 cm 1# 39 5.58 4.17

7# 5.52 4.23

10# 5.25 4.15

15# 5.13 4.85

18 holes 50 cm 1# 187 5.47 4.26

7# 5.62 4.24

10# 5.08 4.04

15# 4.97 4.79

Experiment B Shallow-hole gate
18 holes 20 cm,
deep-hole gate 5
holes 50 cm

1# 60 3.34 0.12

7# 3.07 0.15

10# 3.34 0.16

15# 3.02 0.14

10 holes 40 cm 1# 65 3.40 0.16

7# 3.49 0.11

10# 3.38 0.12

15# 3.51 0.12

10 holes 80 cm 1# 125 3.50 0.14

7# 3.38 0.18

10# 3.46 0.15

15# 3.32 0.16

18 holes 80 cm 1# 226 3.42 0.28

7# 3.37 0.27

10# 3.50 0.30

15# 3.37 0.30

18 holes 40 cm 1# 117 3.32 0.26

7# 3.23 0.27

10# 3.36 0.27

15# 3.25 0.29

Experiment C 8 holes 30 cm 1# 63 4.78 2.50

7# 5.47 2.54

12# 5.11 2.20

15# 5.25 2.60

6 holes 50 cm 1# 72 5.35 2.55

7# 5.36 2.44

12# 4.64 3.30

15# 5.15 2.56

4 holes 70 cm 1# 55 4.69 2.58

7# 4.16 2.81

12# 4.87 2.45
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irregular. CODMn and NH4-N concentrations observed
in experiment A were higher than in the other experi-
ments, while concentrations observed in experiment B
were lower than in the other experiments.

Scenario analysis

Model calibration

In the scheduling mode of experiment C in which
eight gates were opened 30 cm, NH4-N and COD
concentrations were simulated using the EUTRO
module of WASP7.5. Combined with the simulation
needs, the Euler method was used. One-dimensional
kinematic wave theory was selected for the simula-
tion of water dynamics, model defaults were used as
adjustment coefficients of maximum and minimum
time steps, and the time was used for calibration
from 16:53 on April 5th, 2013, to 8:02 on April
6th, 2013. Based on the field experimental condi-
tions, upstream and downstream of sluice were di-
vided into two parts, and the unit body model data
of initial moments were input. Simulation results of
NH4-N and COD concentrations in the upper reach
of the sluice were verified. Numerical simulation and
field experiment results are compared in Table 2 and
Fig. 4.

As shown in Table 2 and Fig. 4, the relative
errors of all five time points were within 10.0 %.
Thus, the simulation results were reasonable and
could be used as the inputs for the simulation of
the river downstream of the sluice.

Numerical simulation results of the river downstream
of the sluice

According to the conditions present in the river
downstream of the sluice, model segment portions
were set, the simulation time was from 16:53 on
April 5th to 12:18 on April 8th, 2013, and the
other parameters remained the same. NH4-N and
COD simulations were carried out to analyze pol-
lutant concentration changes under different flow
conditions (different gate openings). Simulated
concentrations were plotted over time under differ-
ent flow conditions, as shown in Fig. 5.

As shown in Fig. 5a, the NH4-N concentration
initially increased, then decreased under all the
flow conditions, except for at a flow of 10 m3 s;
as the flow increased, the magnitudes of both the
increases and decreases in NH4-N concentrations
were somewhat magnified. Under a flow of
10 m3 s, trends in NH4-N concentrations were
different; a sharp decrease occurred initially,
followed by a sharp increase soon afterwards, then
a slow decline.

As shown in Fig. 5b, the simulated COD concen-
tration initially increased, then decreased under a
flow of 10 m3 s. Under other flow conditions, it
initially decreased, increased soon afterwards, and
then decreased again; at higher flow rates, the initial
decrease was lower. At higher flow rates, simulated
COD concentrations at the end of the simulation
period were lower; however, the difference between
simulated COD concentrations at different flow

Table 1 (continued)

Experiment number Regulation modes Monitoring
points

Water flow
(m3/s)

Monitoring indicators concentrations (mg/L)

CODMn NH4-N

15# 4.26 2.63

4 holes 10 cm 1# 14 4.88 3.19

7# 4.94 2.96

12# 3.46 1.45

15# 4.63 2.70

0 holes 0 cm 1# 0 2.05 1.95

7# 4.83 2.85

12# 3.93 2.40

15# 4.60 2.79
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periods was minor. For example, when the flow was
10 m3 s, the simulated COD concentration was
2.668 mg/L, and when the flow was 250 m3 s,
COD simulated concentration was 2.535 mg/L (a
difference of 0.133 mg/L).

As shown in Fig. 5, the numerical simulation
results of NH4-N and COD concentrations showed

opposite trends. The following were the potential
causes. The NH4-N concentration was far lower than
the COD concentration in the sediment; COD would
be released from sediment into water when the ve-
locity was low, while NH4-N gave priority to static
release at that time; water flow played an important
role in purifying water body to a certain extent.

Fig. 3 Pollutant concentrations under different experimental conditions: a, b experiment A; c, d experiment B; and e, f experiment C
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Sluices played an important part in maintaining river
ecological health and reducing downstream pollutant
concentrations; to do this effectively, for NH4-N, dai-
ly flow discharge through the sluice should be as low
as possible, while for COD, daily flow discharge
should be greater than 10 m3 s. Meanwhile, to under-
stand the effects of flow rate within 10–50 m3 s on
water pollution, COD concentrations were simulated
under three flow rates: 20, 30, and 40 m3 s; the
results were shown in Fig. 6. The simulated COD
concentrations under the three flow rates were the
same as those under a flow rate of 50 m3 s.

Discussion

Water quality monitoring results

According to Chinese Environmental quality standards
for surface water (GB 3838-2002) (China State Envi-
ronmental Protection Administration 2002), the specific
standard values were shown in Table 3. CODMn

belonged to class III, and NH4-N belonged to below
class V in experiment A. In experiment B, CODMn

belonged to class II, and NH4-N belonged to classes I
and II. In experiment C, CODMn belonged to classes II
and III; NH4-N belonged to class IV and below class V
water quality standards. Meanwhile, the monitoring

results demonstrated that the water quality of experi-
ment B was significantly superior to that of experiments
A and C. This might be because experiment B was
conducted at the end of the flood period, so the flow
rate was large (about 300 m3 s, which was about five
times higher than that of the other experiments). When
the water was clearer, it could have played a role in
diluting the pollutants. experiments A and C were con-
ducted during the dry season and spring irrigation peri-
od, respectively, so upstream inflow was low because of
high water consumption; low inflow may lead to pollut-
ant enrichment and degraded water quality.

The numbers of open gates and the width of gate
openings were different in each experiment. Combined

Table 2 Performance of the model with respect to the prediction
of NH4-N and COD concentrations in the upper reach of the sluice
(mg/L)

Monitoring
indicators

Experiment
results

Simulation
results

Relative
error (%)

NH4-N 2.54 2.56 0.8

2.56 2.53 1.2

2.54 2.47 2.8

2.45 2.34 4.5

2.35 2.30 2.1

COD 5.47 4.98 9.0

5.32 4.90 7.9

5.15 4.75 7.8

4.80 4.45 7.3

4.65 4.35 6.5

Relative error was calculated by the
formula: Cmeasured value−Csimulated valueð Þ=Cmeasured value

Fig. 4 The relationship between simulated and experimental
values in the upper reach of the sluice for a NH4-N and b COD
concentrations
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with field monitoring data, flow discharge through the
Huaidian Sluice was set under various scheduling
modes, and the CODMn and NH4-N concentrations of
each monitoring cross section in the three experiments
and their response to changes in flow rates were plotted
(Figs. 7 and 8).

As shown in Fig. 7, When all the gates were closed,
i.e., when flow discharge through the sluice was zero,
CODMn concentrations in the sections occurred in the
following order: CODMn (I) < CODMn (V) < CODMn

(VII) < CODMn (IV). Water velocities through upper
gates dropped significantly as they were closed, even a
reflow phenomenon would occur; thus, a higher amount
of pollutants would accumulate, causing degraded water
quality; CODMn concentration reached a maximum in
section IV. At that time, water flow velocity was greater
in cross section I, and a low amount of pollutants accu-
mulated, so the CODMn concentration reached a mini-
mum. Downstream of the sluice, water flow and veloc-
ity decreased drastically, so water pollutants accumulat-
ed, and pollutant concentrations increased gradually
with increasing distance from the sluice. This shows
that upstream runoff can promote purification
downstream.

With an increase in the width or number of gate
openings, compared with cross section I, CODMn con-
centration of cross section VII decreased under most
flow conditions, except for two flow rates (65 and
63 m3 s). For the remaining flow rates, the magnitude
of the decrease in concentration between the two sec-
tions occurred in the following order: 0.5 mg/L
(187 m3 s flow rate) > 0.45 mg/L (39 m3 s flow
rate) > 0.43 mg/L (55 m3 s flow rate) > 0.32 mg/L
(60 m3 s flow rate) > 0.25 mg/L (14 m3 s flow
rate) > 0.20 mg/L (72 m3 s flow rate) > 0.18 mg/L
(78 m3 s and 125 m3 s flow rate) > 0.07 mg/L
(117 m3 s flow rate) > 0.05 mg/L (226 m3 s flow rate).
These data indicated that CODMn concentrations were
reduced to different extents by different flow discharge
rates through the sluice at cross section VII. Sediment
disturbance was minimal under low flow conditions, so
sediment contaminants were not easily released; low
flow could therefore help to promote the degradation
of water pollutants. With an increase in flow, however,
the intensity of sediment disturbance increased and pro-
moted the release of sediment contaminants. High flow
could therefore result in the deterioration of downstream
water quality. However, when the impact of flow deg-
radation was greater than that of sediment pollutant

Fig. 5 Simulated pollutant concentration values under different
flow conditions for a NH4-N and b COD

Fig. 6 Simulated COD concentrations under different flow
conditions
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release, high flow (e.g., 187 m3 s) could promote a
reduction in water pollutants. Considering the role of
sluices in storing water, blocking sewage, and supplying
water, daily flow of the Huaidian Sluice should not
exceed 60 m3 s, which would not only meet the supply
requirements of downstream water consumption but
would also purify downstream water to a certain degree.

As shown in Fig. 8, variations in NH4-N concentra-
tions in response occurred as follows. (1) When the
gates closed, characteristics of the changes in NH4-N
concentrations followed the same pattern as that ob-
served for CODMn. (2) When the gates opened, changes
in sluice scheduling had different trends on the abate-
ment or increase of water pollution load. In response to
changes in flow, NH4-N concentrations in cross section
VII were higher than in cross section I in most cases,
except for two flow rates (14 and 65 m3 s). Under these
flow rates, NH4-N concentrations decreased down-
stream of the sluice by 0.49 and 0.04mg/L, respectively.
Flow discharge rates should therefore be kept low (ap-
proximately 14 m3 s).

The impacts of sluice regulation on water quality
were inversely proportional to flow discharge rates as
presented by Zhang and Zheng (Zhang et al. 2012;
Zheng et al. 2012). However, Zhang and Zheng mainly
carried out the indoor experiment or numerical simula-
tion, we mainly carried out the field experiments, and
the feasible daily flows of Huaidian Sluice were given
based on the changes of CODMn and NH4-N concentra-
tions, respectively.

Comparison between the monitoring results
and numerical simulation results

As shown in Fig. 3, in response to adjustment of the
width of gate openings, large differences in water qual-
ity occurred in typical reaches, and the trends in pollut-
ant concentrations were different in the same reach in
different scheduling modes. Meanwhile, under different
flow rates, the trends of water pollutant concentrations

varied. According to Figs. 7 and 8, low flow rates could
promote the degradation of water pollutants and pro-
mote self-purification of the water body, which is con-
sistent with the water quality simulation results shown in
Figs. 5 and 6. The experimental monitoring results and
the numerical simulation results indicate that flow dis-
charge through the sluice should be kept low under
normal circumstances, but should be greater than
10 m3 s. Because water pollutant concentrations are
somewhat elevated under high flow conditions, when
sluice discharge flow rate is high, the downstream reach
should increase its water quality monitoring, and down-
stream water departments should also be notified to
reduce water withdrawal during this period.

Fig. 7 CODMn concentrations in response to different flow rates
in different monitoring cross sections

Fig. 8 NH4-N concentrations in response to different flow rates in
different monitoring cross sections

Table 3 Standard limiting values of surface water environment
quality (mg/L)

Sequence
number

Name Class
I

Class
II

Class
III

Class
IV

Class
V

1 CODMn≤ 2 4 6 10 15

2 NH4-N≤ 0.15 0.5 1.0 1.5 2.0
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Conclusions

Research on the response of water quality under
different sluice scheduling modes is a fundamental
research topic in river basin management. In this
study, we conducted three comprehensive experi-
ments to examine the impact of sluice scheduling
on water quality in the Huaidian Sluice of the
Shaying River. Flow and water quality indicators
of each monitoring cross section were monitored
under different scheduling conditions, changes in
water quality under different gate opening widths
were analyzed, and the effects of flow rates on
pollutant concentrations were discussed and com-
pared with the water quality simulation results. The
following are our conclusions based on the experi-
mental results and numerical simulation results. (1)
As demonstrated by variations in monitoring indica-
tors, water pollution loads downstream of the sluice
changed under different scheduling modes. (2) With
changes in sluice scheduling, trends in the concen-
tration of pollution indicators varied between moni-
toring cross sections. (3) The relationships between
sluice scheduling and concentrations of water pollu-
tion indicators was complex, which demonstrates
that in addition to sluice scheduling modes, up-
stream runoff pollution, pollution sources, and other
factors should be considered in the study of pollu-
tion loads in rivers. (4) A low level of flow should
be maintained at the Huaidian Sluice to encourage
self-purification of the water body; jurisdictions in
the downstream reach should increase water quality
monitoring under high flow rates. (5) Changes in
pollutant concentrations at some monitoring points
did not conform to expectations; understanding this
finding requires further theoretical and numerical
simulation research.
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