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Abstract: Salt intrusion presents a significant environmental challenge in numerous estuaries around
the world, including the Modaomen Estuary in China. This phenomenon typically occurs during the
winter season due to reduced freshwater flow. However, an unusual salt intrusion event was observed
during the autumn of 2022, coinciding with a typhoon. In this study, we assess the response of the
Modaomen to Typhoon Nesat in 2022 and examine the influence of the typhoon on salt intrusion using
the Semi-implicit Cross-scale Hydroscience Integrated System Model (SCHISM). The model results
reveal that salt intrusion during a typhoon event is primarily driven by the storm surge and landward
Ekman transport. Northeasterly winds enhance stratification between saltwater and freshwater in
the Modaomen. Moreover, with the typhoon’s passage, the Denglongshan Station recorded a peak
salinity of 17 psu, with salt intrusion stretching 29 km further. This escalation led to salinity levels
surpassing the local drinking water standard of 0.5 psu across all freshwater intake points in Zhuhai
City. Numerical experiments indicate that if Typhoon Nesat had occurred during spring tides, the
salt intrusion would have been less severe. Furthermore, the study revealed that regulating the
upstream runoff could potentially alleviate the effects of typhoon-induced salt intrusion on ensuring
a safe water supply. With a runoff increase to 4000 m3/s, the impact of typhoons on Modaomen’s
drinking water supply can be managed, and at 6000 m3/s, the influence of typhoons on water supply
becomes negligible.

Keywords: salt intrusion; typhoon; numerical simulation; Modaomen; Pearl River Estuary

1. Introduction

The issue of water quality has emerged as a pivotal concern affecting water sources
downstream in estuaries [1,2], notably the salt intrusion, which poses threats to drinking
water safety. Salt intrusion is the process by which seawater from the sea enters an estuary
through its main channel, elevating the salinity levels in the river section of the estuary. In
recent decades, salt intrusion has intensified significantly in estuaries, becoming a prevalent
environmental concern [3,4]. This escalation can be attributed to the continuous reduction
of freshwater, influenced by both climate change and human intervention [5]. Salt intrusion
is influenced by various external factors, including river discharge, tides, and winds [6–8].
Of these, river discharge and tides have been extensively studied, as fundamental model
outcomes indicate that the extent of steady-state intrusion is primarily reliant on these
factors [9–11]. However, recent decades have witnessed a growing emphasis on the impact
of wind on salt intrusion [12–14]. Furthermore, recent research has revealed that down-
estuary axial wind stress can enhance landward salt intrusion, contingent on the interplay
between wind straining and wind mixing effects [15]. The various combinations of these
forces have given rise to distinct salt intrusion patterns.
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In general, salt intrusion tends to be mild during flood seasons due to the substantial
river discharge, which acts as a barrier against the upstream flow of saltwater [16]. Riverine
estuaries typically exist in a partially mixed state during these times, with salt intrusion
becoming more pronounced during dry seasons. However, atypical salt intrusion events
can occur during typhoon conditions, when significant landward salt transport transpires
during storms [17,18]. It is worth noting that there have been relatively few studies
examining the impact of these cyclone-scale winds on salt intrusion in estuaries.

The methodologies employed in investigating salt intrusion primarily encompass
statistical analysis of measured data, analytical analysis, and numerical simulation [19–21].
Each method holds distinct advantages and significance [16]. Numerical models stand out
as they can simulate extensive spatial and temporal variations in salinity and freshwater
within estuaries. Moreover, they offer the benefits of easy application, broad spatial and
temporal coverage, and excellent visualization of results [22]. In this study, we apply
a numerical model to investigate how extreme weather events affect salinity responses
within China’s Modaomen Estuary as a representative example. The Modaomen, situated
within the Pearl River Delta, serves as a primary conduit for freshwater discharge from
the Pearl River Estuary and features several water withdrawal plants along its course [23].
These water intakes play a crucial role in providing freshwater to the neighboring areas,
encompassing Macao, Zhuhai, and Zhongshan cities. The Modaomen Estuary displays a
significant challenge with salt intrusion, particularly during the dry season, and occasion-
ally faces the added issue of storm surges [24].

Based on a statistical analysis of 73 years of tropical cyclone data from 1949 to 2021,
as reported by the China Meteorological Administration, tropical cyclones in the autumn
seasons near the Pearl River Estuary predominantly follow westward and northwestward
trajectories. These types of tropical cyclones often give rise to storm surges in the estuary.
However, the occurrence of salt intrusion is relatively rare in these conditions [25]. Nev-
ertheless, in recent years, due to extreme weather events such as autumn droughts in the
Pearl River Basin and insufficient water storage at the close of the flood season, the impact
of autumn typhoons on the hydrodynamic and salinity characteristics in the estuary has
grown more pronounced [26]. Extraordinary events, including Typhoon Nesat in 2022,
have led to noteworthy instances of salt intrusion in the Pearl River Estuary.

Therefore, the aims of this study encompass quantifying the impact of Typhoon
Nesat (2022) on salt intrusion in the Modaomen Estuary, along with an exploration of
how the typhoon-induced salt intrusion responds to river flows and tidal influences. This
investigation holds significant importance for the management of water resource safety
in estuaries characterized by microtidal regimes. The structure of the article is as follows:
Section 2 provides an overview of the study site and introduces the numerical model used.
Section 3 presents the model results and includes an in-depth analysis of the findings. In
Section 4, we engage in a discussion of how salt intrusion responds to alterations in river
discharge and tides during the typhoon period. Finally, Section 5 offers the conclusions
drawn from our research.

2. Methods
2.1. Study Area and Data

The Pearl River Estuary stands as one of China’s largest estuaries and is located in one
of the most developed regions in the country. The Pearl River Delta, within this estuary,
takes the form of a river-type delta characterized by an extensive river network. The
upstream runoff is primarily sourced from three major river systems: the West, the North,
and the East rivers. These rivers intersect and give rise to eight radial tributaries that
ultimately flow into the South China Sea through eight distinct mouths. These mouths
include Humen, Jiaomen, Hongqimen, Hengmen, Modaomen, Jitimen, Hutiaomen, and
Yamen (refer to Figure 1a). Among these outlets, Modaomen serves as the primary dis-
charge point for the West River, often recognized as the primary stem of the Pearl River. It
contributes significantly, accounting for 28.3% of the total freshwater discharge from the
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Pearl River Delta into the sea. The Modaomen Estuary exhibits a semidiurnal mixed tide
pattern and features a microtidal regime, with an average annual tidal range of 0.86 m at
the Denglongshan station [27]. 
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Figure 1. (a) Location and topography of the Pearl River Estuary. (b) Locations for gauge stations 
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Figure 1. (a) Location and topography of the Pearl River Estuary. (b) Locations for gauge stations are
marked with triangle and dot symbols. The red line represents the longitudinal section along the
deep trough of the Modaomen waterway.

In this study, we gathered time series data for water levels and salinity from four
monitoring stations situated along the Modaomen Estuary. The data for the lower and
middle estuary stations were sourced from the Zhongshan Water Resource Management
Bureau. These four stations, progressing from downstream to upstream, are Dachongkou,
Denglongshan, Majiao, and Xihe, as visually represented in Figure 1b. The total water
flux through the Modaomen outlet is primarily derived from two main sources: the West
River and the North River. The river discharge data used in this paper was collected at
upstream stations, specifically Gaoyao for the West River, Shijiao for the North River, and
Boluo for the East River. These datasets were obtained from the official databases of the
Guangdong Province Hydrology Bureau and the Pearl Hydrology Bureau under the River
Conservancy Commission. Wind data were sourced from the hourly data of ERA5, which
is the fifth-generation ECMWF atmospheric reanalysis of global climate [28]. Additionally,
the natural wind conditions in the Modaomen area during Typhoon Nesat were analyzed
using measured data from the Taipa Meteorological Station. This station is located at
the outlet of the Hongwan Waterway, a tributary of Modaomen. Given its geographical
proximity, the wind conditions at this location can be considered representative of the wind
conditions experienced in the Modaomen Estuary.

Typhoon Nesat underwent a notable transformation in October 2022. It initially
emerged as a tropical depression on 15 October over the Northwest Pacific Ocean and
gradually gained strength while moving westward. By 17 October, it had been upgraded to
a typhoon, and on 18 October, it further intensified, reaching the status of a severe typhoon.
Subsequently, on 19 October, it weakened into a tropical storm and gradually dissipated.
The track of the cyclone near the estuary can be observed in Figure 2. In Figure 3a, we
can see that the influence of Typhoon Nesat resulted in a significant increase in water
levels during the neap tide period from 17 to 19 October, coinciding with the typhoon’s
passage. On the morning of 18 October, the storm surge and astronomical high tide heights
combined, leading to the highest tidal level at Denglongshan station reaching 1.51 m.
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Figure 2. Track of Typhoon Nesat at six‐hour intervals from 14:00 (CST time) on 15 October to 2:00 
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Figure 2. Track of Typhoon Nesat at six-hour intervals from 14:00 (CST time) on 15 October to
2:00 (CST time) on 20 October 2022.
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Figure 3. (a) Temporal variations in the measured water level at Denglongshan station, (b) measured 
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Taipa Station in Macao from 2 October to 22 October 2022. The gray area represents the typhoon 
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Figure 3. (a) Temporal variations in the measured water level at Denglongshan station, (b) mea-
sured surface salinity at Denglongshan station, river discharge at Wuzhou station, and (c) wind
vector at Taipa Station in Macao from 2 October to 22 October 2022. The gray area represents the
typhoon period.

As of October 2022, the Pearl River Basin had transitioned into the dry season, marked
by a continued decrease in precipitation. Upstream runoff discharge fluctuated between
1500 and 3000 m3/s. However, during the passage of Typhoon Nesat on 18 October, the river
discharge of the West River dropped to 2290 m3/s, nearly 50% lower than levels observed
during the same period in previous years (refer to Figure 3b). Starting on 1 October, with the
ongoing reduction in upstream water flow in the West River, the salinity at Denglongshan
station steadily increased. On 18 October, influenced by Typhoon Nesat, in addition to
the strong winds, a substantial volume of saltwater from the open sea entered the river,
resulting in a sudden increase in salinity. In October 2022, the prevailing wind direction
in the Pearl River Estuary was primarily northerly, including NWN (Northwest-North),
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NW (Northwest), NNE (North-Northeast), NE (Northeast), and N (North), accounting for
approximately 89.4% of the wind patterns. As depicted in Figure 3c, wind speeds during
non-typhoon periods ranged from 2 to 6 m/s. However, due to the influence of Typhoon
Nesat, the maximum wind speed increased to 11 m/s. The persistent northward strong
winds may exert significant effects on water flow and salt transport, leading to alterations
in water salinity [29].

2.2. The Model and the Simulations

The three-dimensional baroclinic model of the Modaomen Estuary was developed
using SCHISM, the Semi-implicit Cross-scale Hydroscience Integrated System Model [30].
SCHISM is a cross-scale modeling system based on an unstructured grid that employs
an accurate semi-implicit finite element/finite volume method along with a Eulerian-
Lagrangian algorithm to solve the Navier-Stokes equations. A higher-order scheme is
implemented for momentum advection, incorporating the ELAD filter to manage excess
mass through an iterative smoother. The model provides a highly flexible vertical grid
system that z grid, sigma grid, and Localized Sigma Coordinates with Shaved Cells (LSC2)
are available to implement. This system significantly reduces pressure gradient errors by
maintaining a much milder coordinate slope compared to terrain-following coordinates.
Furthermore, the horizontal viscosity scheme is tailored to be less dissipative in the eddying
regime, aiming to effectively filter out spurious inertial modes while minimizing excessive
dissipation. This approach alleviates the stability constraints of the model, enabling the
execution of complex numerical simulations.

The model’s spatial coverage encompasses the northern region of the South China
Sea, as depicted in Figure 4, featuring grid resolutions spanning from 20 m to 500 m. The
bathymetry of nearshore regions and river channels was determined using nautical charts
provided by the Navigation Guarantee Department of the Chinese Navy Headquarters
and cruise data. Concurrently, the Etopo1 Global Relief Model dataset, featuring a 1 arc-
minute resolution, was utilized to map the bathymetry beyond the continental shelves. The
upstream flow boundary of the model is defined at specific stations, including Gaoyang,
Shijiao, Shizu, Boluo, and Laoyagang, located in the upper reaches of the West River, North
River, Tanjiang River, East River, and Liuxi River, respectively (as shown in Figure 1a).
The upstream boundary conditions are based on measured flow data, while the offshore
boundary conditions are derived from TPXO for tidal-level information [31]. Salinity at
the offshore boundary is set to 35 practical salinity units (psu), and the initial salinity field
is established by running the model to a state of equilibrium. The model simulations
were performed from 1 August to 25 October 2022, and a two-month spin-up phase was
implemented to attain a quasi-equilibrium state.
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Figure 4. (a) Model domains and grids; (b) enlarged views of the model grid at the Pearl River
Estuary (red box in first panel).

To investigate Modaomen’s response to Typhoon Nesat, we conducted a total of eleven
simulations, each with specific configurations, as outlined in Table 1. Here is an overview
of each case. Case 1: Analysis under realistic typhoon winds during October 2022. Case 2:
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Designed to isolate the effect of wind, simulating a scenario similar to Case 1 but without
wind forcing. Case 3 to Case 8: These cases were established to assess the response of
saline water intrusion to the combined impacts of runoff and typhoons under varying river
discharge conditions. Case 9 to Case 11: These experiments aimed to simulate the response
under the typhoon during different tidal conditions, including spring tide, intermediate
tide, and neap tide. These scenarios are similar to Case 1 but incorporate larger tidal
influences. These simulations were essential for examining Modaomen’s dynamic response
to Typhoon Nesat under a range of conditions and helped to differentiate the individual
effects of wind, river discharge, and tides.

Table 1. Model case study settings.

Run Case
River Discharge (m3/s)

Tides Wind
Gaoyao Station Shijiao Station Total

Case 1 Real-time Monitoring Data Neap tide (TR * 1.26 m) Typhoon Nesat

Case 2 Real-time Monitoring Data Neap tide No wind

Case 3 875 125 1000 Neap tide Typhoon Nesat

Case 4 1750 250 2000 Neap tide Typhoon Nesat

Case 5 2625 375 3000 Neap tide Typhoon Nesat

Case 6 3500 500 4000 Neap tide Typhoon Nesat

Case 7 5250 750 6000 Neap tide Typhoon Nesat

Case 8 7000 1000 8000 Neap tide Typhoon Nesat

Case 9 Real-time Monitoring Data Intermediate tide after
spring tide (TR 1.47 m) Typhoon Nesat

Case 10 Real-time Monitoring Data Intermediate tide after neap
tide (TR 1.30 m) Typhoon Nesat

Case 11 Real-time Monitoring Data Spring tide (TR 1.97 m) Typhoon Nesat

* TR: Tidal range.

3. Results
3.1. Model Validation

Utilizing wind data from ERA5, we simulated the wind field associated with Typhoon
Nesat in 2022, as illustrated in Figure 5. The simulation covered a spatial range from 10◦ N
to 30◦ N and 100◦ E to 135◦ E. To validate the accuracy of the simulation, we compared
the wind direction, wind speed, and air pressure with measured data from the Taipa
meteorological station in Macao. This verification process ensured the reliability of the
simulated wind field data.

The comparison between the calculated and measured values of wind speed and air
pressure at Taipa station is depicted in Figure 6a,b. To evaluate the simulation’s accuracy,
we employed the predictive skill score (SS) as an indicator. The SS value measures how
well the simulated values align with the observed values [32]. It is defined as follows:

SS = 1 −

n
∑

i=1
(Xmod − Xobs)

2

n
∑

i=1

(
Xmod − Xobs

)2
(1)

where Xmod represents the calculated value by the model, Xobs represents the observed
value, and Xobs is the average of the observed values. The evaluation criteria are as follows:
SS < 0.20 is considered unqualified; 0.20 ≤ SS < 0.50 is considered qualified; 0.50 ≤ SS ≤ 0.65
is considered good; and SS > 0.65 is considered excellent. For the calculated SS values for
wind speed and air pressure using ERA5 data, they are 0.75 and 0.95, respectively. These
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results indicate that the verification of wind speed and air pressure during the typhoon
period was excellent. As a result, this study ultimately selects ERA5 wind field data as
the boundary input condition for the typhoon meteorological field at the sea surface to
construct a numerical model of salt intrusion in the Pearl River Estuary.
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Figure 5. The ERA5-predicted surface wind speed field at 3:00 a.m. on 18 October 2022.
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Figure 6. Measured and modeled time series of (a) typhoon wind speed and (b) air pressure at Taipa
Station. Time series of (c) observed and (d) modeled wind vectors.

To further validate the wind speed simulation results within the study area, a com-
parison was made between the modeled and observed wind vectors at Taipa station
(Figure 6c,d). It is important to note that the observed wind speed data are statistically
recorded with fixed direction bins (e.g., N, NE), which can lead to slight discontinuities in
the results (as seen in Figure 6c), potentially causing minor deviations. However, when
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comparing the observed and calculated wind vector processes, it is evident that their trends
closely align. During the typhoon period, there was a noticeable shift in wind direction,
transitioning from north to northeast, accompanied by an almost twofold increase in wind
speed. As the typhoon dissipated, the wind direction gradually shifted towards the east,
and the wind speed returned to the range of 2–4 m/s. These comparisons indicate that the
simulation results are reasonable and can be reliably used for further computations in the
salt intrusion model.

The model underwent calibration and validation processes using measured data for
water level and surface salinity during Typhoon Nesat. The locations of the measurement
stations for water level and salinity are indicated in Figure 1a. Figures 7 and 8 illustrate
the time series of water level and surface salinity at Dachongkou, Denglongshan, Majiao,
and Xihe stations for the period from 8 to 18 October 2022. In these figures, the black
lines represent the values calculated by the model, while the red circles represent the
measured values.

J. Mar. Sci. Eng. 2024, 12, x FOR PEER REVIEW  7  of  16 
 

 

   
Figure 7. Comparison of simulated water level (black line) with observed data (red circles) at the 

four stations (Dachongkou, Denglongshan, Majiao, and Xihe) from 8 to 20 October 2022. 

   

Figure 7. Comparison of simulated water level (black line) with observed data (red circles) at the
four stations (Dachongkou, Denglongshan, Majiao, and Xihe) from 8 to 20 October 2022.

The accuracy of the model calculations was assessed using two key statistical indi-
cators: the root mean square error (RMSE) and the skill score (SS). These indicators help
gauge the quality of the model’s performance. The RMSE measures the average deviation
between simulated results and observed data and is expressed as follows:

RMSE =

√
∑(Xobs − Xmod)

2

N
(2)

where Xmod and Xobs represent the simulated and observed values, respectively, and N is
the number of observations. A smaller RMSE indicates a higher level of accuracy in the
model’s predictions. The RMSE and SS values for each validation station are presented
in Table 2, summarizing the simulation accuracy for both water level and salinity in the
Modaomen Estuary.
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Figure 8. Comparison of simulated surface salinity (black line) with observed data (red circles) at
four stations (Dachongkou, Denglongshan, Majiao, and Xihe) from 16 to 20 October 2022.

Table 2. Simulation accuracy values for water level and salinity in Modaomen.

Station
RMSE SS

Water Level (m) Salinity (psu) Water Level Salinity

Xihe 0.17 2.18 0.90 0.72
Majiao 0.21 2.57 0.77 0.65

Denglongshan 0.18 1.87 0.86 0.82
Dachongkou 0.22 3.04 0.73 0.57

The results of the verification process indicate that the model’s calculated water level
data yielded good accuracy, with RMSE values less than 0.3 and SS values greater than
0.7 for all four stations. Regarding salinity, the SS value at Dachongkou was rated as good,
while the SS values for the other stations were all rated as excellent. It is important to
note that Dachongkou station, situated near the offshore area, features complex waterway
topography influenced by offshore dynamics. This complexity makes it challenging to
accurately simulate salinity at this location. However, in the broader context, the model’s
simulation results are highly satisfactory and effectively capture changes in water flow and
salinity in the Modaomen Estuary. These results can be confidently utilized for subsequent
data processing and analysis.

3.2. Modeled Salinity under Typhoon Nesat

Indeed, during a typhoon, the strong cyclonic wind stress can bring about significant
alterations to the marine environment. In areas prone to frequent typhoon activity, like the
Modaomen Estuary, the changes in dynamic salinity characteristics induced by powerful
typhoons are of great importance. These changes cannot be overlooked. During a typhoon
period, several key factors, such as sea surface elevation, wind direction, and wind speed,
experience substantial differences compared to normal weather conditions. These variations
lead to distinct hydrodynamic and salinity distribution patterns. In the specific case of
Typhoon Nesat from 17 to 19 October 2022, the wind speed exhibited a rapid increase, with
a majority of the time recording wind speeds exceeding 7 m/s and reaching a maximum
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of 11 m/s on 18 October. The prevailing wind direction was predominantly from the
northeast. Consequently, during this period, wind stress had a pronounced impact on the
Modaomen waterway, contributing to significant changes in the local hydrodynamics and
salinity distribution. These changes play a crucial role in understanding and managing the
environmental effects of typhoons in the region.

As a result, the analysis of the distribution patterns of the planar flow field and salinity
field in the Modaomen Estuary before, during, and after a typhoon is conducted to gain
insights into the response process of the Modaomen waterway to powerful typhoons.
Furthermore, this analysis allows for a preliminary exploration of the influence of typhoons
on the exchange flow and salinity structure. This exploration involves comparing the
variation characteristics of surface and bottom layer flow velocity and salinity. Such
investigations are vital for comprehending the dynamic effects of typhoons on this estuarine
environment and its associated changes in hydrodynamics and salinity.

Figure 9a,d illustrates the conditions in the Modaomen waterway at 11:00 on 3 October
during a neap tide. During this period, the surface water velocity was higher than the
bottom water velocity. As a result, surface salinity was relatively low and was quickly
carried away, while the bottom salinity remained high and increased rapidly. This led
to faster salt intrusion in the deep trough on the right side of the waterway, gradually
creating a salinity difference with the shallow beach on the left side. The majority of the
salt accumulated in the deep trough. Furthermore, due to the asynchronous rise and fall of
tides between the branches and the main waterway, the flow velocity in the main waterway
was directed towards the sea, while the flow velocity in the branches moved towards the
land. Additionally, both the surface and bottom salinities in the branches were higher than
in the main waterway. This resulted in the significant transport of salt from the Hongwan
waterway to the Modaomen main waterway. These findings depict the intricate dynamics
of salt transport and salinity distribution within the Modaomen waterway during a neap
tide period.
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Figure 9. Surface and bottom salinity distributions: (a,d) before the typhoon; (b,e) during the typhoon;
(c,f) after the typhoon period.
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During the typhoon period, the Modaomen Estuary experienced the effects of a
storm surge, leading to a significant increase in water levels. The surface salinity during
this period was notably higher than under normal weather conditions, and there was a
substantial disparity in salinity between the surface and bottom layers at the estuary’s
mouth, as demonstrated in Figure 9b,e. This intensified salt intrusion during the typhoon
period. The rise in water level caused a substantial influx of saltwater into the river, resulting
in a significant salinity increase in the waterway. By 12:00 on 18 October, during the ebb
tide, the bottom salinity concentration at the mouth exceeded 28 psu, greatly surpassing
the bottom salinity distribution during the most severe salt intrusion observed before the
typhoon. The waterway was significantly impacted by the typhoon, with a substantial
difference in salinity between the surface and bottom layers. The upward movement of
low-concentration saltwater extended over a considerable distance. Subsequently, after
the typhoon, as illustrated in Figure 9c,f, the high-concentration saltwater within the
Modaomen waterway gradually receded. The salinity difference between the surface and
bottom layers was more pronounced in the middle and upper reaches of the waterway but
diminished in the lower reaches. These findings illustrate the complex dynamics of salinity
changes during and after a typhoon event in the Modaomen Estuary.

The impact of Typhoon Nesat on the Modaomen waterway was substantial, affecting
both the surface and bottom water flow as well as the salinity distribution. The northeasterly
wind further intensified the stratification between saltwater and freshwater during the
neap tide. Surface water discharge, which was directed towards the sea, further facilitated
the transport of brackish bottom water towards the land. This dynamic exacerbated
salt intrusion, ultimately leading to the highest levels of salinity observed. The complex
interactions of wind, tides, and storm surge played a critical role in shaping the salinity
distribution in the Modaomen Estuary during the typhoon event.

To gain a deeper understanding of the influence of Typhoon Nesat on the mixing of salt
and freshwater in the Modaomen Estuary, a longitudinal section along the deep trough of
the Modaomen waterway, represented by the Section 1 line in Figure 1b, was selected. This
section provides insights into the distribution and variation of flow velocity and salinity
along the Modaomen longitudinal profile before, during, and after the typhoon. In align-
ment with the planar distribution characteristics, the study also examined the longitudinal
distribution of flow velocity and salinity at corresponding times. Figure 10a–c displays
these longitudinal distribution characteristics of flow velocity and salinity for the respective
periods: before, during, and after Typhoon Nesat. This analysis aids in uncovering the
specific characteristics of Typhoon Nesat’s influence on the interplay between salt and
freshwater within the Modaomen Estuary.

Before Typhoon Nesat arrived on 3 October, during a neap tide, the influence of the
salinity gradient prompted gravitational circulation in the Modaomen waterway. This
circulation involved surface water flowing seaward and bottom water flowing landward,
with salinity continuously intruding from the bottom, as shown in Figure 10a. Additionally,
the presence of an underwater entrance bar and the weak tide dynamics during the neap
tide made it challenging for saltwater to discharge, resulting in its accumulation in the
waterway. During Typhoon Nesat’s influence, there was a significant rise in water levels
in the offshore area. High-concentration saltwater from the offshore area progressively
intruded into the Modaomen waterway, as shown in Figure 10b. This intrusion resulted
in a conspicuous difference in salinity between the surface and bottom layers near the
estuary’s mouth, forming a saltwater wedge. The saltwater was also impeded by the raised
inverted slope topography, causing the accumulation of high-concentration saltwater at the
estuary’s mouth. Consequently, salinity levels in the waters near the mouth were high and
stratified, giving rise to a large-scale gravitational circulation pattern. After the passage of
Typhoon Nesat, at 15:00 on 22 October, the typhoon’s influence had largely dissipated, and
the waterway returned to exhibiting flow velocity and salinity distribution characteristics
typical of the intermediate tide period after the neap tide under normal weather conditions,
as shown in Figure 10c. In this post-typhoon phase, saltwater and freshwater mixed
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effectively in the middle and upper reaches of the Modaomen waterway, and a distinct
salinity gradient persisted outside the mouth due to the influence of the sandbar.
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Figure 10. Salinity profile distribution along the longitudinal Section 1: (a) before the typhoon,
(b) during the typhoon, and (c) after the typhoon period.

In summary, it is evident that Typhoon Nesat had a substantial impact on salt intrusion
and the stratification of saltwater and freshwater in the Modaomen Estuary. A significant
volume of saltwater entered the waterway during the typhoon, and it was unable to disperse
during the ebb tide. This led to a more pronounced salt-freshwater stratification within
the estuary, highlighting the typhoon’s role in intensifying and altering the distribution of
salinity in the region.

3.3. Impacts of Typhoon Winds on Salt Intrusion

To analyze the response characteristics of flow dynamics and salinity in the Modaomen
Estuary to Typhoon Nesat, two different scenario experiments were conducted: one with
wind (Case 1) and one without wind (Case 2), as detailed in Table 1. These experiments
aimed to simulate the salt intrusion process in the Pearl River Estuary during the typhoon
period. During Typhoon Nesat, the wind speed peaked at 11 m/s at 3:00 a.m. on 18 October,
and the storm surge in the Modaomen waterway also reached its maximum value of 0.38 m
(Figure 11a). The influence of Typhoon Nesat was evident in the significant increase in
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salinity at Denglongshan station. Salinity values remained around 3–17 psu during the
typhoon period, whereas salinity in early October was nearly zero most of the time, with a
maximum not exceeding 3 psu if the impact of wind was not considered (see Figure 11b).
Both the modeled and observed water levels at Denglongshan station are depicted in
Figure 11a. From 17 to 19 October, the tidal ranges at Denglongshan station ranged from
approximately 1.3 m to 1.7 m. The modeled water level in Case 1, driven by Typhoon
Nesat’s winds, exhibited better agreement with the observations, underlining the model’s
ability to capture the typhoon’s effects on water levels in the Modaomen Estuary.
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Figure 11. Time series of (a) water level and (b) salinity at Denglongshan station. The black and
blue lines represent the simulations with and without wind, respectively. The red circles refer to
the observations.

The salinity distribution characteristics in the Modaomen Estuary with and without the
influence of wind forcings are compared and analyzed in Figure 12a (Case 1) and Figure 12b
(Case 2). In Case 1, under the influence of Typhoon Nesat’s winds, the maximum salinity at
Denglongshan station reached 17 psu. Approximately 56 km from the mouth, at the Quanlu
Water Plant, the salinity exceeded 0.5 psu, rendering it unsuitable for intake and further
treatment, which could potentially affect the domestic water security of the inhabitants
(see Figure 12a). In Case 2 (no wind scenario), the maximum salinity at Denglongshan
station was 3 psu, and the 0.5 psu isohaline was located near Lianshiwan station, which
is 27 km from the mouth. In this scenario, the Pinggang Pump Station upstream was not
affected by salt intrusion, and it could extract water as usual. The river discharge effectively
prevented saltwater from intruding into the Modaomen waterway. Comparing the results
of the two experimental scenarios, it is clear that Typhoon Nesat had a significant impact
on salt intrusion in the Modaomen Estuary. The typhoon-induced storm surge caused the
saltwater boundary (i.e., the 0.5 psu isohaline) to move upstream by approximately 29 km.
Water intakes in Zhuhai city along the waterway were entirely affected and unable to draw
water due to the intrusion of high salinity levels caused by the typhoon’s influence.

The water levels and depth-averaged currents on 18 October are depicted in Figure 13a,b.
The Pearl River Estuary experiences a regime of mixed tides, with the ebb tide duration
longer than the flood tide duration. As the runoff from the West River flows through the
Modaomen waterway and reaches the sea, it undergoes a decrease in velocity due to the
expansion of the cross-sectional area at the mouth. Consequently, a low-velocity area is
formed near the mouth, resulting in water retention. During the typhoon and its associated
winds, the landward Ekman transport leads to a sea level rise along the coast, as seen in
Figure 13c. A portion of the residual current enters the Modaomen, causing an atypical
increase in salinity within the estuary, as observed in Figure 12a. Furthermore, the strong
northeastern wind directly impacts the water surface, intensifying the mixing of salt and
freshwater. Surface runoff flows out to the sea, facilitating the transport of bottom saltwater
toward the land, thereby exacerbating salt intrusion within the estuary.



J. Mar. Sci. Eng. 2024, 12, 22 14 of 20
J. Mar. Sci. Eng. 2024, 12, x FOR PEER REVIEW  12  of  16 
 

 

 
Figure 12. Salinity distribution at 3:00 a.m. on 18 October, (a) with typhoon winds and (b) without 

typhoon winds, showing isolines of salinity values at 0.5 psu (red line). 

   

Figure 12. Salinity distribution at 3:00 a.m. on 18 October, (a) with typhoon winds and (b) without
typhoon winds, showing isolines of salinity values at 0.5 psu (red line).
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Figure 13. Distribution of simulated water level and currents: (a) with typhoon winds, (b) without
typhoon winds, and (c) the difference between these two scenarios (typhoon winds minus no
typhoon winds).

In summary, the strong cyclonic wind stress induced by typhoons has two significant
effects on the Pearl River Estuary, particularly in the Modaomen. Typhoons can cause
fluctuations in water levels in the estuary. On the one hand, the interaction of the typhoon
winds with the coastal area can lead to a sea level rise (storm surge) in the estuary, which
can be influenced by the timing of the tides. These variations in water level can impact
the salinity distribution within the estuary. On the other hand, strong northerly winds
associated with typhoons enhance vertical mixing and affect the longitudinal transport
of salinity. These winds can disrupt the normal flow patterns and lead to the mixing of
saltwater and freshwater, which can significantly influence the salinity distribution in the
estuary. As a result, typhoons have a notable impact on the salt intrusion in the Modaomen
Estuary. They can cause atypical salt intrusion events, leading to changes in the flow field
and salinity distribution that should not be disregarded when assessing environmental
changes in the estuary.

4. Discussion
4.1. Effects of River Discharge

The Modaomen waterway serves as the primary outlet for the runoff from the West
River. This region experiences distinct wet and dry seasons. The flood season typically
spans from April to September, while the dry season occurs from October to March of
the following year. The annual distribution of runoff in the Pearl River Delta exhibits
significant seasonal variation, with the flood season contributing around 80% of the total
annual runoff. Consequently, during the dry season, especially in the months of January
and February, the discharge is relatively low, often falling below 2000 m3/s. This low
discharge during the dry season poses challenges to the drinking water supply for cities in
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the Pearl River Delta, including major urban centers like Hong Kong, Guangzhou, Zhuhai,
and Macao. It makes them vulnerable to salt intrusion events, as the reduced freshwater
flow allows seawater to intrude further upstream in the estuaries. To mitigate the impact of
salt intrusion during the dry season, one effective emergency measure is to release water
from upstream reservoirs. This artificial increase in wintertime discharge can help maintain
a suitable salinity level for drinking water supply and protect against the intrusion of
saltwater into the estuaries.

The statistical analysis of multi-year measured data from 1984 to 2012 indicates
that, historically, in the month of October, the mean freshwater discharge from the West
River (Gaoyao Station) and North River (Shijiao Station) was approximately 5500 m3/s
(see Table 3). However, in recent years, there has been a consistent trend of reduced rainfall
in the Pearl River Basin, leading to a sustained decrease in river runoff. This decrease in
discharge is particularly evident in the months of September and October. The atypical salt
intrusion event in October 2022 may be attributed to the combined effects of this lower
discharge and the influence of Typhoon Nesat. To investigate this hypothesis, six additional
model runs (Case 3 to Case 8) were conducted. These cases utilized the same forcing and
boundary conditions as Case 1, with the exception that the river discharge was adjusted
based on the statistical analysis of measured data from the years 1984 to 2012 (as shown in
Table 1). These simulations were carried out to assess the impact of varying river discharge
on salt intrusion during the typhoon period and confirm whether the observed event
in October 2022 can be attributed to the decrease in river discharge combined with the
typhoon’s effects.

Table 3. Runoff data for the Modaomen in October.

Station
Discharge in October (m3/s)

Maximum Minimum Mean

Gaoyao (in West River) 10,659 1847 4841
Shijiao (in North River) 1119 242 640

Total 11,662 2155 5482

Under the various conditions explored, it is evident from Figure 14 that the extent of
salt intrusion is influenced by the magnitude of river runoff. When the runoff from the
North and West Rivers is less than 4000 m3/s, the 0.5 psu saltwater boundary intrudes
beyond Zhuyin station during Typhoon Nesat, which could impact the water intake of
Zhuhai city during typhoon days. On the other hand, when the river discharge is increased
to more than 6000 m3/s, the salinity at the Pinggang Pump Station remains well below
0.5 psu. This means that the drinking water supply in cities around the Modaomen Estuary
would not be affected. It is essential to note that the increased water storage in upstream
reservoirs during autumn may lead to more salt intrusion events during the typhoon
season, thus requiring quantitative evaluation of the combined effects of discharge and
typhoons for effective water management in the Pearl River Estuary. Understanding the
interplay of river discharge, typhoons, and salt intrusion is crucial for managing water
resources in this region, especially given the increasing variability in weather patterns and
potential impacts from climate change.
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Figure 14. The simulated salinity distribution in Modaomen during the typhoon period for Cases 3
to Case 8 (a–f).

4.2. Effects of Tide

In addition to Case 1, where atypical salt intrusion under Typhoon Nesat occurred dur-
ing the neap tide, three additional model experiments (Case 9 to Case 11) were conducted
to assess what would happen if the same typhoon passed during different astronomical
tide periods of the spring-neap tidal cycle. These scenarios had the same atmospheric
forcing as Case 1 but featured altered astronomical tides at the open boundary, as detailed
in Table 1. By simulating these different tidal conditions, the study aimed to understand
how the timing of typhoon events in relation to the tidal cycle affects salt intrusion in the
Modaomen Estuary. The half-monthly tidal cycle can be divided into four distinct time
periods: the spring tide period, the neap tide period, and two intermediate tide periods.
Generally, both the spring tide and neap tide periods last for approximately three to four
days. In Table 1, “Intermediate tide after spring tide” refers to the period that occurs three
to four days after the spring tide but before the neap tide. “Intermediate tide after neap
tide” generally denotes the interval occurring three to four days after the neap tide.

The findings depicted in Figure 15 demonstrate the significant impact of the timing
of typhoon events within the tidal cycle on salt intrusion in the Modaomen. This study
reveals several key insights: During spring tides (Case 11), the residual water level in the
channel is higher compared to neap tides (Case 1). The peak value of bottom salinity at
Denglongshan station is 16.5 psu in Case 11, indicating that salt intrusion is relatively weak
when a typhoon passes during the spring tide period. The timing of typhoon events within
the tidal cycle significantly affects salt intrusion. The study identifies that the most severe
salt intrusion occurs when a typhoon coincides with the neap tide period. It is followed by
the intermediate tide after the neap tide, the spring tide, and the intermediate tide after the
spring tide. In the absence of wind-induced effects, the most severe salt intrusion occurs
during the intermediate tide after the neap tide. Under normal weather conditions, gravity
circulation results in saltwater and freshwater stratification within the Modaomen during
the neap tide period, leading to distinct layering. Salt intrusion predominantly originates
from the bottom layer. Conversely, during the intermediate tide following the neap tide,
vertical mixing intensifies, further enhancing salt intrusion. These findings underscore the
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intricate interplay between tidal phases, typhoon timing, and wind effects on salt intrusion
dynamics in the Modaomen estuary.

J. Mar. Sci. Eng. 2024, 12, x FOR PEER REVIEW  15  of  16 
 

 

 
Figure 15. Time series of salinity (red) and storm surge (black) at Denglongshan station in the (a) 

Case 1, (b) Case 9, (c) Case 10, and (d) Case 11 model results. 

   

Figure 15. Time series of salinity (red) and storm surge (black) at Denglongshan station in the
(a) Case 1, (b) Case 9, (c) Case 10, and (d) Case 11 model results.

The variations in tidal and salt flux at Denglongshan station under the combined
influence of different astronomical tides and typhoons are illustrated in Figure 16. During
the typhoon period, the average tidal flux directed seaward follows a cyclical pattern in
sync with the half-monthly tidal cycle. When a typhoon coincides with spring tides in the
Modaomen, the tidal flux directed seaward reaches its peak at 5898 m3/s. Subsequently, as
the tidal forces wane, the tidal flux decreases, dropping to approximately 3362 m3/s during
the intermediate tide period after the spring tide. Conversely, when a typhoon strikes the
Modaomen during neap tides, the tidal flux reaches its minimum value of only 2724 m3/s.
As the astronomical tide forces rebound after the neap tide, the tidal flux recovers, reaching
3059 m3/s during the intermediate tide period after the neap tide. Thus, the tidal flux
follows a recurrent pattern over the half-monthly tidal cycle.

The impact of typhoons combined with astronomical tides on saltwater intrusion in
the Modaomen Estuary was most pronounced during the neap tide and the intermediate
tide period following the neap tide. This is evident in the outcomes of Case 1 and Case
10, as depicted in Figure 16. During the neap tide period, there was an actual increase in
the average salt flux directed landward, further intensifying the salt intrusion. It is worth
highlighting that the maximum net salt transport towards the land at the mouth of the
Modaomen occurred during the neap tide period, registering at −4.9 × 103 psu m3/s. The
negative value signifies the direction of salt transport towards the land. In the intermediate
tide period after the neap tide, the net salt flux towards the land gradually decreased,
reaching −3.9 × 103 psu m3/s. During the spring tide period, influenced by the typhoon,
the net salt flux changed direction from landward to seaward, weakening the salt intrusion
phenomenon. In the spring tide period, the net salt flux measured 2.05 × 103 psu m3/s. In
the intermediate tide period after the spring tide, the salt intrusion phenomenon further
lessened, while the salt flux directed seaward increased, reaching 3.14 × 103 psu m3/s.
Consequently, when a typhoon coincides with neap tides, salt transport towards the land in
the Modaomen reaches its peak, resulting in a particularly severe threat of saltwater-related
issues for the surrounding cities in the estuary.
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Figure 16. Variation of tidal flux and salt flux at Denglongshan Station under different experimen-
tal scenarios.

5. Conclusions

In this study, the flexible hydrostatic model SCHISM was adopted to simulate the salt
intrusion influenced by typhoon weather. To calibrate and validate the model, data on
typhoon winds, storm surges, and salinity from four stations along the Modaomen were
gathered. The outcomes from the numerical model demonstrated its ability to accurately
capture the temporal fluctuations in salinity within the Modaomen during the passage of
Typhoon Nesat.

Through the creation of two distinct scenarios encompassing various meteorological
conditions, one involving wind and the other without, the model results underscore the
substantial influence of Typhoon Nesat on the remarkable salt intrusion event that occurred
on 18 October. This led to the 0.5 psu saltwater boundary shifting approximately 29 km
upstream. When the runoff from the North and West Rivers was less than 4000 m3/s during
the typhoon, the 0.5 psu saltwater boundary intruded beyond Zhuyin station, endangering
the water supply safety of numerous cities, including Zhuhai and Macao. Conversely, if the
river discharge during Typhoon Nesat’s passage had surpassed 6000 m3/s, the net salt flux
would have shifted from a landward direction to seaward. This would have guaranteed that
water intake at Pinggang Pump Station and other upstream stations remained unaffected
by saltwater, rendering the impact of salt intrusion in the Modaomen Estuary essentially
negligible. Furthermore, during the neap tide, salt flux directed landward during the
typhoon period reached its peak, resulting in the most severe salt intrusion within the
half-monthly tidal cycle. In simpler terms, if the typhoon had occurred during spring tides,
the salt intrusion event would have been relatively less severe.
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