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Impact of upstream runoff and tidal level on the chlorinity
of an estuary in a river network: a case study of
Modaomen estuary in the Pearl River Delta, China
Yanhu He, Sha Chen, Ruizhen Huang and Xiaohong Chen

ABSTRACT
Saltwater intrusion exerts great impact on water supply and water withdrawal from estuarine areas.
A chlorinity prediction model based on backpropagation neural network was constructed, calibrated,
and validated, considering phase lags, with the Modaomen estuary in the Pearl River Delta (PRD),
China as case study. This study aimed to investigate impacts of upstream runoff and tidal level on the
changing properties of estuarine chlorinity. Nine boundary conditions – low tide and tidal range both
with three different frequencies – were designed to explore the changing process of estuarine
chlorinity and obtain the critical upstream runoff for saltwater suppression. Results indicated the
model performed efﬁciently; Nash–Sutcliffe efﬁciency coefﬁcient and R2 were both 0.91 in training
period, 0.76 and 0.82 in testing period, and 0.64 and 0.77 in validation period, respectively, and
estuarine chlorinity shows slightly different changing processes of decline rate under the nine
boundary conditions when the upstream runoff increases. The higher the designed tidal range and
lower daily tides together with the smaller the amount of upstream runoff, the higher the estuarine
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chlorinity. The critical upstream runoff of the Pinggang pumping station is 2,500 m3/s. These ﬁndings
provide a foundation for water supply security and upstream reservoir dispatching in estuarine areas
in dry periods.
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INTRODUCTION
Located in the transition zone between the ocean and the

of saltwater intrusion (Ketabchi et al. ). Saltwater

river and subject to the forces of both the ocean and the

intrusion in estuaries leads to not only the deterioration of

river, an estuary typically provides convenient transpor-

groundwater quality but also to soil salinization, which is

tation and important habitats for human life and trade

potentially harmful to the use of groundwater and its sur-

activities. Saltwater intrusion tends to signiﬁcantly inﬂuence

rounding agricultural production (Colon-Rivera et al. ;

the ecosystem and water use in estuaries. Many factors

Vijay & Mohapatra ). Moreover, terrestrial freshwater

affect saltwater intrusion (Liu et al. ), among which,

resources are seriously affected because of increased water

upstream runoff and ocean tides are considered more impor-

salinity and deterioration of water quality (Cheng et al.

tant (Shaha et al. ; Yoon & Woo ; Lian et al. ).

; Liu et al. ); these resources also considerably

An increase in sea level due to an increase in temperature

impact tidal freshwater forested wetlands, in addition to

causes high tides in estuaries and aggravates the severity

saltwater (Colon-Rivera et al. ). Thus, it is important to
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identify the characteristics of saltwater intrusion in estuaries

with the impact of a rise in sea level on the chlorinity of

and quantitatively evaluate the impact of upstream runoff

estuaries, studies on the compound effect of upstream

on the chlorinity of the estuary.

runoff and tide level changes remain insufﬁcient, but it is

Several studies on saltwater intrusion in estuaries have

essential to obtain the critical upstream runoff for saltwater

been conducted. For example, an analytical 1-D salt intru-

suppression and conduct real-time runoff regulation of

sion model was tested and shown to perform well in Shatt

upstream reservoir. In addition, the application of multi-

al-Arab River (Abdullah et al. , ) and Malaysian estu-

dimensional numerical models would be restricted without

aries (Gisen et al. ), compared with extensively observed

observed chlorinity and hydrological data, as well as large-

data. Ongoing eutrophication and planned surface water

scale estuarine topography.

withdrawals could drive saltwater intrusion in a Florida

Estuary chlorinity is highly nonlinear and the spatial-

estuary (Williams et al. ). The impact of reductions in

temporal variability of estuary chlorinity requires the esti-

freshwater ﬂow to the Richmond River estuary in Australia

mation procedure to be dynamic (Liu et al. ; Ketabchi

on saltwater intrusion was assessed based on hydrological

et al. ). Such a dynamic relationship can be modeled

and freshwater extraction data (Peirson et al. ). In

carefully by artiﬁcial neural networks (ANNs), similarly to

China, multi-dimensional numerical models were developed

the application of ANNs in other hydrology simulation

to forecast the salinity of river estuaries in response to the

areas (Abrahart et al. , ). As a data-driven model,

pattern of saltwater intrusion (Lian et al. ) and to inves-

an ANN model can be used to simulate and forecast

tigate the inﬂuences of water conservancy projects, such as

the chlorinity of estuaries, due to its ability to capture the

water diversion from the south to the north project and

nonlinear relation of acquisition elements when sufﬁcient

the Three Gorges Project, on saltwater intrusion in the

hydrological, tidal, and chlorinity data are available and

Yangtze River estuary (An et al. ; Xu et al. ).

has good representativeness. Based on such an optimal

Owing to its combination of superior natural conditions

data set that is representative of the probable occurrence

and abundant resources, the Pearl River Delta (PRD), one of

of an input vector and can facilitate the mapping of the

the three important economic center regions in China, is

underlying nonlinear process, optimal weight matrices and

densely populated, with concentrated industry and rapid

bias vectors are found in an ANN model through a training

development. The PRD is also one of the most threatened

process to generate reasonable results given new inputs

estuaries in the world, as it has been exposed to an increas-

(ASCE ).

ing series of crises related to water resources. Water conﬂict,

The Modaomen waterway, an important estuary of

water pollution, and saltwater intrusion have all increased

the Pearl River, encountered the most severe salt intrusion

dramatically in the past few decades, and pose a threat to

in December 2011. Topography, spring–neap tidal variation,

regional water security and impose constraints on regional

local wind stress, and their interactions are identiﬁed as the

development. Regarding the estuary in the PRD (He et al.

driving factors for the abnormal characteristic of saltwater

), the abrupt change in topography and the rise in

intrusion in the Modaomen waterway (Wang et al. ).

sea level (Zhang et al. ) have been considered crucial

Moreover, the closure of Hongwan waterway and Hezhou

factors causing saltwater intrusion outbreaks in estuaries.

waterway in the Modaomen estuary could decrease saltwater

Apart from the aforementioned examples, which illustrate

intrusion in the estuary (Gong et al. ). Salinity in the

how saltwater intrusion impacts estuaries, other models

Modaomen waterway is largely affected by the tidal range

are also found in the literature. Previous studies provide a

during low-streamﬂow periods (Liu et al. ). Affected by

foundation for the changes in properties, causes, and impli-

the upstream runoff and tidal cycle, Modaomen waterway

cations of the chlorinity of estuaries, as well as long-term

has had an excessive chlorinity since December 4, 2011.

forecast of estuarine chlorinity. Multi-dimensional numeri-

In particular, the Pinggang pumping station in Zhuhai City

cal models are used as effective tools to investigate the

had an excessive chlorinity for 10 d continuously, which

dynamic characteristics of saltwater intrusion and explore

caused half-month periods of unavailable water withdra-

its impacts on water supply in estuaries. However, compared

wals. Dredging campaigns have led to an abrupt change in
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topography and an alteration in the ﬂow split ratio between

shelf waters. Its width is about 4 km at the northern end

the North River and the West River, causing changes in

near Humen and about 60 km between Hong Kong and

both the tidal range and saltwater intrusion in the Pearl

Macau at the southern end. The length between the two

River estuary (Liu et al. ; Yuan & Zhu ). Given

ends is about 63 km (Mao et al. ). The Modaomen

the above issues, in this case study of the Modaomen water-

estuary, a typical channel segment of the Pearl River estuary

way, a chlorinity prediction model of the Pearl River estuary

with active saltwater intrusion, is the main estuary of the

was constructed based on the backpropagation (BP) neural

West River (Figure 1). It is 33.35 km long and drains an

network and the performance efﬁciency of the model was

area of 177.8 km2. The annual sediment yield of the Modao-

evaluated. The chlorinity of the Pearl River estuary was

men estuary is 27 million t. Before 1999, saltwater intrusion

simulated under different frequencies of upstream runoff

mainly affected Tanzhou town in Zhongshan City; after

and tide levels, and the compound effects of the changes

1999, saltwater intrusion became a more serious problem

in upstream runoff and tide levels on the changing proper-

affecting urban and surrounding areas. The most severe

ties of the Pearl River estuary chlorinity were investigated

salinity in the last 30 years occurred in 2005; the water

using the validated chlorinity prediction model.

supply to 18 of 24 towns in Zhongshan City was inﬂuenced

The objectives of this study are as follows: (1) to build

by varying degrees of saltwater intrusion. In 2011, salinity

a chlorinity prediction model of the estuary based on BP

downstream was extremely severe and Pinggang pumping

neural networks and simulate the estuary chlorinity under

station broke its chlorinity record of 2005.

different boundary conditions of upstream runoff and tide
levels; (2) to explore the joint impacts of the changes in

Data

upstream runoff and tidal levels/range on the changing
properties of the Pearl River estuary chlorinity and obtain

Tidal range (i.e., the difference between the adjacent high

the critical upstream runoff for saltwater suppression. The

and low tide levels in a tidal cycle), spring–neap tidal vari-

impact analysis can aid in gaining a better understanding

ation, and upstream runoff were identiﬁed as the driving

of saltwater intrusion and drivers behind it in estuaries.

factors for the abnormal characteristic of saltwater intrusion

Furthermore, the simulation results from the ANNs model

in the Modaomen waterway in the Pearl River estuary

can provide a foundation for the upstream reservoir dispatch-

(Wang et al. ; Liu et al. ; Yuan & Zhu ). Given

ing according to the critical upstream runoff, aiming to

this, in the current study, daily average runoff, low tide,

control saltwater intrusion and alleviate its negative effect

and tidal range were chosen as the three input variables

on water withdrawal, which will beneﬁt water supply security

for proper mapping in the ANN model. Data used in this

of the estuaries challenged by sea level rise and extreme dry

study consist of the average daily runoff (the summation of

weather events. The remainder of this paper is organized as

the average daily runoff of Sanshui and Makou stations),

follows: The section below brieﬂy describes the study area,

low daily tide (i.e., lowest of all tidal levels measured in a

associated data, and methodology, followed by a section

day), great diurnal range of Denglongshan station, and

that discusses and analyzes the results, and a ﬁnal section

average daily chlorinity of the Pinggang pumping station,

that presents the major conclusions of the study.

all of which were selected from the observed data for
November 2015 to February 2016, and January 2007. The
total number of samples is 150. Correlation analysis is

MATERIALS AND METHODS

used to analyze the correlation between the daily chlorinity

Study area

the phase lags between the average daily chlorinity and

of the ith day and the same inﬂuencing factor, considering
the affecting factors (e.g., daily runoff, low daily tide, and
From the Pearl River estuary it is east to Shenzhen, west

tidal range) (Liu et al. ). The correlations of the average

to Taishan, north to Guangzhou and south to Wanshan

daily chlorinity with each affecting factor under different

islands, including most parts of the PRD and the inner

phase lags were analyzed, and the affecting factor series
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Schematic of the Modaomen waterway.

that considered the phase lag with the highest correlation

training, testing, and validation subsets for an ANN model

was chosen for the ﬁnal input. The results show that there

and a genetic algorithm (GA) was used to divide data into

was the highest correlation between the daily chlorinity of

representative subsets (Bowden et al. ) in the current

the ith day and the daily runoff of the (i  2)th day, and the

study. Therefore, data were divided into three groups and

low daily tide of the (i þ 3)th day and the tide range of the

a total of 150 data records were considered as inputs

(i þ 3)th day. The available data are usually divided into

for the ANN model development, from which 120 records
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Runoff, tide level, and chlorinity data for training (a), testing (b), and validation (c). (continued).
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Continued

(80%) were used for training and 30 records (20%) were

scientists led by Rumelhart & McClelland (), the BP

used for validation (Figure 2(c)). The 120 records in the cali-

network is a multilayer feedforward network trained by

bration set were further divided into 96 training records

the error BP algorithm. The three-layer network structure

(80%) (Figure 2(a)) and 24 testing records (20%) (Figure 2

of the BP neural network (Figure 3) is the most commonly

(b)). The average daily runoff, as well as low tide and tidal

used structure to properly solve the hydrological research

range were the input data for the model, which were normal-

problem ( Joshi et al. ). Thus, in the present study, the

ized with the premnmx function. Output data of the model

three-layer network structure was selected to establish the

include the average daily chlorinity at the Pinggang pumping
station, and were anti-normalized with the postmnmx function after calibration and validation.

BP neural network
In recent years, ANNs have been widely applied in
hydrological analysis and prediction (Hu 1999), achieving
satisfactory results. To obtain a complex mapping between
input and output conditions, the structure for a multi-layer
neural network is typically used. The BP ANN is the most
widely used neural network model. Proposed by a team of
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chlorinity prediction model. The network consists of the

the observed data were compared. The model parameters

input layer, the hidden or intermediate layers with a non-

were constantly adjusted until the MSE between the simu-

linear transfer function, and the output layer with a linear

lated and the observed data achieved the expected set

transfer function (Sohn et al. ).

value. The second group data were the input for validation.

The output of the network Ok can be calculated using

Ok ¼

s
X

W jk × F

j¼1

n
X

The number of training steps for the model was 50,000; the
expected training accuracy was 0.05. After multiple rounds

the following formula:

of parameter adjustment, the minimized MSE (0.0076) was

!
Wij Ii  θj

achieved when the number of hidden layer nodes was 16

 θk , k ¼ 1, 2, . . . , m,

and the training step was 13,455.

i¼1

(1)
where n, s, and m are the number of neurons in the input
layer, hidden layer, and output layer, respectively; Wij is
the weight from the input layer to the hidden layer; W jk is
the weight from the hidden layer to the output layer; θj
and θk are the threshold values of the hidden layer and

Comparison between the observed and the simulated
estuarine chlorinity from training, testing, and validation
results is presented in Figures 4–6. There are good ﬁts
between the observed and the simulated estuarine chlorinity
in training, testing, and validation periods. That is because
the calibration data have better representativeness and
the performance of the model in the validation period is

the output layer, respectively; Ii is the input for the network,
including average daily runoff, low tide, and tidal range in
this study, and Ok is the simulated average daily chlorinity;
F is the activation function of the hidden layer. In this
study, F is a sigmoid function.
The initial weights and thresholds of each neuron can be
randomly assigned in the process of training. Simulated
values obtained from the model with random weights and
target values are then compared. By constantly adjusting
the weights and thresholds of each layer, the mean squared
error (MSE) of the simulated values from the network model
and target values is minimized to the given expectation
value.

Figure 4

|

Comparison between the simulated and observed values of estuarine
chlorinity in training period.

RESULTS AND DISCUSSION
BP neural network model setup, calibration, and
validation
The model was programmed using R. The hyperbolic
tangent sigmoid transfer function was used in the hidden
layer, whereas a linear transfer function was used in the
output layer. A traingdm algorithm was adopted in the training function. The ﬁrst group data were the input for training
and testing; the simulated average daily chlorinity of the
Pinggang pumping station obtained from the model and
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describe changes in the characteristics of estuarine chlorinity. Therefore, according to the runoff and tidal data, the
corresponding estuarine chlorinity could be properly simulated using the BP neural network model.

Chlorinity changes under different upstream runoff and
boundary conditions of low tide and tidal range
Chlorinity changes under different upstream runoff and nine
Figure 6

|

Comparison between the simulated and observed values of estuarine
chlorinity in validation period.

boundary conditions of low tide and tidal range of the Pinggang pumping station were investigated using the chlorinity
prediction model based on the BP neural network (Figure 7).

better. Nash–Sutcliffe efﬁciency (NSE) coefﬁcient and R2

The nine boundary conditions consist of combinations of

statistics were used in assessing the BP neural network

low tide and tidal range, and both the low tide and tidal

model training, testing, and validation results. The NSE

range were designed with frequencies of 10%, 50%, and

2

and R were both 0.91 in the training period, 0.76 and

90%.

0.82 in the testing period, and 0.64 and 0.77 in the validation

Figure 7 shows that, given a certain low tide and tidal

period, respectively, which were acceptable for chlorinity

range, estuarine chlorinity exhibits a downward trend. This

prediction. The BP neural network model can be used to

behavior suggests that the larger the upstream runoff, the

Figure 7

|

Chlorinity changes under different daily runoff and frequencies of low tide and tidal range. Note: (a) low tide: 10%; tide range: 10%. (b) Low tide: 10%; tide range: 50%. (c) Low
tide: 10%; tide range: 90%. (d) Low tide: 50%; tide range: 10%. (e) Low tide: 50%; tide range: 50%. (f) Low tide: 50%; tide range: 90%. (g) Low tide: 90%; tide range: 10%. (h) Low
tide: 90%; tide range: 50%. (i) Low tide: 90%; tide range: 90%. The black line inside the frame represents the contour line with 250 mg/l chlorinity.
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lower the estuarine chlorinity, which is the ‘depress salty’

the amount of upstream runoff according to real-time tidal

effect of the upstream runoff. It also corresponds to the con-

level when upstream reservoir discharge is used to depress

clusion that water discharge and the tide level downstream

saltwater intrusion into water sources in the estuarine

are the two most important factors affecting saltwater intru-

area. When low tide with a higher frequency (e.g., 90%

sion in the Qiantang estuary (Han et al. ). Moreover,

in the current study) occurs, large amounts of upstream

Figure 7 also shows that estuarine chlorinity has slightly

reservoir discharge period by period can effectively alleviate

different changing processes of decline rate under the nine

the negative effects on water sources caused by saltwater

boundary conditions. For example, when the frequency of

intrusion, which signiﬁcantly affects water supply and with-

low tide is 10%, the decline rate of estuarine chlorinity

drawals of the estuarine area.

gradually decreases with the increase of upstream runoff;
the decline rate ﬁrst increases and then decreases when
the frequency of low tide is 50%; the decline rate gradually
increases when the frequency of low tide is 90%. Figure 7

Chlorinity simulation under different frequencies
of upstream runoff and tide designs

displays the critical upstream runoff for saltwater suppression. We can infer that the range of the critical upstream
3

runoff of the Pinggang pumping station is 2,200–2,800 m /s.
although the critical upstream runoff relates to low tide
and tidal range; it is 2,500 m3/s in most scenarios. Therefore, it can be concluded that the critical upstream runoff
of the Pinggang pumping station is 2,500 m3/s. It means
estuarine chlorinity excessive to the water supply standard
occurs with a low probability when the upstream runoff is
greater than 2,500 m3/s.
Figure 7(b) and 7(f) show estuarine chlorinity excessive
to the water supply standard occurs within the given range
of the upstream runoff, indicating that the effect of the
upstream runoff on saltwater suppression is insigniﬁcant
under the boundary condition of low tide with a frequency
of 10% as well as tidal range with a frequency of 50%, or
low tide with a frequency of 50% as well as tidal range
with a frequency of 90%. Furthermore, Figure 7(g) shows
that estuarine chlorinity conforming to the water supply
standard occurs under the boundary condition of low tide

Eight boundary conditions were designed based on the
runoff series of upstream Sanshui and Makou stations
for the 1985–2005 period and hourly tidal levels at the
Denglongshan station for the 1958–2005 period: the
upstream runoff with a frequency of 90% and 97%, low
tide and tidal range with a return period of 5 and 10 y.
The average daily chlorinity of the Pinggang pumping
station under the eight boundary conditions was simulated
and calculated with the trained BP neural network
model to investigate the changes in the characteristics of
estuarine chlorinity under different boundary conditions of
upstream runoff and tidal level (Table 1). The simulated
result under the aforementioned design was compared
with the observed estuarine chlorinity in 2005 to test the
performance efﬁciency of the model. For the upstream
runoff with a frequency of 97%, the observed estuarine
chlorinity (1,394 mg/L) was similar to the simulated result
(1,095 mg/L) under tidal range with a return period of 5 y
and the low tide with a return period of 10 y. For the

with a frequency of 90% as well as tidal range with a
frequency of 10%, suggesting that, in such a boundary con-

Table 1

|

Simulated estuarine chlorinity under eight boundary conditions obtained from
the BP neural network model (mg/L)

dition, even if an extremely dry year occurs, estuarine
chlorinity will still conform to the water supply standard.

Low tide

Given chlorinity changes under different upstream runoff

Return period

5y

and frequencies of low tide and tidal range, it can be

Upstream runoff frequency

90%

97%

90%

97%

concluded that, when estuarine chlorinity excessive to the

Tidal range

10 y

water supply standard occurs, averagely, more amounts of

5y

618.1

1,415.1

348.4

1,095.4

upstream runoff are required for saltwater suppression

10 y

1,695.1

2,646.4

328.5

1,197.2

under the boundary condition of low tide with a higher
frequency. This ﬁnding provides a basis for how to regulate
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upstream runoff with a frequency of 90%, the observed estu-

waterway could decrease saltwater intrusion in the estuary

arine chlorinity (500 mg/L) was similar to the simulated

by 20% (Gong et al. ). Moreover, more saltwater in the

result (618 mg/L) under tidal range with a return period of

Hongwan waterway is spilled over into the Modaomen

5 y and low tide with a return period of 5 y. The compari-

waterway during neap tides or the coming moderate tide.

sons suggest the efﬁcient performance of the model.

This occurrence is the inherent dynamic mechanism why

Table 1 shows that when the upstream runoff is ﬁxed

saltwater intrusion in the upper Modaomen waterway

with a frequency of 90%, the low tide is ﬁxed with a

reaches its maximum during the neap tide or the coming

return period of 5 y, the chlorinity of the Pinggang pumping

moderate tide (Wang et al. ). The current study investi-

station under the tidal range with a return period of 5 and

gated the effect of change in tidal range on estuarine

10 y were 618.1 and 1,695.1 mg/L, respectively. While

chlorinity by different frequencies of tide designs. However,

when the low daily tide is ﬁxed with a return period of

the dynamic characteristics of saltwater intrusion into the

10 y, the chlorinity of the Pinggang pumping station under

estuary involve complexity and should be further investigated.

the tidal range with a return period of 5 and 10 y were
348.4, and 328.5 mg/L. When an extremely dry year
occurs, for example, the upstream runoff is ﬁxed with a
frequency of 97%, the chlorinity of the Pinggang pumping

CONCLUSION

station under the tidal range with a return period of 5 y
and 10 y were 1,415.1 and 2,646.6 mg/L, respectively,

An estuarine chlorinity prediction model based on the BP

when the low daily tide is ﬁxed with a return period of

neural network for the Modaomen estuary in the PRD,

5 y. It can be concluded that the higher the designed tidal

China was constructed, calibrated, and validated using the

range and lower daily tides together with the smaller

observed data on upstream runoff, tidal level, and estuarine

the amount of upstream runoff, the higher the estuarine

chlorinity, to investigate the impacts of upstream runoff and

chlorinity. Liu et al. () revealed that the salinity in the

tidal level changes on the changing properties of the estuar-

Modaomen waterway is largely affected by the tidal range

ine chlorinity and obtain the critical upstream runoff for

during low-streamﬂow periods. In the present study, under

saltwater suppression.

the same designed tidal level, the average daily chlorinity

The performance efﬁciency values of the estuarine

of the Pinggang pumping station in an extremely dry year

chlorinity prediction model were within acceptable margins;

(with a frequency of 97%) was, on average, 2 ∼ 4 times

the NSE and R2 in the training period were 0.91 and 0.91, in

larger than that in a general year (with a frequency of

the testing period were 0.76 and 0.82, and in the validation

90%). Particularly in the extremely dry year, the daily chlori-

period were 0.64 and 0.77, respectively. The changing prop-

nity of the Pinggang pumping station under the tidal level

erties of the estuarine chlorinity of the Pinggang pumping

with a return period of 5 y exceeded 1,400 mg/L, which

station was simulated under nine boundary conditions of

may seriously reduce the guaranteed rate of water supply

low tide and tidal range, suggesting that the decline rate of

in the estuarine area and its surrounding regions. Therefore,

the estuarine chlorinity varies in each boundary condition

during extremely low-ﬂow periods, pumping operations

when the upstream runoff increases. The critical upstream

should ensure that freshwater is stored in the backup storage

runoff of the Pinggang pumping station is 2,500 m3/s for

ahead of the tide to prevent serious impacts from saltwater

saltwater suppression. The higher the designed tidal range

intrusion.

and lower daily tides along with the smaller the amount of

In addition to upstream runoff and tidal range, wind,

upstream runoff, the higher the estuarine chlorinity. In par-

topography, channel bathometry, interacting downstream

ticular, the average daily chlorinity of the Pinggang pumping

branches, and other factors inﬂuenced estuarine chlorinity.

station in an extremely dry year exceeded 1,400 mg/L under

Saltwater intrusion into the estuary is highly non-linear.

the tidal level with a return period of 5 y. Saltwater intrusion

For example, closure of the Hongwan and the Hezhou

forecasting and upstream reservoir dispatching should be

waterways and downstream branches of the Modaomen

paid attention in the estuarine area in order to prevent or
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alleviate negative effects on water supply and withdrawal,
especially in dry years.
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