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Abstract Saltwater intrusion exits in estuary areas. Significant change in runoff variability (RV) has been
detected in many basins, but limited research has investigated this change’s effect on downstream
saltwater intrusion. Using measured time series, this study has statistically detected a significant trend of
increased RV and sea level (SL) rise in Nandu River Estuary, China, and analyzed their effect on the saltwater
intrusion combining the Finite Volume Community Ocean Model and Monte Carlo method. The
Mann-Kendall test and Theil-Sen estimator show that the yearly variance of the log-transformed runoff and
mean SL have significantly increased and are expected to increase by approximately 50% and 0.2 m by the
2060s, respectively, and 101% and 0.4 m by the 2100s. SL rise increases the salinity-exceeding rate
(salinity> 0.45‰, the standard for drinking water), and the increase in middle channels are higher than that
of upstream and downstream channels. With an increased RV, the model-predicted salinity-exceeding rate
decreases at downstream and increases at upstream channels, respectively. In our specific site, the location
with a constant salinity-exceeding rate is predicted to move downstream, and the maximum increase of
salinity-exceeding rate will reach 13.3% and 19.1% in the 2060s and 2100s, respectively, at the middle
channel section. The results are validated in Yangtze River Estuary and are generalized to other estuaries to
determine the change pattern of salinity-exceeding rate. Moreover, a lower RV helps to extend the channel
length with fresh water available and can be used as a management tool.

1. Introduction

Freshwater usage is concentrated in fast-growing and densely populated areas, many of which are coastal
and estuary areas where 70% of the world’s population dwell. Saltwater intrusion exists in estuaries and is
crucial to water resource utilization. Specifically, saltwater intrusion is detrimental to drinking water resources
and agricultural irrigation and can potentially corrode pumps, pipes, and valves (Chen, 2012; Yang et al.,
2015). An unsuitably high salinity will exert substantial stress on fragile estuary ecosystems by imperiling
wetland plants and decreasing the populations of aquatic organisms (Chen et al., 2015; Etemad-Shahidi
et al., 2015; Huang et al., 2015; Suen & Lai, 2013).

Estuaries are characterized by complex natural and human environments, and the water salinity is generally
influenced by various processes such as topography, sea level (SL), freshwater runoff, and wind stress
(Nguyen et al., 2012; Oude Essink et al., 2010; Yang et al., 2015). Among which, the freshwater runoff and
SL are the most important factors affecting the saltwater intrusion (Zhou et al., 2012). Quantitative relations
among salinity, runoff, and SL have been statistically and numerically studied for estuaries and lagoons,
and some specific statistical equations have been proposed to quantify such relations, at the Yangtze
(Changjiang) River Estuary and Pearl River Estuary in China (Chen et al., 2016; Yang, 2007), Cape Fear River
Estuary, San Francisco Bay, and Snohomish River in the United States (Becker et al., 2010; Chua & Xu, 2014;
Yang et al., 2015), Sumjin River Estuary in Korea (Shaha et al., 2013), Tamsui River Estuary in Taiwan (Chen
et al., 2015), and so forth. In general, the water salinity and saltwater intrusion length, that is, the distance from
river mouth to a certain isohaline (generally salinity 0.25‰, 0.45‰, or 0.5‰), are negatively correlated with
the runoff magnitude and positively correlated with the SL. Moreover, as runoff or SL increases, the salinity
stratification becomes stronger (Becker et al., 2010; Gong et al., 2007; Qiu & Zhu, 2015; Zhou et al., 2012).

Under the background of climate change, concentrations of greenhouse gases increase, atmosphere and
ocean warm, snow and ice diminish, and SL rises (Hilton et al., 2008; Intergovernmental Panel on Climate
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Change [IPCC], 2013; Oude Essink et al., 2010). According to IPCC (2013), the global mean SL have risen by
0.19 m in the last century and is expected to rise, for example, by approximately 0.32–0.63 m for
Representative Concentration Pathway (RCP) 4.5 and 0.45–0.82 m for RCP8.5 in the 2100s. Change of SL will
significantly influence the water salinity in coasts, estuaries, and lagoons. Focusing on the Chesapeake Bay
and Apalachicola Bay in the United States (Hong & Shen, 2012; Huang et al., 2015), Yangtze River Estuary
in China (Qiu & Zhu, 2013), Bahmanshir Estuary in Iran (Etemad-Shahidi et al., 2015), Gorai River in
Bangladesh (Bhuiyan & Dutta, 2012), and Puzih River in Taiwan (Suen & Lai, 2013), researches show that SL
rise enhances saltwater intrusion and stratification in different estuaries due to varying topographic and
hydrological conditions and extends the duration of high salinity. Chen et al. (2015) and Hong and Shen
(2012) show that the residence time of the water in the estuary, bay, or lagoon will also increase as SL rises.

Meanwhile, owing to the upstream reservoir operation and changes in precipitation and snowmelt, the mean
and variability of runoff are changing, which has thus affected the downstream saltwater intrusion. In the
Manatee River Estuary, Euphrates River, and Yangtze River, the declining magnitude of runoff in recent years
has resulted in a higher salinity and longer intrusion length in the estuary (Chen, 2012; Chen et al., 2001; Rahi
& Halihan, 2010). Especially in dry seasons, the influence is much stronger (Chen et al., 2001). Meanwhile, the
runoff variability (RV) has also changed in river basins such as the Pearl River Estuary, Poyang Lake Basin,
Songhua River, and some rivers in the northwest United States (Gu et al., 2016; Lin et al., 2017; Luce &
Holden, 2009; Tu et al., 2015; Xie et al., 2011). However, the effect of changes in RV on the saltwater intrusion
remains unknown, and a detailed quantitative analysis is needed. Moreover, to study the effect of RV on salt-
water intrusion, the temporal distribution characteristic of runoff should be involved, while no research avail-
able of saltwater intrusion has considered this.

The present study aims to evaluate the long-term changes in runoff and SL and their impact on saltwater
intrusion in estuaries. The temporal distribution characteristic of runoff is combined with the common used
Finite Volume Community Ocean Model (FVCOM) and Monte Carlo method, and the methodology is devel-
oped to obtain the salinity-exceeding rate (Ps). This study focus on a field site located at the Nandu River
Estuary (NRE), which is the main freshwater resource of Haikou and the northeast Hainan Province, China.
In specific, we are interested in understanding how changes in RV and SL affect the saltwater intrusion risks
in different regions of the estuary. The paper is organized as follows: Section 2 describes the methodology,
including the study framework, study area, data sets, trend analysis, prediction of runoff and SL, and numer-
ical modeling and simulations; section 3 presents the results of the trend analysis, numerical simulations, and
risk analysis of saltwater intrusion scenarios under different runoff and SL scenarios; section 4 presents an
extended discussion; and section 5 draws conclusions.

2. Methodology
2.1. Study Framework

The study framework includes four main steps. First, according to measured historical data, the long-term

trend in the yearly mean ln qð Þ and variance S2(ln(q)) of the log-transformed runoff and the mean SL h are
analyzed using the Mann-Kendall (MK) test. Second, the conditions of runoff and SL in the 2060s and
2100s are evaluated using Theil-Sen estimator (β). The cumulative frequency distributions of daily runoff
are determined for different RVs, and sets of runoff values are generated using random numbers ranging
from 0 to 1 to simulate the runoff frequency distribution. Third, the FVCOM is applied to the NRE, hydrody-
namic and salinity simulations are conducted, and the salinity-runoff curves for sections along the estuary
are obtained. Fourth, based on the generated runoff values and salinity-runoff curves, using Monte Carlo
method, we evaluate the salinity-exceeding rate (Ps) along the estuary under various scenarios. The flowchart
is summarized in Figure 1.

2.2. Study Area and Data Sets

NRE is located in the northeastern Hainan Province, China, and is the 26-km waterway from the Longtang
Dam (hydrological station) to the river mouth (Figure 2). It is affected by the saltwater intrusion from the
Qiongzhou Strait, South China Sea. Owing to the low-lying terrain and small bottom slope caused by decades
of sand overexcavation, the estuary salinity tends to be high, which imposes negative effect on the fresh-
water utilization. In recent years, global SL rise has been detected in South China Sea (Cheng et al., 2014;
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Xu et al., 2017), along with potential hydrological change under climate change, the risk assessment of salt-
water intrusion is imperative.

The digital elevation model data used for numerical modeling include two parts, one covering the NRE and
Qiongzhou Strait, measured in the year 2013 with a 30-m resolution, and the other covering the open sea
from the Shuttle Radar Topography Mission (SRTM) data with a 90-m resolution (Jarvis et al., 2017). Daily
mean values of runoff from 1980 to 2014 measured by the Longtang hydrometric station upstream NRE
(Figure 2) were used to test the long-term trend of runoff. The measured runoff data can reflect the natural
hydrology of NRE: There are no large hydraulic projects upstream the NRE, the regulation capacity of
Longtang Dam on the runoff is negligible because of small storage capacity, and there is currently no local
inflow or water intake in the NRE. Daily mean tide level from 1980 to 2014 recorded by the Haikou tide gauge
station were used to test the long-term trend of SL. The Haikou tide gauge station recorded the daily mean
and high and low tide levels of NRE and is hardly influenced by the freshwater runoff, which can reflect the
diurnal variations of tide level.

Figure 2. Location and model grids of NRE. S1, S2, and S3 are water level, velocity, and salinity monitoring stations 0, 5.4,
and 9.8 km upstream from the river mouth, respectively. RMSE = root-mean-square error; SS = skill score.

Figure 1. Flowchart of the methodology to evaluate the risk of saltwater intrusion. FVCOM = Finite Volume Community
Ocean Model.
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2.3. Trend Analysis and Prediction of Runoff and SL
2.3.1. Indexes for Trend Analysis
In the trend analysis of runoff and SL, the evaluation indexes include the

yearly mean ln qð Þ and variance S2(ln(q)) of the log-transformed runoff

and the yearly mean SL h , which are then used to generate future
scenarios. In the curve fitting andmodel calibration, we evaluate the fitting
effect and model performance by the root-mean-square error (RMSE) and
skill scores (SSs; Chen et al., 2016; Dias et al., 2009; He et al., 2017; Hong &
Shen, 2012; Warner, 2005). The simulation can be classified into four
categories by SS: >0.65, excellent; 0.5–0.65, very good; 0.2–0.5, good;
and <0.2, poor.

The runoff data are first log-transformed (Kizza et al., 2011; Xia et al., 2014),
and the common used Gaussian distribution is adopted, whose fitting
effect is proven to be better than the Pearson III distribution here. There
are as much as 12,775 measured values to be fitted, and the mean μ in

the Gaussian distribution is set as the log-transformed mean runoff, and the variance σ2 is determined
through repeated adjustment, to obtain a smaller RMSE value and larger SS value. Figure 3 shows the
baseline accumulative frequency distribution of runoff, based on the measured runoff data by Longtang
hydrological station upstream NRE during 1980–2014, which fits the Gaussian distribution with a mean of
4.64 and variance 0.72. The RMSE is 0.05, and the SS reaches 0.99.

ln qð Þ∼N μ; σ2
� �

;μ ¼ 4:64; σ2 ¼ 0:7; (1)

F qð Þ ¼ e∫
ln qð Þ
�∞

1
σ
ffiffiffi
2π

p e
� t�μð Þ2

2σ2 dt
; 0 < q < þ∞; (2)

where q is the runoff (m3/s), F is the accumulative frequency distribution of runoff, μ is the mean, and σ2 is the
variance of the Gaussian distribution.
2.3.2. Trend Analysis Methods
The MK test and Theil-Sen estimator (β) are used to test the significance and quantify the change rate of the
long-term trend of runoff and SL, respectively. The nonparametric MK test has been widely used to test the
significance of the long-term trend (Gu et al., 2016; Li et al., 2014; Zhang et al., 2011). For a time series of
hydrological variable xi (i = 1,2,3, …,n), under the null hypothesis H0 of no change, the normalized statistic
index UFk is calculated. A positive (negative) value of UFk demonstrates an increasing (decreasing) trend.
When UFk exceeds the confidence interval in the two-tailed test, the null hypothesis H0 is rejected, indicating
a significant increasing or decreasing trend of the time series and vice versa. Serial correlation may cause
uncertainty in the original MK test (Gu et al., 2016; Li et al., 2014; Zhang et al., 2011), and the prewhitening
method is applied to avoid serial correlation through removing the lag-1 serial correlation (r1) of time series.

If ra = �0.05 ≤ r1 ≤ ra = +0.05, where ra = ±0.05 = (�1 ± 1.96
ffiffiffiffiffiffiffiffiffiffiffi
n� 2

p Þ= n–1ð Þ, the time series can be judged as inde-
pendent at the 0.05 significance level, and the original MK test is practical. Otherwise, the prewhitening
should be first conducted, and the new time series can then be used to estimate the significance of trend
using MK test.

Theil-Sen estimator (β) is a distribution-free method proposed by Theil (1950) and Kumar Sen (1968) to
quantify the change slope of time series xi (i = 1, 2, 3,…, n). It has been widely used in trend analysis of stream
flow and water quality, covering Europe, Iran, China, and so forth (Clarke, 2013; Gu et al., 2016; Hannaford &
Buys, 2012; Hirsch et al., 1982; Li et al., 2014; Stahl et al., 2010) and is expressed as follows:

β ¼ Median
xj � xi
j � i

� �
∀1 < i < j < n: (3)

A positive (negative) value of β demonstrates an increasing (decreasing) trend, and a larger value of |β| indi-
cates a faster change trend.

Figure 3. Comparison of the measured and fitted cumulative frequency dis-
tribution of daily runoff.
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2.3.3. Simulation of Daily Runoff Distributions Using
Random Numbers
For each scenario, a set of 10,000 random numbers ranging from 0 to 1 are
generated, which act as the accumulative frequency. Then based on the
cumulative frequency distribution of runoff, a set of 10,000 runoff values
corresponding to the random numbers is obtained, and the frequency dis-
tribution of daily runoff is simulated.

2.4. Three-Dimensional Hydrodynamic and Salinity Numerical Model
2.4.1. Model Setup
The FVCOM is applied to build the 3-D numerical model for the hydrody-
namic and salinity simulation. FVCOM is a prognostic, unstructured-grid,
finite-volume, free-surface, three-dimensional model originally developed

by Chen et al. (2013). It has been verified and successfully applied in the hydrodynamic and salinity simulation
of the Yangtze River Estuary, Pearl River Estuary, Sumjin River Estuary, Chesapeake and Delaware Bays, and so
forth (Ge et al., 2013; Ross et al., 2017; Shaha et al., 2013; Yuan et al., 2015). The model consists of momentum,
continuity, temperature, state equations, and so forth. The modified Mellor and Yamada level 2.5 turbulent
closure scheme for vertical mixing is employed.

Themodeling scope covers NRE, Qiongzhou Strait and some of the open sea, as shown in Figure 2. Because of
the unstructured triangular grid, the model fits well with the complicated coastlines and embankment lines.
To balance the computational accuracy and efficiency, the grid size varies from 30 m in the estuary to 8 km at
the open boundary. In some areas with complex terrain and anomalistic boundary, the grid resolution is
refined to 20 m, and the total number of grids is 23,662. To achieve a good quality of grid, the angles of tri-
angular grids are in the range of 30–100°. The domain is vertically divided into 15 layers. The roughness
heights are set as 0.001–0.005 m, and the time steps for the external and internal modes are 0.15 and
1.5 s, respectively.
2.4.2. Boundary and Initial Conditions
The upstream boundary condition in the south is set as freshwater runoff discharge released from the
Longtang Dam. The eastern and western open boundaries are set with an unsteady water level and a con-
stant salinity (33‰). The unsteady water level is calculated with the mean SL and eight primary astronomical
constituents, that is, M2, S2, N2, K2, K1, O1, P1, and Q1. The astronomical constituents are extracted from the
global model of ocean tides TPXO (Ge et al., 2013; Ross et al., 2017; Shaha et al., 2013; Yuan et al., 2015), which
has proven its accuracy in predicting tides in the South China Sea and other oceans (Beardsley et al., 2004;
Shang et al., 2015). In addition, the values of the wind speed and direction, the air and water temperature,
the precipitation, and the evaporation rate are input.

The initial water level is set as the mean SL of the open boundaries, and the initial velocity of the modeling
area is 0. The initial salinity at the NRE is set as 0, and the initial salinity at the Qiongzhou Strait and open seas
is set as 33‰. Considering the duration of a tidal cycle and the computation rate, the simulation duration is
set as 60 days. The first 10 days were found to be adequate for the model to warm up, and the effect of initial
condition was eliminated. The results of the last 50 days are used in the salinity analysis.
2.4.3. Model Calibration
To calibrate the numerical model, a simulation covering 15 January to 15 February 2009 is conducted. The
upstream boundary condition is set as measured time series of runoff from Longtang hydrological station
(Figure 4), and the open boundary condition is set as the time series of water levels extracted from TPXO.
During these periods, there is no precipitation, and the measured wind speed and direction, and air and
water temperature are input. By comparing the model results with measured data during a neap tide
(7 February 2009 9:00 a.m. to 8 February 2009 10:00 a.m.) and spring tide (11 February 2009 10:00 a.m. to
12 February 2009 11:00 a.m.), the parameters are adjusted. Figure 5 shows the simulated results and mea-
sured values of the water level, surface velocity, and vertical salinity distribution at S1, S2, and S3 which
are 0, 5.4, and 9.8 km from the river mouth, respectively (in Figure 2).

Figure 5 shows that for the calibration of water level, velocity, and salinity, the RMSE values are 0.11, 0.25, and
2.86, respectively, and the SSs are 0.99, 0.91, and 0.95, indicating a good fit. The errors of velocity and salinity
maymainly come from the errors of measurements or topography caused by sand accumulation and erosion.

Figure 4. Boundary conditions of runoff and wind speed in the model
calibration.
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In total, considering the complexity of the factors influencing the salinity in the estuary, the fitting results are
considered satisfactory, confirming that the numerical model can be used to simulate the temporal-spatial
distribution of hydrodynamics and salinity.
2.4.4. Sensitivity Analysis
The adopted parameters and boundary variables of the numerical model include bottom roughness height,
number of vertical layers, runoff, SL, air temperature, wind speed, and precipitation, and a sensitivity analysis
is performed. In the baseline case of the sensitivity analysis, the bottom roughness height is 0.001–0.005 m,
the number of vertical layers is 15, and the average means of runoff (105 m3/s), SL, wind speed and direction
(3.4 m/s and east), air temperature (23.8 °C), precipitation (1,592.7 mm/year), and evaporation rate
(1,150 mm/year) are input. The calculated values of bottom salinity in S2 and S3 (see Figure 2) are extracted,
as shown in Table 1.

The sensitivity analysis indicates that the model output is sensitive to the freshwater runoff and SL. Change of
bottom roughness height within a certain scope has a limited impact on the outputs. When the number of
vertical layers increases, the bottom salinity of stations 2 and 3 remains basically unchanged, and it slightly
decreases after the number of vertical layers decreases. The output is not sensitive to air temperature, preci-
pitation, and wind speed. In general, the model output is more sensitive to the freshwater runoff and SL than
other meteorological variables, and the number of vertical layers is considered satisfactory.

2.5. Model Scenarios

Section 3.1 shows that the yearly mean runoff has not significantly changed in the long term, while significant
trends of increased RV and SL rise are detected. Sevenmodel scenarios are set to study the effect of RV and SL
on saltwater intrusion, as summarized in Table 2. The changes of RV and SL are considered as a linear trend
plus noise, and the future RV and SL are projected based on the trend analysis using the robust Theil-Sen esti-
mator (β; section 3.1). The baseline (A0) uses the present runoff frequency distribution and mean SL mea-
sured during 1980–2014. Scenarios A1 and A2 use the present SL and projected RV, scenarios A3 and A4
use the present RV and projected SL, and scenarios A5 and A6 use the projected RV and SL.

In addition, changes of tidal constituents caused by SL rise are considered. Kuang et al. (2017) indicate that
change of tidal characteristics in the eastern open boundary of this model is little, while the M2 and K1 ampli-
tudes of the western open boundary will increase by 5% and 1%, respectively, if SL rises by 0.5 m.
Approximately, as SL rises by 0.2 m (A3 and A5) and 0.4 m (A4 and A6), the M2 amplitude of western open
boundary is projected to increase by 2% and 4%, respectively, and the K1 amplitude is projected to increase
by 0.4% and 0.8%.

In the baseline, the yearly mean values of the wind speed and direction (3.4 m/s), air temperature (23.8 °C),
solar radiation (141 W/m2), precipitation (1,592.7 mm/year), and evaporation rate (1,150 mm/year) are input.
And their long-term changes in future scenarios (A5 and A6) are calculated based on related researches:

1. change rate of mean solar radiation: 0.021 MJ/(m2·10 years) (Li et al., 2016);
2. change rate of mean precipitation: �1.9 mm per 10 years (Wu et al., 2009);
3. change rate of mean wind: �0.053 m/(s·10 years) (Wang, 2014);
4. mean air temperature is expected to increase by 1–1.5 °C and 1.5–2 °C for year 2046–2065 and 2081–2100,

respectively, relative to 1986–2005 (IPCC, 2013).
Figure 6 shows the probability density function and cumulative frequency distribution of runoff under differ-
ent RV scenarios. With the increase in the yearly variance at a constant mean runoff, the probability density
around the mean (40–280 m3/s) decreases, and the probability densities of large runoff (>280 m3/s) and
small runoff (<40 m3/s) increase. Correspondingly, the cumulative frequency above 105 m3/s increases,
and the cumulative frequency below 105 m3/s decreases.

2.6. Obtainment of Salinity-Runoff Curves

By setting different boundary conditions of runoff, the numerical model can simulate the temporal-spatial
distribution of salinity, the time-averaged salinity during the simulation along the estuary can be calculated,
and the salinity-runoff curves are obtained. Due to salinity stratification, the water salinity of lower layer is
higher than that of upper layer, we choose the bottom salinity to calculate the salinity-runoff curves.
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Figure 5. Model calibration of the water level, surface velocity, and vertical salinity distribution. The line represents the cal-
culated values, while the dots represent the measured values.
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2.7. Quantification of the Saltwater Intrusion Risk Using Monte
Carlo Method

A salinity of 0.45‰ is the standard for drinking water (Qiu & Zhu, 2013;
World Health Organization, 2011; Yuan et al., 2015) and is selected as the
criterion of salinity-exceeding here. Using a set of runoff values corre-
sponding to each random number, daily runoff distribution is simulated
for different RV. Based on the salinity-runoff curves and Monte Carlo simu-
lations (Herckenrath et al., 2011; Riva et al., 2015), the probability that bot-
tom salinity exceeds 0.45‰ under this set of runoff values is statistically
calculated, and the salinity-exceeding rate (Ps) is used to quantify the risk
of saltwater intrusion.

Ps ¼ ns
n
; (4)

where Ps is the salinity-exceeding rate for a certain location, qi is the ith
value of runoff generated from random numbers, n is the amount of ran-
dom numbers, ns is the times that Sqi exceeds 0.45‰ among the runoff
values for a certain location, and Sqi is the time-averaged salinity during
the simulation for a runoff of qi.

3. Results
3.1. Trend Analysis of Freshwater Runoff and SL

Figure 7 shows the trend analysis of the yearly mean ln qð Þ and variance S2(ln(q)) of the log-transformed run-

off and the yearly mean SL h, based on the time series of runoff measured by Longtang hydrological station
and tide level measured by Haikou tide gauge station during 1980–2014. The lag-1 serial correlation (r1) of

time series ln qð Þ , S2(ln(q)), and h are 0.326, 0.173, and 0.818, respectively, and the time series of ln qð Þ and
h are firstly prewhitening. For the runoff, the Theil-Sen estimator (β) of ln qð Þ and S2(ln(q)) are 0.0009 m3/

(s·year) and 0.0078 m6/(s2·year), respectively. Based on the MK test, the UFk curve of ln qð Þ remains in the
range of the ±0.05 significance level, implying insignificant change. The UFk curve of S

2(ln(q)) is above 0 after
the year 2005 and exceeds the +0.05 significance level after the year 2010, showing a significant increasing

trend. For the sea level, the β ofh is 0.0044 m/year, the UFk curve exceeds the +0.05 significance level after the
year 1999, indicating a significant increasing trend over the long term. In general, the yearly mean runoff does
not show a significant change in the long term, while significant trends of increased RV and SL rise are
detected in NRE.

The identified significant trends in Figure 7 are used to predict the RV and SL for the 2060s and 2100s. The
change rate of S2(ln(q)) is 0.0078 m6/(s2·year), and the S2(ln(q)) is predicted to reach 1.05 and 1.40 and
increase by +50% and + 101% relative to 2010s, respectively, by the 2060s and 2100s. The increase rate of

h is 0.0044 m/year, which is close to the prediction of Cheng et al. (2014; 5.1 ± 0.8 mm/year), and Xu et al.

(2017; 4.25 mm/year) for South China Sea. The h for NRE is expected to rise
by approximately 0.2 and 0.4 m in the 2060s and 2100s, respectively,
which is in the range of the predictions of RCP2.6 (2060s: 0.17–0.32 m;
2100s: 0.26–0.55 m), RCP4.5 (2060s: 0.19–0.33 m; 2100s: 0.32–0.63 m),
and RCP6.0 (2060s: 0.18–0.32 m; 2100s: 0.33–0.63 m) of IPCC (2013).

3.2. Effect of RV

The model scenarios A0, A1, and A2 in Table 2 are used to study the effect
of RV. The average bottom salinity under different runoff values is numeri-
cally calculated, and the salinity-runoff curves of different sections along
the estuary are obtained. Figure 8a shows the salinity-runoff curves for
the sections 4.9, 11.0, and 20.2 km from the river mouth. As runoff
increases, the tidal effect of the open sea reduces, and bottom salinity

Table 1
Result of Sensitivity Analysis

Parameter Change

Bottom
salinity (‰)

Relative
change

S2 S3 S2 (%) S3 (%)

Baseline 13.41 1.96 — —
Bottom roughness height +10% 13.26 1.89 �1.1 �3.7

�10% 13.56 2.04 1.2 4.0
Number of vertical layers +5 13.53 2.01 0.9 2.7

�5 12.94 1.85 �3.5 �5.5
Freshwater runoff +10% 12.58 1.44 �6.2 �26.6

�10% 14.27 2.62 6.5 33.9
Sea level +0.1 m 14.23 2.52 6.1 28.6

�0.1 m 12.54 1.49 �6.5 �24.1
Air temperature +10% 13.37 1.93 �0.3 �1.3

�10% 13.44 1.99 0.3 1.4
Precipitation +10% 13.35 1.94 �0.4 �1.1

�10% 13.42 1.96 0.1 0.1
Wind speed +10% 13.40 1.96 0.0 �0.1

�10% 13.41 1.96 0.0 0.0

Table 2
Model Scenarios

Number Description
Freshwater

runoff
Mean sea

level

A0 Baseline Present RV and SL
A1 Change in S2(ln(q)) only S2(ln(q)) + 50% Present SL
A2 S2(ln(q)) + 101% Present SL
A3 Change in h only Present RV h + 0.2 m
A4 Present RV h + 0.4 m
A5 Change in S2(ln(q))

and h
2060s S2(ln(q)) + 50% h + 0.2 m

A6 2100s S2(ln(q)) + 101% h + 0.4 m

Note. RV = runoff variability; SL = sea level.
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decreases. When runoff is below 35, 105, and 560 m3/s at the 4.9-, 11.0-, and 20.2-km sections, respectively,
bottom salinity exceeds 0.45‰.

Based on the generated runoff values and salinity-runoff curves, using Monte Carlo method, the values of
salinity-exceeding rate (Ps) along the estuary are obtained, as shown in Figure 8b. With an increased RV, only
the Ps at approximately 11.0 km from the river mouth remains constant because the only invariant point in
the cumulative frequency distribution of the runoff is 105m3/s (see Figure 6), under which the bottom salinity
at the 11.0-km section is exactly 0.45‰. Downstream from the 11.0-km section, because of the short distance
from the river mouth, only a large runoff canmake the salinity below 0.45‰, and Ps decreases. When S2(ln(q))
increases by 101%, Ps decreases by a maximum of 8.3% (at the 7.9-km section). The situation is reversed for
the channels upstream from the 11.0-km section. With an increased RV, the frequency of small runoff
increases, so the corresponding Ps increases with a maximum of 8.4% occurring at the 19.4-km section. In
view of entire estuary, the mean Ps will slightly increase from 47.9% (A0) to 48.6% and 49.1% when
S2(ln(q)) increases by 50% and 101%, respectively. In summary, with an increased RV, the Ps decreases down-
stream and increases upstream from the 11.0-km section.

Figure 6. Probability density function and cumulative frequency distribution of runoff under different runoff variability
scenarios.

Figure 7. Time series and Mann-Kendall test of the yearly mean ln qð Þ and variance S2(ln(q)) of the log-transformed runoff
and the mean sea level h.
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3.3. Effect of SL

Figure 9a shows the salinity-runoff curves of the 11.0-km section at different SL. As SL rises, the tidal effect of
the open sea increases, the salinity increases, and the critical runoff, at which the bottom salinity is exactly
0.45‰, increases. At the 11.0-km section, the critical runoff reaches approximately 125 (+20) and 145 m3/s
(+40 m3/s) for a SL rise of 0.2 and 0.4 m, respectively.

Figure 9b shows that SL rise increases the Ps along the entire estuary. The change in Ps first increases and then
decreases from the river mouth to the upstream region. Downstream from the 5.0-km section, the salinity is
very high, and Ps approaches 100%, so the increase in Ps imposed by the SL rise is limited (<1%). Upstream
from the 5.0-km section, the influence of the SL rise increases. The channel between the 9.0- and 19.0-km sec-
tions is more sensitive than other regions, and the increase in Ps exceeds 10% when SL rises by 0.4 m. At the
11.3-km section, the increase in Ps reaches 14.7%. Upstream from the 11.3-km section, the influence of SL rise
gradually decreases due to the long distance from the river mouth. In view of entire estuary, the mean Ps will
increase from 47.9% (A0) to 51.23% and 55.0% when SL rises by 0.2 and 0.4 m, respectively. In summary, SL
rise intensifies the saltwater intrusion, especially in the middle channel of the NRE.

3.4. Risk Assessment of Saltwater Intrusion in the 2060s and 2100s

Figure 10a shows the joint impact of increased RV and SL rise on saltwater intrusion risks in the 2060s and
2100s. An increased RV decreases the Ps in the downstream channel and increases the Ps in the upstream
channel. Impacted by SL rise, the Ps curve rises, and the invariant section moves downstream from 11.0 to
8.6 km (8.2 km) from the river mouth in the 2060s (2100s). The maximum increase in Ps reaches 13.3% (at
the 17.4-km section) and 19.1% (at the 18.2-km section) in the 2060s and 2100s, respectively. In view of entire

Figure 8. (a) Salinity-runoff curves of the sections 4.9, 11.0, and 20.2 km from the river mouth. (b) Salinity-exceeding rate
under different runoff variability scenarios.

Figure 9. (a) Salinity-runoff curve of the 11.0-km section at different sea level scenarios. (b) Salinity-exceeding rate at dif-
ferent sea level scenarios.
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estuary, the mean Ps will increase from 47.9% (A0) to 51.73% and 55.4% in the 2060s and 2100s. In general,
the channel where Ps increases lengthens, and the mean risk of saltwater intrusion in NRE increases.

3.5. Comparison and Independence Analysis of the Effect of RV and SL

A higher SL generally increases the Ps along the entire estuary, while the effect of the increased RV is mixed
with reduced Ps for the downstream channel and enhanced Ps for the upstream channel. To determine the
relative contribution of RV and SL to the saltwater intrusion, we extract the changes in Ps from the baseline
value to the predicted value in the 2100s with each factor considered individually (Figure 10b). The absolute
area ratio of Ps caused by the change of RV to SL is approximately 0.70, indicating that the influence of the
latter is more significant than the former.

To determine whether the effect of RV and SL are correlated, an independence analysis is performed.
Figure 11a shows the changes in Ps along the estuary when the S2(ln(q)) increases by 101% in scenarios A0
to A2, and A4 to A6. The change in Ps is distinguishable at different SL. The invariant section moves upstream
from the 11.0- to 13.4-km section at a higher SL, and Ps in the estuary increases. The invariant section is
located where bottom salinity is 0.45‰ at the runoff of 105 m3/s, which moves upstream from the 11.0-
km section to the 13.4-km section as SL rises. Figure 11b shows the changes in Ps when SL rises by 0.4 m
in scenarios A0 to A4, and A2 to A6. When RV increases, the increase in Ps becomes smaller in the middle
of the channel and larger in the downstream and upstream regions of the channel. For the downstream
and upstream channel regions, the Ps values are dominated by the large and small runoff, respectively, which
become more frequent under a higher RV. Thus, the change in Ps increases and vice versa for the middle
channel. In general, the influences of RV and SL on the saltwater intrusion are correlated, and their combined
effect cannot be calculated by a simplified linear superposition of each factor.

4. Discussion

Our results show that the estuary can be divided into two parts at an invariant section in terms of the Ps
changes. Compared with the baseline, the Ps in the upstream channel increases under the combined effect
of increased RV and SL rise, while the Ps in the downstream channel decreases, mainly due to the increased
RV. The invariant section with a constant Ps is located where bottom salinity is 0.45‰ under the mean runoff.
In the present SL, the invariant section is located at the 11 km from the river mouth. When SL rises, the invar-
iant section moves downstream. Water resource utilization should be adjusted according to the results to
adapt to climate change and prevent saltwater intrusion. For the areas with high saltwater intrusion risk, such
as the downstream NRE with low-lying terrain and low mean runoff, administration should utilize the
increased large runoff promoted by an increased RV. While for the areas with low saltwater intrusion risk, such
as the upstream NRE, or the Yangtze River estuary with large mean runoff, or somewhere with high bottom
terrain, administration should watch out for the SL rise and increased small runoff promoted by an increased
RV and vice versa.

Figure 10. (a) Salinity-exceeding rate along the estuary in the 2060s and 2100s. b) Comparison of the effect of RV and SL in
the 2100s. RV = runoff variability; SL = sea level.
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The results of this paper are consistent with other estuaries besides NRE. For the Yangtze River Estuary whose
mean freshwater runoff during 1950–2011 is up to 28,300 m3/s (Chen et al., 2016), and the stations of
Dongfengxisha, Chenhang, and Qingcaosha Reservoirs are in the upstream of invariant section of Ps (Qiu &
Zhu, 2013). With the regulation of the upstream Three Gorge Reservoir, the RV of estuary increases, and
the salinity-exceeding durations at above three stations were proven to decrease, indicating a lower salt-
water intrusion risk upstream the invariant section. Moreover, Rice et al. (2012) and Vargas et al. (2017) also
show that the increase of salinity is larger in the middle-to-upper channel than in lower and upper channels.

The invariant section of Ps can be determined for other estuaries to evaluate the change pattern of saltwater
intrusion risk. Take the Dongjiang River at the Pearl River Estuary, for example; Yang (2007) shows that its
mean runoff is 744 m3/s, at which the invariant sections are approximately 11.0 and 19.0 km from the river
mouth for the north branch and south branch, respectively. Xie et al. (2011) and Tu et al. (2015) show that
RV decreases in recent decades. Hence, under this trend, for the north branch (south branch), the Ps is
expected to increases downstream from the 11.0-km (19.0-km) section and decreases upstream from this
section. Moreover, the locations of invariant section for some estuaries in the world are summarized
(Table 3), and the change pattern of Ps can be determined once hydrological changes are detected.

Meanwhile, change of RV influences the channel length with fresh water available. According to the Ministry
of Housing and Urban-Rural Development of the People’s Republic of China (2009), the probability of urban
water supply should reach 90%, that is, the Ps should be no larger than 10%. Under present RV, the lowest
section satisfying the water supply requirement is located at 20.2 km from the river mouth, respectively. If
the S2(ln(q)) is reduced, for example, by 25% and 50%, the frequency of extreme small runoff decreases,
and the lowest sections satisfying the water supply requirement will move downstream to 19.4 and
17.7 km, respectively. Hence, a decreased RV helps to extend the channel length with fresh water available
and can be used as a management tool by pushing the salinity risks downstream. In practice, a regulating
facility such as reservoir can be built upstream the estuary to control the freshwater runoff and improve
the fresh water availability.

Figure 11. Independence analysis of the effect of RV and SL. (a) Changes in Ps when S
2(ln(q)) increases by 101%. (b) Changes in Ps when SL rises by 0.4 m. RV = runoff

variability; SL = sea level.

Table 3
Locations of Invariant Point for Some Estuaries

Estuary
Mean runoff

(m3/s) Sea level
Distance of invariant section
from the river mouth (km) Source

Dongjiang River at the Pearl River Estuary, China 744 Present SL North branch: 11South branch: 19 Yang (2007)
San Francisco Bay, USA 800 Present SL 73 Chua and Xu (2014)

SL + 0.46 m 75
Tamsui River, Taiwan 133.7 Present SL 17.7 Chen et al. (2015)

SL + 1.05 m 20.6
SL + 1.40 m 21.2

Bahmanshir Estuary, Iran 35 Present SL 38 Etemad-Shahidi et al. (2015)
Sumjin River Estuary, Korea 86.3 Present SL 16.8 Shaha et al. (2013)
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There are some limitations in this study. First, as the amount (12,775) of measured daily runoff to be fitted is
giant, and there is no common curve to quantify the frequency distribution of daily runoff, the curve fitting
using Gaussian distribution may cause some errors. The results show that the Ps of downstream and
upstream channel is dominated by the large and small runoff, respectively, so the curve fitting of the tails
directly influences the calculated Ps. This paper studies the whole estuary, and both the large and small run-
offs are all paid attention. In further study, if we mainly focus on the saltwater intrusion risk in downstream
channel, we should make the frequency of large runoff fitted better and vice versa for the upstream channel.
Second, long-term changes in runoff and SL are very complex, and we mainly focuses on their effect on sali-
nity and predict their variation trend through MK tests and Theil-Sen estimator. In further study, more predic-
tion method of these two variables can be developed and validated.

5. Conclusion

Saltwater intrusion poses negative impact on industrial, agricultural, and daily-life water utilization, and the
risk assessment of saltwater intrusion is helpful for freshwater resources management. Considering climate
change, we analyze the long-term trend in the runoff and SL of the NRE and study their effects on the
saltwater intrusion. The work is split into four main parts: (a) trend analysis of runoff and SL, (b) generation
of runoff values simulating the frequency distribution, (c) establishment of 3-D model and obtainment of
salinity-runoff curves, and (d) calculation of Ps. Major conclusions can be drawn as follows:

1. Using data measured during 1980–2014, we identify significant trends of increased RV and SL rise. In the
2060s, the yearly variance of the log-transformed runoff S2(ln(q)) and the mean SL h will increase by
approximately 50% and 0.2 m, respectively. In the 2100s, they become 101% and 0.4 m, respectively.

2. Under an increased RV, the Ps decreases downstream from the section 11.0 km from the river mouth and
increases upstream from this section. When S2(ln(q)) increases by 101%, the maximum decrease and
increase in Ps reach 8.3% (section at 7.9 km) and 8.4% (section at 19.4 km), respectively.

3. SL rise increases the Ps of whole estuary, and the middle channel (9.0–19.0 km) is more sensitive than
other parts of the channel. As SL rises by 0.4 m, the increase in Ps exceeds 10%. At the 11.3-km section,
the increase in Ps reaches 14.7%. The influence of SL is more significant than that of RV.

4. In the 2060s and 2100s, the invariant section moves downstream from the 11.0-km section to the 8.6- and
8.2-km sections, respectively. Correspondingly, the maximum increase in Ps reaches 13.3% at the 17.4-km
section and 19.1% at the 18.2-km section. The estuary can be divided into two parts at an invariant sec-
tion. The Ps of upstream channel will increase due to SL rise andmore frequent small runoff under a higher
RV, and the downstream should utilize the fresh water promoted by RV increase.

5. The influence of RV is validated in Yangtze River Estuary, and the change pattern of saltwater intrusion risk
and the locations of invariant point for some estuaries in the world are evaluated. Moreover, a lower RV
extends the channel length with fresh water available and can be used as a management tool by pushing
the salinity risks downstream.

This study provides a theoretical basis for freshwater management under climate change, and the change
patterns regarding the saltwater intrusion risks can be generalized as a reference for other estuaries.

Appendix A: Notation and Nomenclature

The following symbols are used in this paper.
a confidence interval
β Theil-Sen estimator

FVCOM Finite Volume Community Ocean Model
h mean sea level
H0 null hypothesis of the MK test

IPCC Intergovernmental Panel on Climate Change
ln qð Þ yearly mean of the log-transformed runoff

MK test Mann-Kendall test
NRE Nandu River Estuary

n amount of random numbers
ns times that sqi exceeds 0.45‰ among the runoff values
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N(μ, σ2) Gaussian distribution; μ is the mean, and σ2 is the variance
Ps salinity-exceeding rate for a certain location

RCP Representative Concentration Pathway
RMSE root-mean-square error

RV runoff variability
r1 lag-1 serial correlation
SL sea level

SRTM Shuttle Radar Topography Mission
qi ith value of runoff generated from random numbers
S water salinity
sk accumulative statistic index of MK test
Sqi time-averaged salinity during the simulation for a runoff of qi
SS skill score

S2(ln(q)) yearly variance in the log-transformed runoff
TPXO global model of ocean tides from Egbert and Erofeev (2002)
UFk the normalized statistic index of MK test
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