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Abstract

In recent decades, the frequency and severity of inland river seawater intrusion has increased in the Pearl River Estuary (PRE) of
China. Based on time series of water salinity data, river discharges, tides, and wind records for the period 2003-20135, this study aims
to examine the regular pattern and underlying mechanisms of the seawater intrusion in the Modaomen channel of the PRE. Toward
this end, the autocorrelation and spectral analysis are used to quantify the periodicity of runoff, tide, and water salinity and to infer
the regular patterns of seawater intrusion. The Pearson correlation and the LMG metric are used to examine the effects of influencing
factors on seawater intrusion. Results indicate that seawater intrusion in the Modaomen channel has distinct annual (369 days) and
half-monthly (14.8 days) cycles, corresponding well with annual and half-monthly tidal cycles. Spatially, the frequency, severity,
and periodicity of seawater intrusion decrease with increased landward distance away from the channel mouth. The prevention of
seawater intrusion by incoming river flow becomes more remarkable as freshwater flows downstream. Shifts in wind speed and
direction can strengthen or weaken seawater intrusion, depending on if wind is in the opposite or same direction of river flow.
Further analysis using the LMG metric suggests that river discharge plays a dominant role in governing seawater intrusion. Overall,
river discharges, tides, and wind are three major forces triggering the inland river seawater intrusion and account for, respectively,
46%, 15%, and 15% of the variation of water salinity in the Modaomen channel. The study is featured in not only identifying the
major factors in driving seawater intrusion but also quantifying their relative contribution. Thus, the findings are important for water
resources manager to predict and manage inland river seawater intrusion in the PRE of China.
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Introduction

Inland river seawater intrusion along the coastal channels can
be induced by various forces such as the rise and fall of tides
(Chen et al. 2019; Gong et al. 2018). Because seawater intru-
sion threatens the security and quality of water supply to sur-
rounding regions (Cui et al. 2015; Franceschini and Signorini
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2016; Gong and Shen 2011), it has long troubled people
worldwide and attracted researchers’ attention for decades
(Javadi et al. 2013; Werner and Gallagher 2006; Shi and
Jiao 2014; Tang et al. 2020). In recent decades, climate
change—associated sea level rise intensifies inland river sea-
water intrusion and augments its detrimental effects on coastal
aquifers (Abd-Elhamid and Javadi 2011; Tamez-Meléndez
et al. 2016; van den Brink et al. 2019; Torres-Martinez et al.
2019; Mora et al. 2020) and channels (Chen et al. 2016; Yuan
etal. 2015). In addition, anthropogenic activities such as rapid
urbanization and increasing channel water intakes for domes-
tic and industrial uses in coastal areas (Cui et al. 2007; Yuan
and Zhu 2015; Zhang et al. 2017) deteriorate freshwater re-
sources and the condition of vegetation and soil in invaded
areas (Garcia et al. 2010). This in return leads to a greater
threat to the socioeconomic development of coastal commu-
nities (Gain et al. 2012; He et al. 2019).
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The driving forces of seawater intrusion can involve natural
and anthropogenic factors (Shaha et al. 2013). Decrease in
river discharge, increase in tidal level, shifts in wind direction
and speed (Chen etal. 2019; Gong et al. 2018), rise in sea level
(Hong et al. 2020), and decrease in regional rainfall (Adrian
et al., 2009; Wu et al. 2013) are general natural forces that
trigger inland river seawater intrusion (Adrian et al., 2009; Lu
and Du 2006; Liu et al. 2010). Anthropogenic activities such
as groundwater overexploitation, riverbed undercutting due to
sand dredging (Li et al., 2019), and the storage of river water
by reservoirs or the diversion of river water by aqueducts for
other uses in upper reaches can trigger seawater intrusion in
coastal areas due to decreasing incoming river flow (Bithin
et al., 2009; Fang 2013). In fact, these factors interact and
jointly affect seawater intrusion in coastal channels. Thus,
knowledge of major factors and their roles in governing sea-
water intrusion is important for securing water supply to eco-
systems and social communities in the coastal region
(Ghafouri and Parsa, 2003; Han et al. 2010; Song et al.
2014; Xu et al. 2019).

In recent decades, inland river seawater intrusion in the
Pearl River Estuary (PRE) of China tends to last longer and
bring severer negative effects on the region (Hou and Su 2009;
Liu et al. 2019a, b, c). For example, a super-large seawater
intrusion occurring in the end of 2005 swept across the region
and endangered water supply to nearby cities such as
Zhongshan, Zhuhai, and Macau. As a result, the local govern-
ments have to seek water from other regions to copy with
water shortage (Cui et al. 2015; Liu et al. 2019a), which af-
fected more than 1.5 million population in the Pearl River
Delta region (Hou and Su 2009; You et al. 2009). Even in
2016, a high flow year, the effect of seawater intrusion on
Zhongshan city lasted for 6 months (Liu 2020). In addition,
inland river seawater intrusion in the PRE tends to intrude
farther and occurs earlier on an annual time basis (Kong
et al. 2011; Liu et al. 2016). Therefore, understanding the
features of seawater intrusion becomes essential for managing
the seawater intrusion in the PRE.

Many efforts were made to examine the regular pattern and
driving forces of seawater intrusion in the PRE of China,
including theoretical research, quantitative analysis, numerical
modeling, laboratory and field experiments, as well as engi-
neering project regulation (Bao et al. 2009; Gong and Shen
2011; Hu et al. 2019; Jia et al. 2006; Lei and Jiu, 2014; Lin
et al. 2019; Tang et al. 2020). Hu and Mao (2012) found that
the regular cycle of chlorine content in the Modaomen channel
was about 15 days, and the variation of salinity in each cycle
was subject to river runoff. Song et al. (2014) claimed that
seawater intrusion in PRE was mainly driven by shifts in
runoff and tides. Zou et al. (2019) have investigated the effect
of riverbed degradation on seawater intrusion in the
Modaomen estuary, and they found that riverbed degradation
results in an obvious increase of salinity at the bottom layer.

Other studies investigated the effects of river discharge, tides,
winds, and sea level rise on seawater intrusion based on daily
observation data (Lin et al. 2019; Wang et al. 2020).
Nevertheless, a comprehensive study on the features and an
exploring of quantifying driving forces of seawater intrusion
in the PRE are still limited.

This study aims to analyze the pattern of seawater intrusion
in the PRE of China and to quantify the roles of major factors
in affecting seawater intrusion in the region. To achieve the
goals, we selected the Modaomen channel in the PRE as the
study site. Time series of water salinity from four water
pumping stations in the channel, river discharges, and tidal
levels from the Sanzaodao station, as well as wind speed for
the 2003-2015 period, were collected and used for this study.
Statistical methods such as linear and multiple regression anal-
ysis, autocorrelation, and spectral analysis were conducted to
examine the features and underlying driving forces of seawa-
ter intrusion in the Modaomen channel. The paper is orga-
nized as follows: “Method and data” section describes the
method and data used to analyze the seawater intrusion pattern
and mechanism in the PRE of China. “Results” section de-
scribes the analytical results. “Discussion” section discusses
the reasonability of our findings through comparison with
previous studies and the underlying mechanisms for seawater
intrusion in PRE of China. Finally, “Conclusions” section
presents our conclusions.

Method and data
Study site

The Modaomen channel located in the PRE of China is the
main stream of Xijiang and Beijiang River. As the primary
channel of the eight outlets in the PRE (Song et al. 2014), it
transports a significant amount of fresh water and sand (Chen
et al. 2009) from the aforementioned two rivers into the coast-
al sea. In addition, it supplies water to nearby cities like
Zhuhai and Macao. In recent decades, natural and anthropo-
genic factors have increased the frequency and severity of
inland river seawater intrusion in PRE (Liu et al. 2018), which
threats the socioeconomic development in the region. Because
of'its representativeness in the PRE and the availability of data
records, the Modaomen channel was an ideal platform to an-
alyze the patterns and driving forces of seawater intrusion in
the PRE of China. Technically, the procedures of our analysis
consist of four steps: (i) collecting data of water salinity, tides,
river discharge, and wind speed; (ii) processing missing data;
(iii) analyzing the pattern of seawater intrusion via autocorre-
lation and spectral analysis; and (iv) examining the underlying
driving forces of seawater intrusion. The specific methods are
described below.
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Data and processing

Time series of water salinity for the period 2003-2015 were
collected from Guadingjiao, Guangchang, Pinggang, and
Zhuzhoutou water pumping stations (Table 1 and Fig. 1).
The study focused on the 2003-2015 period largely because
of the data missing and unavailable issues for other periods.
Even for the 20032015 period, water salinities from the
Guangchang and Pinggang stations are mainly at the daily
step for the dry seasons of 2003—-2008 and at the hourly step
for the period of January 2010 to August 2015. For
Zhuzhoutou station, daily water salinities span from
February 2011 to August 2015. For these periods, the percent-
age of missing data in each year is less than 2% out of the total
number of days in the calendar year. As for the missing data in
a station, we used the interpolated values from the nearest
station: firstly, the nonlinear least square method was used to
build the functional relationship of water salinities between
two neighboring stations; then, the derived function was used
to fit daily missing values. We cross validated the interpolated
values using observed corresponding data and found that dif-
ferences (%) are mostly below 5%. For hourly water salinity
data, the measured salinities from 1 to 24 o’clock were aver-
aged to obtain daily salinity of that day.

We counted the number of annual seawater intrusions at each
station if the daily water’s salinity at a station exceeds 250 mg/,
and the duration of seawater intrusion is calculated from the day
when water salinity rises beyond 250 mg/l to the day when it
drops below 250 mg/l (The 250 mg/l isohaline is the recom-
mended salinity threshold value of river water for drinking pur-
poses according to the National Hygienic Standard for Drinking
Water (GB 5749-2006) in China [Yuan et al. 2015].). Other data
collected for this study include river discharges measured at the

Makou and Sanshui station, observed daily high, low and mean
tides (the average of highest and lowest tides) from the
Sandzaodao station, and wind speeds from the Domen weather
station. These data are also at daily step and match the temporal
resolution of water salinity data.

Analytical methods

The autocorrelation and spectral analyses are used to analyze
the periodicity of runoff, tide, and water salinity and to infer
the regular patterns of seawater intrusion. They are also used
to quantify the relationships of water salinity to the variation
of tides, river discharges, and wind speed, respectively. The
Pearson correlation coefficient is used to analyze the relation-
ship between two variables and expressed as follows:

Cov(X,Y)  E((X—EX)(Y-EY))

=B DY) /D) /DY)

where F is the mathematical expectation; D is variance; E {[X - E
(X)]1Y - E (Y)]} is the covariance of X and Y and denoted as Cov
(X, Y). py, ranges from —1 to 1. The greater the absolute value of
Py 18, the stronger the relationship between two variables is.
Furthermore, the proposed metric by Lindeman, Merenda,
and Gold (LMG) relative importance metric (Gromping 2006)
was used to evaluate the contribution of major driving forces
to changes in water’s salinity. In regression analysis, the R?
coefficient is used to explain the proportion of the variation of
a dependent variable that can be explained by the variation of
independent variables. LMG metric decomposes the contribu-
tion of each independent variable to R?, ensuring that the
contribution of each independent variable is positive and that
their sum is equal to R? (Kruskal 1987). Therefore, LMG is

(1)

Table 1 List of daily water

salinity data and related data Year Guangchang Pinggang Zhuzhoutou Guadingjiao
missing in this study N
2003 No' No — No
2004 5.1-9.30* 5.1-9.30 — 5.1-9.30
2005 4.1-9.17 4.1-9.17 — 4.1-9.17, & 10.11-12.31
2006 4.1-9.16 4.1-9.16 — 4.1-9.16
2007 3.1-10.15 3.1-10.15 — 3.1-10.15
2008 3.1-12.31 3.1-12.31 — 3.1-12.31
2009 3.1-9.90 3.1-9.90 — No
2010 No No No No
2011 No No 1.1-1.31 & 7.15-8.25 No
2012 5.1-8.31 No No No
2013 8.14-10.9 No No No
2014 No No No No
2015 8.27-12.31 8.27-12.31 8.27-12.31 No

T denotes there is no data missing for this given year; ¥ means that there is no daily salinity data for the specified
period in this given year: “—” means no data available for the whole year
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Fig. 1 The Modaomen channel
and surrounding topography in
the Pearl River Delta and Estuary
of China
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widely used to measure the relative importance of independent
variables to a dependable variable (Johnson and Lebreton
2004). The calculation of LMG is expressed as follows:

MGl =~ ¥

P ' r_permutation

svar(i|S;(r)) (2)

Equation (2) represents the calculation of the LMG value of
X;; ¥ permutation represents that the independent variable
enters the equation in the order from 1 to p; S;(r) represents
the set of existing independent variables before x; enters the
equation; s var(i| Si(r)) refers to the change in R? caused by
x; when there is already a set of S;(r) variables in the model.
For all the independent variables entered into the r arrange-
ment of the equation, the variation of R” caused by x; entering
the equation was averaged, that is, the LMG value of x; (Sun
et al. 2012; Tang et al., 2019).

Results

The variations of seawater intrusion in the study
period

Figure 2 a shows the variations of water salinity at the
Guadingjiao, Guangchang, and Pinggang stations in 2003,
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respectively. From Fig. 2, seawater intrusions at each station
mainly occur from October to April of the next year.
However, as the distance of the station from the sea increases
landward, the number of seawater intrusions varies distinctly.
The farther the station is away from the sea, the less the sea-
water intrusion reaches the station, and vice versa (Fig. 2c¢).
For example, because the Pinggang station is located farther
away from the sea than the Guangchang station, the seawater
intrusions at the Pinggang station, on average, lasted about 7
days, whereas it lasted 31 days at the Guangchang station in
December of 2003. Besides, the extent of water salinity ex-
ceeding 250 mg/1 varied remarkably across stations. For sea-
water intrusion occurring at the same time, the closer the sta-
tion is to the sea, the higher the water salinity is, and vice
versa. For example, the highest salinity at the Guadingjiao,
Guangchang, and Pinggang stations was 7834.6, 5443.7,
and 1341.5 mg/l, respectively, in December of 2003 (Fig. 2a).

Figure 2b shows the variation of average daily salinity for
the period 2010-2015. The occurrence and frequency of sea-
water intrusion at multi-annual scale are similar to that in
2003. The Pinggang and Zhuzhoutou stations are neighboring
stations and both are located farther away from the sea than
the Guangchang station. As a result, the magnitudes and var-
iations of seawater intrusions between the two stations are
relatively consistent, mainly occurring from December to
February of the next year (Fig. 2b). In contrast, because the
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Fig. 2 a The variation of daily
water salinity at the Guadingjiao,
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Guangchang station is located closer to the sea, the average
water salinity during seawater intrusions is much greater than
at the other two stations. The intrusion also begins earlier and
ends later at the Guangchang station, starting from mid-
August to the end of April of next year, while it is from
mid-September to mid-April of the next year at the other
two stations (Fig. 2b).

Figure 3 shows the variation of the number of days and
hours that the water salinity at a station exceeds 250 mg/l
during the study period. At the Pinggang station, the number
of days with water salinity exceeding 250 gm/l increased from
2003 to 2008 and decreased from 2010 to 2015. Similarly, the
number of hours with water salinity exceeding 250 mg/l
showed a declining trend from 2010 to 2015 at the
Guangchang station. In addition, the changing trend varies
among stations. For example, compared to 2012, the number
of hours that the water salinity exceeding 250 mg/l decreased
slightly at the Guangchang station in 2013, whereas it de-
creased significantly at the Pinggang and Zhuzhoutou stations
(Fig. 3b).

The periodicity of seawater intrusions in the
Modaomen channel

Figure 4 shows the results of the spectral analysis on time

series of daily water salinity at the Guangchang, Pinggang,
and Zhuzhoutou stations, respectively. The seawater
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intrusions at these stations have a distinct annual (about 369
days) and a half-monthly (about 14.76 days) cycle. Spatially,
the closer the station is to the sea, the more significant the
annual cycle is. For example, the annual cycle of seawater
intrusion is more remarkable at the Guangchang station than
at the Pinggang station. The differences in autocorrelation
coefficients for monthly average salinity between the two sta-
tions prove that the closer the station is to the sea, the more
significant the periodicity of the water salinity is. In contrast,
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Fig. 3 a The days of seawater intrusions (SI) during the 2003-2015
period at the Guadingjiao, Guangchang, and Pinggang station; b the total
hours of SI at the Zhuzhoutou, Guangchang, and Pinggang station during
the 2010-2015 period. Due to data missing, no statistics are available for
some years
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the half-monthly cycle (14.76 days) is more obvious at the
Pinggang than that at the Guangchang station (lower density
in Fig. 3b vs. higher density in Fig. 3d). For the Zhuzhoutou
station, the annual cycle of water salinity is more notable than
at Pinggang station, whereas the half-monthly cycle is not as
distinct as at the other two stations (Fig. 3b, d, and f).

Figure 5 shows the mean and maximum salinities of water
as well as the duration of seawater intrusion among the three
stations are significantly and positively correlated with each
other, respectively. If the maximum salinity of water increases
by 1 mg/l at Guangchang, Pinggang, and Zhuzhoutou stations,
the average water salinity will increase by 0.37, 0.45, and 0.47
mg/l, respectively. Similarly, the duration of seawater intru-
sion will increase by 0.05, 0.09, and 0.10 h (Fig. 5), respec-
tively. Spatially, the increasing rate (suggested by the slopes in

Fig. 5) of mean water salinity as the maximum water salinity
increases tends to be greater at a station if it is located farther
away from the sea. This situation is reversed for the duration
of seawater intrusion, the increasing rate of which tends to be
smaller as the distance extends upstream from the channel
mouth.

Effect of tides on inland river seawater intrusions

Figure 6 plots the results of the spectral analysis on time series
of daily tide data at Sanzaodao station. The results indicate
that the variations of high tides, low tides, and tide ranges are
characterized by distinct half-monthly (about 14.76 days),
monthly (about 27.58 days), and annual (about 369.23 days)

@ Springer
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Fig. 5 The inter-relationships among maximum salinity, average salinity, and the duration of water salinity exceeding 250 mg/l during the 2010-2015

period at a—b Guangchang, ¢—d Pinggang, and e—f Zhuzhoutou station

cycle, respectively. Comparatively, the annual cycle is more
remarkable than the half-monthly and monthly cycles.

Figure 7 presents the relationship of the autocorrelation
coefficients of high tide, low tide, and tidal range at the
Sanzaodao station with those of water salinities at
Guangchang, Pinggang, and Zhuzhoutou station, respectively
(Fig. 7). The results indicate that the periodicity of water sa-
linity at the three stations is closely related to that of high and
low tides. Compared to high and low tides, there is a hyper-
bolic relationship between tide ranges and water salinities at
the three stations, and such a relationship is symmetric against
the fitted regression line (Fig. 7c, f, i), suggesting that the
water salinity at the three stations can either increase or de-
crease as tide range increases. Overall, the correlation between
water salinity and low tides is highest. The closer a station is to
the sea, the higher the correlation between water salinity and
low tides is, indicating that the tidal occurrence is a major
factor inducing inland river seawater intrusion.

Further analysis indicated that the peak salinity of water
follows the occurrence of high tide. Figure 8 shows the vari-
ation of maximum water salinity and corresponding tidal
height for the seawater intrusion with the longest duration

@ Springer

occurred at the Pinggang station. From the figure, the maxi-
mum water salinity was positively correlated with high tide.
The correlation coefficient between maximum water salinity
and high tide is 0.16. However, if the sequence of water sa-
linity is moved forward by 4 h, the correlation coefficient
increases to 0.41, suggesting that the effects of high tides on
water salinity in the Modaomen channel were lagged by about
4 h.

Effects of river discharges on inland river seawater
intrusion

Figure 9 shows the correlation between the river discharges
and the water salinity at the Guangchang, Pinggang, and
Zhuzhoutou stations. The results suggest that the water salin-
ity at all stations was significantly and negatively correlated
with incoming river discharges, respectively. If river dis-
charge increases by 1000 m*/s per day, the water salinity will
decrease by 163 mg/l, 26 mg/l, and 14 mg/l, respectively, at
the three stations. Also, the closer the station is to the sea, the
stronger the correlation is. For instance, the correlation coef-
ficients between monthly water salinity and discharge at the
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Fig. 6 The results of spectral analysis on time series of a—b high tides, c—d low tides, e—f tidal ranges (i.e., differences between high and low tides), and
g-h average tides for the period of 2010-2015 observed at the Sanzaodao station

Guangchang, Pinggang, and Zhuzhoutou stations are —0.63,
—0.46, and —0.40, respectively.

Further analysis indicates that the periodicity of river dis-
charge was highly consistent with that of water salinity (Fig.
9d, e, and f), implying that the amount of river discharge is one
of the main factors affecting seawater intrusion in the
Modaomen channel. Additionally, the strength of the correla-
tion (suggested by the R-squared values in Fig. 9d, e, and f)
between the periodicity of river discharge and that of salinity
increases as the distance of station away from the channel
mouth increases landward, suggesting that the influence of
river discharge on water salinity decreases with the increased
landward distance away from the sea. In addition, the influ-
ence of discharge on water salinity in the dry season differs
from that in the wet season. In specific, the strength of the

correlation between discharge and water salinity in the wet
season (from April to October) is smaller than in the dry sea-
son (from November to January of the next year), indicating
that river discharge in the dry season has greater impacts on
water salinity than that in the wet season.

Effects of wind on inland river seawater intrusions

Figure 10 shows the relationships between the water salinity at
the Pinggang and Guangchang stations with mean, maximum,
and extreme wind speed measured at the Domen weather sta-
tion during 2011-2012, respectively. The results indicate that
the water salinity during seawater intrusions at the
Guangchang station was positively correlated with mean wind
speed (R2:0.18, p < 0.001), maximum wind speed (R2:O.09,
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p<0.02), and extreme wind speed (R?=0.10, p<0.02). At the
Pinggang station, however, the water salinity is only signifi-
cantly correlated with mean wind speed other than with the
maximum and extreme wind speed (p>0.26), largely because
the Pinggang station is located farther away from the sea. The
region around the Modaomen channel prevails northward and
northeastward wind (95%). Because the northward and north-
eastward wind is opposite to the direction of river flow (gen-
erally from northwest to southeast) but in line with the direc-
tion of seawater intrusion, the strengthening of northward and
northwestward wind is conducive to inland river seawater
intrusion.

Relative contribution of driving factors to seawater
intrusion

Table 2 shows the results of the relative contribution of river
discharges, tides, and wind speed to the water salinity in the
Modaomen channel. From Table 2, river discharge, high tides,
and wind speed are three main factors responsible for seawater
intrusion in the Modaomen channel and jointly explain 79.4%
of the variation of water salinity at the Guangchang station. In
more detail, for a daily seawater intrusion at a station, changes

river discharge

-q'.2 p.'z 06
river discharge

For panel a, b, and c, the water’s salinity does not vary remarkably during
the wet season when river flow is approximately greater than 5000 m’/
day

0.2 06

in river discharges on the previous and current day are nega-
tively correlated with water salinity at the station and both
jointly account for 58% of the 79.4% variation in water salin-
ity. In contrast, the interaction of river discharge with tide and
wind is positively correlated with water salinity, and they ex-
plain respectively 19% of the 79.4% variation of water salinity
at the Guangchang station.

Discussion

The regular pattern of seawater intrusion in recent
decades

Inland river seawater intrusion in the Modaomen channel has
a distinct annual cycle, and this cycle corresponds well with
the seasonality of wet and dry season, indicating that the up-
stream river flow plays an important role in inducing seawater
intrusion in the Channel. Because river discharge is relatively
low during the dry period of October to March of the next
year, the likelihood of seawater intrusion is high. In contrast,
because river discharge is high during the wet period of April
to September, the likelihood of seawater intrusion is low (Cui
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Fig. 10 The relationship of daily water salinity to average, maximum, and minimum wind speed at a—¢ Guangchang and d—f Pinggang station during

extreme seawater intrusion in the period of 2011-2012

et al. 2015; Gong and Shen 2011). In addition, the cycle of
water salinity corresponds also well to the cycle of tides as
suggested in Bao et al. (2009), suggesting that the rise and fall
of sea level also play an important role in triggering the sea-
water intrusion. Spatially, because river discharge suppresses
seawater intrusion and the tidal forces attenuates as the tidal
waves move upstream, the frequency and severity of seawater
intrusion experienced at a station decrease with the increased
landward distance away from the channel mouth.

Our results suggest that the severity of water salinity at a
station may not reflect the duration of seawater intrusion at that
station. This is understandable because the duration of seawater
intrusion is defined as the length of time when water salinity
exceeds 250 mg/l. When the tidal forces and upstream river

discharges keep relatively stable for a long time, the duration of
seawater intrusion at a station can last long. Differences also exist
in the frequency of seawater intrusion among different stations
(Fig. 3). This may due to the effects of interaction among river
discharges, tides, and wind on seawater intrusion in the channel.
For stations closer to the sea, the tidal forces are more likely to
outbalance the suppression of river discharge, and thus the sta-
tions will experience more seawater intrusions. Besides, the re-
lease of freshwater from upstream reservoirs may lead to differ-
ent trends in saltiness and duration of seawater intrusion along
the channel (Cui et al. 2015; Gong et al. 2014). This could help
explain the total hours and days of seawater intrusion with water
salinity exceeding 250 mg/l tended to decrease slightly at most
stations (Fig. 3).

Table 2 The relative importance

analysis by LMG method Factors p< Signs of correlation Relative contribution (%)
Discharge of today <0.001 - 28
Discharge of yesterday <0.001 - 30
Wind speed * high tide" <0.001 - 4
Discharge x high tide" <0.001 + 19
Wind speed x discharge’ <0.001 + 19
PVM? 79.4

The interaction between the two variables; PVM* is short for the proportion of variance of water salinity
explained by the model: Sa=1og(SF,.) + log(SF) + Wind x Tide + Wind x SF + Tide x SF, in which Sa refers to
water salinity; SF),,. refers to river discharge on the previous day; SF, Wind, and Tide refer to river discharge, high

tide, and wind speed on a given day, respectively.
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Effects of tides on inland river seawater intrusions

Previous studies indicated that tides in the PRE are character-
ized by different periodicities, including half-month, monthly,
and annual cycles, which are highly consistent with we ob-
served in the Modaomen channel. For example, the tides in
the PRE are characterized by major and minor tidal floods in
half a month (Chen et al. 2014), agreed well with the half-
monthly cycle of water salinities we observed in this study
(Fig. 4). Moreover, the significant correlation between the
periodicity of tides with that of water salinity at most stations
indicates that the rise and fall of tides is one of the main factors
affecting inland river seawater intrusion, especially in a dry
season (Liu et al. 2014; Lu and Du 2006; Zhang et al. 2010).

The tidal dynamic controls the variation of water salinity
along the channel when the seawater intrudes upstream.
Because of the landward progress of tidal waves, the peak of
seawater intrusion usually occurs after the appearance of
spring tide (Cheng et al. 2012). In the shortage of freshwater,
the levels of water salinity rise as the tidal forces increase
because of their cumulative effects. This explains there exists
a strong positive relationship between water salinity and high
tides as we observed in this study (Fig. 7). Additionally, due to
the time required for the tidal wave to invade landward and the
attenuation of tidal forces as waves move upstream, the peak
salinity of the water is lagged by several hours following high
tides (Fig. 8). The symmetric distribution of plotted points
against the slope line between tidal ranges and water salinities
(Fig. 7c¢, e, and f) is because the fluctuation of sea levels can
either strengthen or counteract the seawater intrusion.

Effects of river discharges on seawater intrusions

Previous studies (Lin et al. 2019; Liu et al. 2017; Twigt et al.
2009; Zhou et al. 2017) indicated that a decrease in river
discharge can trigger inland river seawater intrusion in the
Modaomen channel, consistent with what we found in this
study. For example, runoff has been considered the main or
even the decisive factor (Gong and Shen 2011) affecting sea-
water intrusions in the PRE. Once river inflow increases,
freshwater will crowd out salty water under the condition of
a certain volume of the river channel. As a result, the overall
salinity of water in the channel decreases and the inland river
seawater intrusion will be suppressed to some degree.
Therefore, changes in river discharge directly affect the inten-
sity of seawater intrusion in a year (Liu et al. 2017). This
explains why the salinity of the water at the three stations is
strongly and negatively correlated with river discharges (Fig.
9).

In recent years, the diversion of freshwater from reservoirs
in upper reaches into the Pearl River has a remarkable sup-
pression effect on seawater intrusion. Zhou et al. (2017) indi-
cated that streamflow alteration has a more direct impact on

salinity variation than sea level changes. From 2010 to 2015,
the decreasing numbers of seawater intrusion in the
Modaomen estuary were closely associated with the
dispatching of water from reservoirs in upper reach areas
(e.g., Cui et al. 2007). During some dry years, if reservoirs
in the upper reaches cannot release enough water to the river,
the seawater intrusion becomes more intense. It is why the
seawater intrusion was extremely severe in the PRE in 2011
because the reservoirs in the upper reaches cannot divert suf-
ficient fresh water into the river.

Effect of wind on inland river seawater intrusions

Our results indicate that wind speed has a strong relationship
with the variation of water salinity on a daily basis, in accor-
dance with previous studies showing that changes in wind
speed and direction affect the occurrence and retroactivity of
seawater intrusions in PRE (Chen et al. 2019; Gong et al.
2018; Kong et al., 2015; Liu et al. 2010). For example, the
local wind can strengthen seawater intrusion by lowering the
water level in the eastern part of the estuary and increasing the
bottom landward flow (Gong et al. 2018). In addition, because
wind can either push tidal waves upstream or freshwater
downstream into the sea, it can accelerate or weaken the
mixing of salt- and freshwater. Because the Modaomen chan-
nel prevails northward and northwestern wind, it is why wind
speed was found to be positively correlated with water salinity
(Table 2 and Fig. 10). Gao and Cai (2020) indicated that the
north wind speed can even change the transport way of sea-
water intrusion in Modaomen estuary. However, the duration
of wind speed is often short, and the wind direction is subject
to change. The effects of wind on water salinity are mostly
instantaneous, with little long-term interference. This explains
there is no longer a significant relationship between wind
speed and water salinity at a monthly time scale, indicating
that wind is a minor factor affecting seawater intrusions at a
long-term temporal scale.

The relative contribution of driving factors to
seawater intrusions

Our results indicate that runoff accounts for 58% of the vari-
ation of water salinity in the Modaomen channel, indicating
that river discharge is the dominant factor governing seawater
intrusion in Modaomen channel, highly in accordance with
previous studies (Chen et al. 2011; Lin et al. 2019), indicating
that river discharges contribute 57% of the variance of seawa-
ter intrusion and play the most important role. Besides, we
found that the relative contribution of tides is low by them-
selves, whereas the interactions among tides, wind, and dis-
charge play an important role in triggering seawater intrusion,
also consistent with Lin et al. (2019), suggesting that the effect
of tidal ranges is negligible in the Modaomen channel.
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However, when river discharge is low, tidal events will be-
come the most important forces triggering the upwelling of
seawater intrusion. Huang et al. (2017) indicated that tides are
the main driving force for the occurrence of severe seawater
intrusion in 2011.

The contribution of the interaction between wind and river
discharge to the variation of water salinity is about 19%,
agreeing well with Lin et al. (2019), suggesting that the effect
of wind contributes 13% of the variance of seawater intrusion
in the Modaomen channel. However, there exist strong spatial
differences in terms of wind effects on inland river seawater
intrusion (Gong et al. 2018), and changes in wind speed and
direction can either exaggerate or weaken seawater intrusion
as well as the length of intrusion in the Modaomen channel.
The study region prevails northward and northwestward wind
during the dry season, which pushes seawater upstream and
thus contributes to seawater intrusion (Wang et al. 2012).
Overall, our estimate of the overall contribution (79.4%) of
river discharges, high tides, and the wind is also highly con-
sistent with Lin et al. (2019), suggesting that a combination of
river discharge, tidal range, and winds explains 71% of the
variance of seawater intrusion in the Modaomen channel.

Conclusions

Inland river seawater intrusion in the PRE of China has be-
come severer and poses a greater threat to environmental
health and socioeconomic development in the region. The
results of this study indicate that:

1) Seawater intrusions in the Modaomen channel mainly
occur in the dry season from October to April of the next
year. The frequency, severity, and significance of seawa-
ter intrusion in the Channel decrease as the landward dis-
tance away from the sea increases. In addition, seawater
intrusion is featured by a distinct annual (369 days) and
half-monthly (14.8 days) cycle, corresponding well to
annual and half-monthly cycle of tides.

2) The water salinity in the Modaomen channel was signif-
icantly and negatively correlated with river discharge.
The closer the station is to the channel mouth, the stronger
the correlation is, indicating that the suppression of river
discharges on seawater intrusion increases downstream.
Besides, the salinity of water during seawater intrusion is
positively correlated with wind speed.

3) River discharge plays a dominant role in governing sea-
water intrusion in the Modaomen channel, while wind
acts as a minor factor over the long-term temporal scale.
River discharges, tides, and wind speed interact and joint-
ly explain 79.4% of the variation of seawater intrusion in
the Modaomen channel.

@ Springer

Overall, this study indicates that seawater intrusion in the
PRE of China mainly occurs during dry winter periods and
has distinctly half-monthly cycle. Because incoming river
flow is the dominant factor in affecting seawater intrusion in
the Modaomen channel, water resource managers should re-
alize that increasing river discharges, by such as releasing
more stored water from upstream-reservoirs to downstream
river, is the practical way to prevent inland river seawater
intrusion in the PRE. In addition, additional study that con-
siders more influencing factors such as channel bed sand
dredging and sea level rise is still needed for helping resource
managers and government to better manage seawater intrusion
in the PRE of China.
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