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Abstract

The Red-Thai Binh River Basin in Vietnam faces severe saltwater intrusion, exacerbated by climate
change, upstream water use, and inadequate reservoir management. During the dry season, reduced
upstream discharge leads to higher salinity at sluice gates, thereby limiting the duration of the water
supply. This study aims to assess and classify saltwater intrusion hazards in the basin under varying
MIKEI11 model upstream-flow and sea-level-rise scenarios. To achieve this, a multi-step framework
was applied. First, the model was used to simulate saltwater intrusion dynamics, with calibration
results showing strong performance (NSE = 0.72—0.92) and salinity deviations of less than 2.18%e.
Second, simulated outputs were used to calculate average salinity at the commune level, enabling
localised analysis. Third, a hazard classification system was developed by integrating average salinity
levels with water-supply duration at sluice gates, thereby capturing both water-quality and availability
constraints. The approach was applied to 15 scenarios across 243 coastal communes in the Nam Dinh
and Thai Binh provinces, accounting for the combined effects of upstream discharge conditions and
projected sea-level rise. The results reveal distinct spatial variations in saltwater intrusion hazards. In
Nam Dinh Province, approximately 40-50% of communes were classified as having moderate-to-
high hazard levels, indicating significant vulnerability. In contrast, in Thai Binh Province, most
communes were classified below moderate hazard levels, suggesting comparatively lower risk.
Overall, the findings identify priority areas where saltwater intrusion poses the greatest challenges

and provide a basis for targeted adaptive management and improved water resource planning.

Keywords: saltwater intrusion, average salinity, water supply duration, hazard level mapping, Red-

Thai Binh River Basin.



Highlight:

Saltwater intrusion is increasingly intense and frequent in coastal regions due to climate
change, rising sea levels, and upstream water resource use.

This study proposed a method to evaluate and classify hazard levels based on average salinity
and water supply duration.

The study evaluated 15 scenarios accounting for the combined effects of upstream flow
conditions and projected sea-level rise.

The results reveal distinct spatial variations in saltwater intrusion hazards in Nam Dinh and
Thai Binh Province, Vietnam.

The findings highlight areas where saltwater intrusion poses the most significant challenges

and where adaptive management measures should be prioritised.
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1. Introduction

Saltwater intrusion is a complex process occurring in coastal deltas and estuaries (Bear et al., 1999),
involving the replacement or mixing of freshwater with saltwater (Hebert, 2019). This phenomenon
affects both surface water and groundwater systems (Tu e al., 2021), and typically develops gradually
over long periods. The interaction between hydrodynamic and human activities governs saltwater
intrusion. Major controlling factors include upstream freshwater withdrawal, regulation of coastal
flow, and Sea Level Rise (SLR) driven by climate change. (Liu et al., 2019; Wang et al., 2019; Zhang
et al., 2010). Tidal dynamics, storm surges, wind, wave action, estuarine geomorphology, and
topography further influence the extent and variability of saltwater intrusion (Gong et al., 2013; Liu

et al., 2017; Shen et al., 2018; Perales-Valdivia et al., 2018; Tian, 2019).

Recent advances in computational methods have enhanced the use of mathematical and machine
learning models for analysing and predicting water quality dynamics (Maruthai et al., 2025;
Venkatraman et al., 2025). Salinity is a key indicator for evaluating coastal hydrology and
environmental conditions, particularly in the context of saltwater intrusion. To simulate saltwater
intrusion processes, hydraulic interaction models of varying dimensionality have been developed,
including one-dimensional (1D) (Lafta, 2022; Zhang ef al., 2013), two-dimensional (2D) (Haddout
et al., 2018; Lee et al., 2016) and three-dimensional (3D) (Jeong et al., 2010; Veerapaga et al., 2019;
Chen et al., 2016) models. However, numerous studies have shown that the accuracy and reliability
of complex models, such as 2D or 3D simulations, depend heavily on the availability of
comprehensive observational datasets and, in many cases, require additional field surveys to ensure
robust results (Kaddi et al., 2022). Consequently, implementing such models in data-scarce regions

remains a significant challenge (Lindenschmidt, 2006).

While higher-dimensional models offer detailed representations of hydrodynamic and solute transport

processes, their computational demands often limit their practical application. To address these
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challenges, 1D models are frequently employed as efficient alternatives, incorporating simplifying
assumptions to balance model complexity with predictive accuracy (Doulgeris et al., 2012; Ferdous,
2014; Haque et al., 2021; Miller, 2023; Vuong Tai et al., 2021). When implemented with high
temporal resolution, 1D models have demonstrated strong capability in reproducing the temporal

dynamics of saltwater intrusion (Gaiolini et al., 2023).

Simulation models have been widely employed to evaluate how flow regimes and tidal dynamics
influence the spatial extent of saltwater intrusion (Becker et al., 2010). In coastal estuaries, these
processes are becoming increasingly complex due to the combined pressures of climate change and
SLR (Bricheno et al., 2021; Ferguson & Gleeson, 2012; Hong et al., 2020; Oude Essink, 2001). This
growing complexity poses substantial socio-economic risks for vulnerable regions (Khong et al.,
2018; Meisner, 2007). A broad body of research further demonstrates that SLR plays a critical role
in reshaping salinity regimes and contributing to the deterioration of coastal water quality (Erdbriigger

et al., 2023; Rice et al., 2012; Thai & Thuc, 2011; Thanh et al., 2023; Yuan et al., 2015).

Vietnam has a coastline of over 3,200 km and is one of the countries most affected by natural
disasters, including saltwater intrusion. In the context of climate change, saltwater intrusion is
becoming more severe in the country (UNDP Vietnam, 2016). Recent studies have examined
saltwater intrusion in Vietnam's large river basins, focusing on the impact of freshwater resources
from upstream and SLR, notably in the Red-Thai Binh (RTB) River Basin (Hien et al., 2018; Hien et
al., 2023). The RTB is an international river basin that flows through three countries: Vietnam, China,
and Laos. It encompasses an area of approximately 169,000 km? (Figure 1). In Vietnam, the basin
covers 86,680 km?, accounting for 51.3% of the total area, with the delta region spanning

approximately 17,000 km?.
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Figure 1. The RTB River basin in Vietnam (green area), and the boundary of Nam Dinh and Thai

Binh provinces (red line).

The RTB River system discharges into the Gulf of Tonkin, located in the northwestern part of the
South China Sea. The gulf'is characterised by a diurnal tidal regime that produces some of the largest
tidal amplitudes in Vietnam, reaching up to 4 metres. These tidal fluctuations have a strong influence
on flow dynamics and saltwater intrusion processes across the eight estuaries of the RTB, particularly

during the dry season from October to May, when river discharge is significantly reduced (Devienne,

2006).

The terrain of the RTB Delta is characterised by a gentle slope from northwest to southeast, with
ground elevations ranging approximately from 0.4 to 9 meters above sea level (NARBO, 2006). This
low-lying topography plays a crucial role in hydrodynamics, drainage patterns, and the delta's

susceptibility to saltwater intrusion and flooding.
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To supply water for agricultural activities, the rivers in the RTB Delta have about 432 sluices, whose
operation depends on water demand, river level, and salinity. The system of sluices and canals creates

a high-density water-supply network, ensuring water for communes and agricultural areas.

The salinity monitoring network in the RTB Delta comprises 18 stations, some of which have been
active since 1963. However, these observations are not uniform; while some stations have recorded
data for 15 to 20 years, others have only monitored salinity for 2 to 3 years. The data indicate that
river salinity levels change seasonally. Salinity levels are low during the rainy season and high during
the dry season, primarily influenced by the amount of freshwater released from upstream and the

strength of tidal movements. The highest salinity levels are observed in January.

Many studies on saltwater intrusion in the RTB Delta have employed 1D models. A limitation of
these studies is their focus on salinity processes in the main rivers only, while neglecting saltwater
intrusion in the canal network. The findings indicate that saltwater can penetrate as far as 30 to 40
kilometres inland, with salinity levels exceeding 1%o in some areas. Moreover, although salinity
boundary maps have been created, they have been generated through linear interpolation of salinity
levels along the main rivers, without considering the salinity in the internal canal network (Thai &
Thuc, 2011). This methodology has its limitations and is open to varied interpretations. Additionally,
limited research has examined the total duration of water supply from sluices, constraining a

comprehensive assessment of saltwater intrusion impacts.

Previous investigations in the RTB Delta have been limited by the complexity of its river and canal
networks and by the restricted spatial coverage of salinity monitoring stations. Furthermore, available
salinity records are often discontinuous and lack temporal synchronisation among stations, hindering
data interpretation and the construction of comprehensive salinity boundary maps. In most cases,

salinity is measured at a single point along the river cross-section, which inadequately represents both
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horizontal and vertical variations in salinity distribution. To overcome these limitations, there is a
need for more integrated and adaptive research approaches. For example, when evaluating the hazards
posed by salinity, it is crucial to consider both average salinity concentrations and the duration of
water availability. Hence, this study proposes a novel methodological framework for estimating
average salinity levels in irrigated rice fields in deltaic and coastal regions. This framework is
beneficial in situations where cross-sectional measurements are unavailable, and hydrodynamic

models cannot effectively simulate salinity dynamics.

This study aims to develop a hazard map for saltwater intrusion based on average salinity levels and
the total duration of water supply. The specific objectives are as follows: (1) to simulate the hydraulic
and saltwater intrusion processes in the RTB River Basin during the peak dry season (January-
March), considering the influence of upstream flow and SLR; (2) to calculate the average salinity
levels and total water supply duration for 243 coastal communes in Nam Dinh and Thai Binh
provinces that are most affected by saltwater intrusion in the RTB Delta; and (3) to create saltwater
intrusion hazard maps that illustrate the impact levels on the communes under different SLR

scenarios.

2. Methodology

Figure 2 illustrates the methodological approach used in this study.
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Figure 2. Flowchart of the research methodology.

2.1 Setting up the simulation model

1-D models utilised to simulate saltwater intrusion in river estuaries operate under the basic
assumption that flow and salinity characteristics are uniform across the river’s cross-section.
Although this assumption may not be valid, the simulation results remain acceptable even with limited
input data. Among the various 1-D models used to address this issue, the MIKE 11 model is
particularly prominent. MIKE 11 simulates flow, sediment transport, and water quality in estuaries,
rivers, irrigation systems, and canals. Additionally, it is recognised for its user-friendly dynamic
modelling capabilities. Consequently, this study employed the MIKE 11 model to simulate saltwater

intrusion in the RTB River Basin.

The model had nine upstream and eight downstream model boundaries (Table 1), with the latter

located 15-25 km from the river mouth. The salinity at the upstream boundaries was set at 0%o, while
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the salinity at the offshore locations was 32%o, based on data recorded from 2000 to 2016 at Hon Dau
station. For calibration and validation, this study used water-level, discharge, and salinity
measurements from several downstream stations. Figure 3 illustrates the river network, boundaries,

and monitoring stations.



131 Table 1. List of upstream and downstream boundaries

No. River Station Location

name LAT (°) LONG (°)

Upstream boundaries

1 Da Hoa Binh 20.82 105.33
2 Thao Yen Bai 21.70 104.86
3 Chay Thac Ba 21.75 105.05
4 Lo Ham Yen 22.05 105.09
5 Gam Chiem Hoa  22.09 105.28
6 Cau Gia Bay 21.60 105.83
7 Luc Nam  Chu 21.37 106.61

8 Thuong Cau Son 21.45 106.32

9 Day Ba Tha 19.92 105.58

Downstream boundaries

1 Day 19.82 106.03
2 Ninh Co 19.89 106.25
3 Red 20.16 106.64
4 Tra Ly 20.44 106.70
5 Thai Binh 20.57 106.72
6 Van Uc 20.62 106.78
7 Lach Tray 20.76 106.84

8 Cam 20.77 106.88
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133 Figure 3. The modelled RTB River network.




134

135

136

137

138

139

140

141

142

The data used in this study reflect conditions from 2019 (Table 2). The modelled cross-section spans
approximately 10 km in width and ranges in depth from 20 to 30 m, accurately representing the coastal
topography. Simulations were run from January to March, during the peak of the dry season,
characterised by minimal rainfall and lateral inflows. Initial conditions for flow discharge, water
level, and salinity were based on field measurements to simulate intrusion processes and to calculate

average salinity and water-supply duration, which were used to create hazard maps for affected

coastal areas.

Table 2. The number of cross-sections on the simulation network’s rivers

No. River Number of No. River Number of
cross-sections cross-sections

1 Cam 54 16 Lo 68

2 Cau 68 17 Luc Nam 23

3 Chay 50 18 Luoc 120

4 Da Bac 11 19 Mia 60

5 Dao 88 20 Moi 62

6 Day 78 21 Ninh Co 38

7 Duong 42 22 Pho Day 30

8 Gam 32 23 Quan Lieu 38

9 Hoa 48 24 Tam Bac 24

10 Hoang Long 18 25 Thai Binh 105

11 Red 63 26 Thao 78

12 Kinh Mon 80 27 Thuong 63

13 Kinh Thay 65 28 Tich 33

14 Lach Tray 75 29 Tra Ly 96

15 Lai Vu 57 30 Van Uc 53
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The hydraulic (HD) and advection-dispersion (AD) modules in the MIKE 11 model were used
together to simulate the salinity process. To calibrate and validate the parameter set, we followed a
two-step trial-and-error method: (1) calibrating the HD parameter, specifically the Manning
roughness coefficient (n), the Manning roughness coefficient is not fixed for the entire network but
is zoned based on the morphological characteristics of each river section, and (2) calibrating the AD
parameters, which include the dispersion factor (a), dispersion exponent (b), and dispersion
coefficient (D), D is a function of velocity (u) as (D = a . [ul’). We evaluated the model's performance
using the Nash-Sutcliffe Efficiency (NSE) coefficient and the absolute error (AS). The NSE and AS

are calculated using Equation 1 and Equation 2, respectively:

G- 02 B (o)
NSE T (xi-%)? (1)
AS = |Xmax - Ymaxl (2)

where x; and y; are the measured and simulated values at each time 7, X is the mean value of the

measured time-series data; Xy, and Y4 are the maximum measured and simulated values.

2.2 Development of salinity intrusion and climate change scenarios

To assess the influence of upstream flow and tidal levels on salinity, this study considered multiple
scenarios: (1) three upstream flow conditions corresponding to the dry seasons of 2003, 1995 and
2015, which have return periods of approximately 20, 4 and 2 years, respectively, based on a
frequency analysis of observed data from January to March for 1990-2020; and (2) tidal conditions
represented by the 2011 tide level, used as an approximation of the average tide between 1990 and
2020 (scenario group A). In addition, SLR scenarios were examined for 2030, 2040, and 2050, under
the RCP 4.5 pathway, and for 2050 under the RCP 8.5 pathway (scenario groups B-E). Combining
upstream and downstream boundary conditions, a total of 15 simulation scenarios were considered

(Table 3).



167  Table 3. List of simulated scenarios

No. Scenario Year of wupstream discharge Downstream water level conditions for

conditions the year

1 1A 2011

2 1B 2030 RCP 4.5
3 1C 2003 2040 RCP 4.5
4 1D 2050 RCP 4.5
5 1E 2050 RCP 8.5
6 2A 2011

7 2B 2030 RCP 4.5
8 2C 1995 2040 RCP 4.5
9 2D 2050 RCP 4.5
10 2E 2050 RCP 8.5
11 3A 2011

12 3B 2030 RCP 4.5
13 3C 2015 2040 RCP 4.5
14 3D 2050 RCP 4.5
15 3E 2050 RCP 8.5

168

169  Figure 4 illustrates the discharge hydrograph, while Figure S presents the average discharge and

170  water levels recorded at various stations during the simulation period.
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Figure 4. The discharge hydrograph from January 1 to March 31 of various years at selected stations.
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Figure S. The average discharge and water level from January 1 to March 31 of various years at

selected stations.

According to the national report on climate change and SLR scenarios released by the Ministry of
Natural Resources and Environment of Vietnam (MONRE, 2021), sea levels are projected to rise by
12 cm, 17 cm, and 22 cm under the RCP4.5 scenario by the years 2030, 2040, and 2050, respectively.
Additionally, a rise of 26 cm is expected by 2050 under the RCP8.5 scenario. This study calculated
tide-level time series for sea level rise scenarios by averaging tide levels from 1990 to 2020 (using
the 2011 water level value) and adding the projected increases for each corresponding year. We did
not consider SLR in 2030 and 2040 under the RCP 8.5 scenario because the sea level difference

between RCP 4.5 and RCP 8.5 in those decades is minimal. The time-series data of tide levels at the



186  simulation network's downstream boundaries can be extracted from MIKE 21’s Global Tide Model
187  for 2011 (DHI, 2014). The data were adjusted to account for the time zone and altitude of the

188  Vietnamese mainland (Figure 6).
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191  Figure 6. The tide level graph in 2011, as extracted from the MIKE model for different rivers

192

193 2.3 Assessing water supply duration and average salinity

194  The MIKE 11 model provides time-series data on water levels and salinity at specific locations and
195  sluice gates along rivers for a given scenario. The total duration of water supply from each sluice
196  across different scenarios k is determined based on two conditions: (1) the salinity in the main river
197  for scenario (Sx) must be below the permitted level (S,) for water to be supplied to the field, and (2)
198  the water level in the river for scenario (Z;) must be higher than the sluice bed elevation (Zs). Thus,
199 the total duration of the water supply for each sluice can be determined using this approach.

200

201 The spatial distribution of salinity in the study area is based on the following assumptions: (1) only

202  saltwater intrusion through surface water systems is considered, excluding any intrusion into
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groundwater layers; (2) the salinity concentration within a commune is calculated based on the
salinity levels measured at sluices, and (3) the dilution of water in canals and fields is not considered

because the flows and salinity in those areas were not observed.

Based on the assumptions outlined above, as well as an analysis of salinity diffusion principles,
mathematical logic, and the study area’s conditions, this research proposes Equation 3 to calculate
the average salinity for a commune under various scenarios. The advantage of this formula is that it
calculates the average salinity based on the ratio of the total water supply from each sluice. This
method simplifies calculations and ensures reliable results.

G = YieaWikj X Sikj)
i,k —
L1 Vikj

€)

where S is average salinity at a commune (i) corresponding to scenario (k), i ranges from 1 to 243
(total commune in the study area is 243), Vi, is total water supply (V)) of the sluice (j) for a commune
(7) corresponding to scenario (k), j ranges from 1 to n, n is the total number of sluice supply water for
a commune (i), the total water supply of each sluice is determined based on its size (exploited
discharge) and the supply duration corresponding to different scenarios. S;; is the average salinity at

the sluice (j) corresponding to scenario (k) supply water for a commune (i), see Equation 4.

S .. = 21 (Vikjt X Sikjt) @)
ikj rm, Vikjt

where S; . 1s salinity and V;x;. is total water supply at the sluice (j) corresponding to scenario (%),
supply water for a commune (7) has a salinity below the threshold in each supply duration (¢), m

denotes the total supply duration.

This example illustrates how to calculate the average salinity of commune X using Equations 3 and
4. The calculation involves taking water from the river to supply commune X through sluices A and

B, as depicted in Figure 7.
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Figure 7. Diagram describing the method for calculating average salinity for a commune X according

to Equation 3 (as Sx) and Equation 4 (as Sg).

2.4 Assessing salinity intrusion hazard

Following the [PCC (2014) and IPCC (2022), hazard is defined as the occurrence of a natural or man-
made phenomenon, a physical impact, or a trend that is likely to cause loss of life, injury, or other
health effects; as well as damage and loss to property, infrastructure, livelihoods, service provision,
ecosystems, and environmental resources. Hazard level quantifies the intensity, magnitude, or
probability of a particular hazard occurring at a specific location and time. Vulnerability is the
tendency or inclination to be adversely affected. Vulnerability encompasses several concepts,
including susceptibility to harm and a lack of capacity to cope and adapt. Risk is the potential for loss
resulting from the dynamic interaction among the salinity hazard, exposure, and vulnerability. In this

paper, hazard refers to the physical characteristics of salinity intrusion (concentration and duration)
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that pose a threat to the water supply. Hazard level is a quantified classification of the hazard's
severity, categorised in this study into five levels (1-5) based on salinity thresholds and total water

supply duration.

There are no specific regulations regarding the salinity threshold for water supply in Vietnam.
However, to ensure safety, most Irrigation Operation Companies in the Nam Dinh and Thai Binh

provinces only extract water from rivers when the salinity level is below 1%o.

Salinity levels between 1%o0 and 4%o0 may be suitable for specific crops (Kotuby-Amacher et al., 2000).
Therefore, to assess the hazards and impacts of saltwater intrusion in each commune within the study
area, this study adopts a salinity threshold of 4%o. Still, with this threshold, the total duration of the
water supply is limited. This results in significant water scarcity for agricultural activities in the
affected area. From a hazard perspective, the total water supply duration is also important; a longer

duration corresponds to a lower hazard level.

Researching on the effects of salinity on crops, Grismer & Bali, 2015; Kotuby-Amacher et al., 2000)

mentions a method for determining the crop yield reduction due to salinity as:

Y =100 — B(ECe — A)

In which Y is the relative yield (%), A is the threshold value (dS/m), B is the percentage of yield
reduction, and ECe is the average salinity in the field. The values of A and B are determined for

different crop types.

In the study area, the salinity simulation period from January to March is when rice is primarily
grown. Therefore, if the water is saline, crop yield may be reduced. According to Grieve et al. (2014),

the coefficients A and B were determined to be 1.9 and 9.1 % per (dS/m), respectively. Therefore,
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given the yield reduction in rice plants under saline conditions, the study has classified the hazard

levels associated with average salinity (Hs) into five distinct categories, as shown in Table 4.

Table 4. The hazard levels due to average salinity - Hs

Average salinity (%o) Yield reduction (%) Hazard level - Hs Notes

<1 0 0 No hazard
1.01 - 1.50 <4 1 Very low
1.51-2.00 4.1+11.1 2 Low
2.01-2.50 11.2+18.3 3 Medium
2.51-3.20 18.4+28.2 4 High
3.21-4.00 28.3+39.6 5 Very high

Considering the total water supply duration, the simulation period from January 1 to March 31 was
determined to be 2163 hours. This is also the dry season in the study area; therefore, the water supply
for water management activities depends mainly on river water. In this study, we assumed that the
sluice gate is fully opened when salinity and water level conditions permit. It can be seen that the
total amount of water extracted through the sluice gate depends on the sluice gate size and the total
supply duration. Therefore, the thresholds in Table 5 are calculated assuming that if the total supply
duration exceeds 2051 hours, it meets over 95% of the water needs, which can be considered a no-
hazard case. Conversely, if the total supply duration is less than 431 hours, it only meets about 20%
of the water needs. Therefore, the hazard levels associated with the total water supply duration (Hr)

have been classified into five distinct levels, as shown in Table 5.

Table 5. The hazard levels due to total water supply duration - Ht

Total supply duration Water demand Hazard level - Hr  Notes

(hours) (%)
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>2051 95 0 No hazard

1728 - 2050 80+94.9 1 Very low
1296 — 1727 60+79.9 2 Low

864 — 1296 40+59.9 3 Medium
432 — 863 20+39.9 4 High
<431 19.9 5 Very high

Equation 5 evaluates the hazard level at commune (i) for scenario (k) by considering the combined
effects of average salinity and total water-supply duration.

Hip = ws.Hs;, +wr.Hr, (1)

where H; is combined hazard level at a commune (i) corresponding to scenario (k), Hs;x is hazard
level due to the average salinity at a commune (7) corresponding to scenario (k), Hrix 1s hazard level
due to the total supply water duration at a commune (i) corresponding to scenario (k), ws and wr is
the weighting factor of the hazard due to average salinity and total water supply duration, ws + wt =

1.

When salinity levels fall below the allowable threshold, the duration of the water supply becomes a
critical factor because it directly determines the total volume delivered. For instance, if two drainage
points of equal capacity extract water only when the salinity is below 4%o, the point with a longer
extraction period will achieve a greater total intake. In this study, the weighting factors in Equation 5
were set at 0.4 for average salinity and 0.6 for total supply duration. The weighting factors were
determined using the Analytic Hierarchy Process (AHP). Based on consultation with experts and
local water management officials, the results showed that the importance of total supply water
duration is approximately 1.5 times that of average salinity. Therefore, these values were chosen to
reflect the greater practical importance of maintaining an adequate water supply over time, while still

accounting for salinity in water quality. In other words, while salinity determines whether water is



300 usable, the cumulative supply duration governs how much water can be effectively delivered to meet
301  irrigation and domestic needs. The resulting hazard assessments under this weighting scheme are

302  summarised in Table 6, with the corresponding hazard levels presented in Table 7.

303

304 Table 6. Combined hazard (H) of average salinity hazard (Hs) and total supply water duration hazard

305 (Hr)
H Hr
0 1 2 3 4 5
Hs 0
1
2
3
4
5
306
307

308 Table 7. The classification of the combined hazard (H)

Hazard levels Combined Category
hazard
2 1.50 - 2.50 Low

309
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To create a saltwater intrusion hazard map for the study area, we first assessed the hazard value for
each commune. Because of the complexity of the canal network, accurately determining the salinity
spread within specific hazard zones is difficult. Therefore, we used administrative boundaries to

delineate these areas.

3. Results and discussion

3.1 Calibration and validation of the simulation model

The calibration and verification results of the simulation model are presented in Table 8. The
calibration of model parameters was conducted using data from January 1 to March 31, 2012. The
findings show that the highest NSE coefficient, 0.92, was observed at the Son Tay station, where
discharge measurements were taken. In contrast, the lowest NSE coefficient, 0.72, was recorded at
the Truc Phuong water-level station. Calibrating parameters, such as roughness, in areas affected by
tides poses significant challenges, often resulting in lower NSE coefficients. For example, the stations
Truc Phuong, Quyet Chien, Cat Khe, Pha Lai, Quang Phuc, and Ben Trieu show less favourable
results. In contrast, upstream areas that are not influenced by tidal effects yield better calibration
results and higher NSE values. Successful stations in these upstream regions include Son Tay, Hanoi,
Thuong Cat, and Hung Yen. Although some stations located in coastal estuaries exhibit poorer results,

these outcomes still fall within an acceptable range.

The validation was conducted from January 1 to March 31, 2011. The model validation results show
a pattern like that observed during model calibration. Specifically, the validation results for
hydrological stations in the upper region, which is not affected by tides, show higher NSE coefficients
than those from coastal plain stations that are significantly influenced by tides. As indicated in Table
8, the NSE efficiency coefficients for the Son Tay, Hanoi, Thuong Cat, and Hung Yen stations are all
higher than those of the other stations, where the tidal process has a more substantial impact on the

hydrological regime. This difference can be attributed to the greater complexity of hydrological
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processes (water levels and flows) in the tidal-influence area compared to the upstream region. In
coastal areas, flow processes are governed by upstream flow and tidal influences at river mouths.
Furthermore, as mentioned above, due to limitations in upstream input data, such as daily discharge,
which lack sufficient smoothness compared to the hourly fluctuations in downstream tidal water
levels, discrepancies may occur between calculated and measured values at high/low tides. In
addition, the limited availability of riverbed topography data, which is subject to continuous
sedimentation and erosion, also contributes to this problem. This dual influence leads to irregular,
unpredictable fluctuations, making the model's calibration and verification more challenging and
resulting in lower NSE values at some stations, such as Quyet Chien, which achieves only around

0.70.

Table 8. The NSE coefficient during the calibration and validation of the HD model

No Hydrological station Measurement factor NSE

Calibration Validation

1 Truc Phuong Water level 0.72 0.72
2 Quyet Chien Water level 0.88 0.70
3  CatKhe Water level 0.77 0.75
4  PhaLai Water level 0.80 0.78
5 Son Tay Discharge 0.92 0.90
6  Hanoi Discharge 0.92 0.90
7  Thuong Cat Water level 0.88 0.87
8 Hung Yen Water level 0.95 0.85
9  Quang Phuc Water level 0.81 0.81
10 Ben Trieu Water level 0.82 0.82
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Salinity observations at the monitoring stations are not recorded continuously but are instead limited
to measurements taken during high and low tides each month. This intermittent sampling presents
challenges for model calibration and validation. To address these limitations, the study assessed the
performance of the AD model parameters using a restricted dataset and evaluated accuracy through
the absolute error (AS) indicator. The difference between the maximum measured and simulated
salinity values ranges from 0 to 2.18%o0. Most stations exhibit a difference of less than 0.5%o in the

calibration (Table 9) and validation steps (Table 10).

Table 9. Absolute errors associated with the calibration of the AD model parameters at selected

monitoring stations

No. Monitoring Smax (%o) AS (%9)
station / Sluice Simulated =~ Measured
1 Tai 16.57 16.26 0.02
2 Ngo Dong 21.32 21.70 0.38
3 Xe 8.82 11.00 2.18
4 Con Nhat 16.16 16.00 0.16
5 Duong Lieu 0.33 0.14 0.19
6 Phuc Khe 0.41 0.36 0.05
7 Kinh Khe 1.72 1.40 0.32
8 Tien Tien 0.63 0.70 0.07
9 Cao Kenh 0.63 0.30 0.33
10  AnPhu 0.05 0.05 0.00




360 Table 10. Absolute errors associated with the validation of the AD model parameters at selected

361  monitoring stations

No Monitoring Smax (%) AS (%0)
station / Sluice Simulated Measured

1 Phu Le 24.5 25 0.5

2 Dong Quy 26 24 2.0

3 Trung Trang 1.1 1.03 0.07

4 Dong Xuyen 11.7 12.1 0.4

5 Cao Kenh 1.3 1.29 0.01

6 Ba Lat 27.5 29.5 2.0

7 Don Son 2.2 23 0.1

362

363  The calibration and validation results show good agreement between the measured and observed
364  values of the HD and AD modules, with reasonable trends in peak timing and magnitude. Despite
365  some limitations in the salinity data and the MIKE 11 model's simplified advection and dispersion,

366  the model performs adequately for simulating various scenarios in the study area.

367

368 3.2 Results of the salinity intrusion simulation scenarios

369  Although the study simulated hydraulic and water-quality dynamics across the entire RTB river
370  system, the subsequent analysis focuses specifically on the Day, Ninh Co, Red, Tra Ly, and Thai Binh
371  rivers. These rivers are regulated by sluice systems that supply water to all coastal communes in Nam
372 Dinh and Thai Binh provinces.

373

374  3.2.1 The process of saltwater intrusion along the rivers

375 (1) Variations in upstream flow (Scenario group A)



376  Generally, if the tide level remains constant, an increase in upstream flow leads to a decrease in the

377  maximum downstream salinity (Table 11) and a reduction in saltwater intrusion inland (Figure 8).



378  Table 11. The maximum salinity at some sluices on the rivers

River Sluice Maximum salinity (%)

Scenario 1A Scenario 2A  Scenario 3A

Day Quy Nhat 11.98 12.00 12.02
Thuan Hau  8.32 8.36 8.39
Dong Lieu  4.90 4.96 4.98
Tam Toa 0.60 0.61 0.63
Red Ngo Dong  4.10 4.24 4.95
Mo Dao 3.77 4.01 4.28
Co Le 2.80 2.98 3.56
Ninh Co  Mucl 12.12 12.17 12.19
Muc II 8.42 8.45 8.47
Tra Ly Thai Phuc  5.05 5.20 6.25
Nam Cuong 0.04 0.04 0.05
Thai Binh Van Am 1.15 1.16 1.30

Thu Cuc 0.61 0.63 0.73
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Figure 8. Salinity profiles of the studied rivers according to group A scenarios.

On the Day River, all simulation scenarios show similar trends in changes in maximum salinity along
the river. Salinity decreases sharply from the river mouth toward the mainland. Specifically, between
KMO (the estuary) and KM22 (the mainland), salinity drops significantly from about 25%o to less
than 4%o. Beyond KM22, the maximum salinity along the river continues to decline steadily. The
differences in maximum salinity along the river under different scenarios are relatively small, ranging
from 0.2% to 5%. There is no significant reduction in the extent of saltwater intrusion into the
mainland across the scenarios. In Scenario 3A, the distance from the river mouth to the point where
salinity fell below 4%o0 was 22 km, whereas in Scenario 1A it decreased slightly to 21 km. Likewise,
the distance to where salinity falls below 1%o decreased from 31 km in Scenario 3A to 29 km in

Scenario 1A.

The Thinh Long Estuary on the Ninh Co River and the Ba Lat Estuary on the Red River are significantly
affected by tidal influences. Additionally, the distribution of upstream flow from the Red River impacts

salinity levels. As a result, most locations along the Ninh Co River experience maximum salinity levels
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exceeding 4%o in all scenarios. However, the maximum salinity along the river quickly decreases from
26%0 (KMO) to 4%o0 (KM45). The difference in maximum salinity at sluices between scenarios 1A, 2A,

and 3A 1s minimal.

The Red River is the main river in the study region and has the strongest flow. Because of this, the
highest salinity drops quickly from 23%o at KMO to about 5%o at KM15. Comparing scenarios 1A and
2A, the change in maximum salinity at some locations is less than 6%, whereas between scenarios 1A
and 3A, the change can be as significant as 40%. Comparing the results between scenarios 1A and 3A
reveals a significant difference in the maximum salinity at several locations along the Red River. This
phenomenon can be attributed to the non-linear interaction between upstream discharge and tidal
energy. The Red River (main branch) has a higher discharge than other rivers regulated by upstream
reservoirs. The small increase in discharge in scenario 1A compared to 3A creates a greater "pushing
force" leading to lower salinity. Furthermore, the Red River's estuary has a more concentrated, deeper
channel than the funnel-shaped estuaries of the Day River. When upstream flow increases, the
velocity in the deep channel increases rapidly, directly neutralising the tidal energy entering the river.
The distance from the river mouth to the position with salinity below 4%o decreases from 37 km
(scenario 3A) to 35 km (scenario 1A), and the position with salinity below 1%o decreases from 50 km

(scenario 3A) to 48 km (scenario 1A).

On the Tra Ly River, the salinity decreases slightly from the estuary up to around KM 15, dropping from
29%o to 28%o. However, between KM15 and KM22, the maximum salinity falls below 4%o.. When
comparing different scenarios, the maximum salinity levels indicate a slight decrease in the extent to
which saltwater intrudes into areas. Specifically, the distance from the river mouth to locations with
salinity below 4%o decreases from 23 km (in scenario 3A) to 22 km (in scenario 1A). For locations with

salinity below 1%e., it also decreases from 23 km (in scenario 3A) to 22 km (in scenario 1A).
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The salinity of the Thai Binh River decreases significantly from the estuary to KM9, ranging from
26%o to less than 3%o. The decrease is relatively steady upstream of the river. Across scenarios, the
maximum salinity and the distance of saltwater intrusion remain relatively unchanged. The distance

of saltwater intrusion decreases from 14 km (scenario 3A) to 12 km (scenario 1A).

The results indicate that salinity intrusion in the Day, Ninh Co, and Red rivers in Nam Dinh province
is more severe than in the Tra Ly and Thai Binh rivers in Thai Binh province. This difference
primarily stems from the distribution of water throughout the system during the dry season. The flow
regulation from upstream to the Tra Ly and Thai Binh rivers is more abundant and stable compared

to that of the Ninh Co and Day rivers, which have weaker and less stable flows.

Due to the stronger flow in Thai Binh province, rivers such as the Tra Ly create an effective "wall of
fresh water" that helps prevent salinisation. Additionally, the riverbed terrain plays a role; for
instance, the mouth of the Day River is wide and relatively shallow, allowing salinity to penetrate
easily during high tides. In contrast, the Tra Ly river mouth is narrow and deep, with strong freshwater

flow, which minimises salinity intrusion into this river.

This study evaluates the maximum salinity levels and the extent of river saltwater intrusion. It also
determines the total duration of water supply at the sluices in the study area. The simulation period
spans January to March, during which the total water supply duration could reach a maximum of
2,160 hours if salinity remains below the allowable threshold and the river level exceeds the sluice
bed elevation. Generally, the total water supply duration at most sluices increases slightly between
scenarios, ranging from 1 to 3 hours. However, at some sluices, such as the Muc I on the Ninh Co

River, it experiences a more significant increase, rising from 70 to 93 hours (Table 12).

Table 12. Duration of total water supply at key sluices along the rivers



River Sluice Duration (hours) with salinity under 4%o

Scenario 1A Scenario 2A Scenario 3A

Day Quy Nhat 1848 1837 1834

Thuan Hau 1945 1930 1930

Dong Lieu 1988 1986 1987
Red Ngo Dong 1049 1046 1027

Mo Dao 1997 1992 1984
Ninh Co Muc I 716 646 623

Muc I1 1690 1658 1636

447

448  Our analysis of water supply duration across different salinity levels revealed varying changes. When
449  salinity is below 1%o, the total water supply duration typically decreases due to lower upstream flow.
450  For example, at the Mo Dao sluice, it drops from 1,728 hours in scenario 1 A to 1,586 hours in scenario
451  3A. Conversely, when salinity is between 3.2 and 4%o, the duration increases, such as at the Quy Nhat
452  sluice, where it rises from 34 to 43 hours, and at Muc II, from 83 to 119 hours.

453  Figure 9 shows how the total water supply duration varies across salinity levels under different
454  scenarios.
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Figure 9. The total duration of water supply at various sluices for different salinity levels, according

to different scenarios

(2) SLR scenarios

SLR is also a cause of salinity intrusion into rivers, along with upstream flow and topographic
conditions. As SLR increases, both the maximum salinity at sluices and the extent of saltwater
intrusion into the continent also rise (Figure 10). Furthermore, when there is reduced upstream flow
coupled with elevated tide levels, the maximum salinity at the sluices increases, as illustrated in

Figure 11.
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Figure 10. Salinity profiles of the studied rivers under different SLR scenarios.
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Figure 11. Maximum salinity at various sluice levels across different scenarios.

Compared to scenario group A, the maximum increase in salinity at the sluices on the Day River due
to SLR is significantly greater, ranging from 6% to 39%. The saline increase on the Thai Binh River
rose from 6% to 26%. Other rivers experienced much smaller increases, ranging from 1% to 10%.

Additionally, the distance of saltwater intrusion into the land has increased by 1-2 kilometres. When
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salinity levels fall below the permitted threshold, the total duration of the water supply varies across
different scenarios. For some sluices, such as Dong Lieu, Mo Dao, and Muc II, the decrease in supply
is minimal, ranging from 1 to 8 hours. However, other sluices, such as Ngo Dong and Muc I,

experience significant reductions, with decreases ranging from 32 to 305 hours (Figure 12).
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Figure 12. Total water-supply duration at various sluices across different scenarios.

3.2.2  The average salinity and hazard levels in communes

Figure 13 presents water-level and salinity measurements at various sluice gates throughout the
simulation period across different scenarios. Using this data, we can calculate the average salinity for
each commune by considering the total amount of water supplied from each sluice, as detailed in

section 2.3.
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Figure 13. Water level and salinity graphs at selected sluices for various scenarios

An assessment of 123 communes in Nam Dinh province reveals that the number of communes
exposed to salinity-related hazards has risen from 61 in scenario group 1 to 69 in scenario groups 2
and 3. Among these communes exposed to hazards at levels 1 to 3, the highest proportion, 60%, is at
hazard level 2. A detailed analysis reveals that the number of communes at each hazard level varies
with fluctuations in upstream flow and tide levels. For example, when comparing scenarios 1D, 2D,
and 3D, the total number of communes exposed to hazard level 3 rises from 13 in scenario 1D to 28

in scenario 2D and 29 in scenario 3D (Figure 14).
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Figure 14. The total number of communes in Nam Dinh province affected by salinity hazards across

various scenarios.

An assessment of 120 communes in Thai Binh province reveals that the total number of communes
exposed to hazards due to the salinity factor is significantly lower than in Nam Dinh province. Only
16 to 21 communes, most at level 1, are exposed to hazards. Due to upstream flow and SLR, some
communes changed from no hazard to level 1, while others changed from level 1 to level 2 (Figure
15). This is understandable because the salinity of the Thai Binh River is lower than that of other

rivers, and there is no water supply issue if the salinity remains below the allowable threshold.
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Figure 15. The number of communes in Thai Binh province facing various salinity hazard levels

across scenarios.
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Assessment of the hazard level due to water supply duration: all communes in Nam Dinh province
are exposed to hazard levels of 1-5. The percentage of communes at level 3 is the highest, ranging
from 30% to 56% across scenarios. Additionally, the number of communes at various levels increases
as upstream flow decreases and sea levels rise (Figure 16).
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Figure 16. The number of communes in Nam Dinh province facing various hazard levels due to

different water supply durations

Unlike Nam Dinh province, Thai Binh province's water supply duration is longer due to the lower
impact of saline intrusion. All 120 communes in the study area are exposed to hazard levels ranging
from 1 to 3, with 60% at level 1. While the number of communes at each level varies across scenarios,
the change is minimal. Only three communes shift from levels 2 to 3 in scenario groups 2 and 3

(Figure 17).
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Figure 17. The total number of communes in Thai Binh province affected by varying hazard levels

related to the duration of water supply

The interaction between salinity levels and water-supply duration can influence the hazard posed by
saltwater intrusion. All communes in the study area of Nam Dinh province are exposed to hazard
levels 1-4. The total number of communes at levels 2 and 3 accounts for approximately 40-60%,
depending on the scenario. Due to reduced upstream flow, many communes have moved from low to
higher hazard levels. For instance, between scenarios 1A, 2A, and 3A, seven communes have moved
from level 1 to level 2, and 16 communes have moved from level 3 to level 4. Additionally, the
number of communes vulnerable to high hazards has increased due to SLR. For example, between
scenarios 1A and 1B, the number of communes exposed to hazard level 1 has decreased from 62 to
37, while the number of communes at hazard level 2 has increased from 13 to 38 (Figure 18). In this
province, some communes identified as having the highest hazard levels are Hai Chau, Hai Hoa, Hai

Ninh, Hai Trieu, and Thinh Long, all at level 4.
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Figure 18. The total number of communes in Nam Dinh province exposed to different hazard levels

under various scenarios

In Thai Binh province, all communes are only exposed to hazards at levels 1 and 2. Approximately
75% of them are exposed to level 1 hazards (Figure 19). The change in the number of communes
exposed to hazards at different levels remains almost constant across scenarios. Some communes

exposed to the highest hazard levels include Nam Chinh, Nam Hong, and Tay Phong, all of which

48

62

1A

34

20

53

2A

34

20

53

3A

48

38

37

1B

36
35

36

2B

are categorised as level 2.

140

120

100

80

60

40

Number of commune

20

Figure 19. The number of communes in Thai Binh province exposed to various hazard levels under

26

94

1A

26|

94

2A

26

94

3A

different scenarios

26

94

1B

26

94

2B

38
33|

36

3B

43

38

37

1C

36)
35

36)

2C

38
33

36

3C

01 0203 m4 m5

29

91

3B

26

94

1C

29

91

2C

29

91

3C

0102 O3 m4 m5

43

B8

37

1D

26

94

1D

40

Eal

36

2D

29

91

2D

40

31

36

3D

29

91

3D

47

34

37|

1E

126

94

1E

ko

B1

36

2E

29

91

2E

40

21

36

3E

29

91

3E



560

561  3.2.3 Saltwater intrusion hazard maps
562  Based on analyses of average salinity and water-supply duration, a saltwater intrusion hazard map
563  was constructed for the 243 communes of the study area for the different scenarios. Figure 20 shows

564  the changes in hazard level across communes due to upstream flow conditions and SLR.
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Figure 20. Saltwater intrusion hazard maps of the study area for different scenarios

Overall, communes in downstream areas are subject to greater saltwater intrusion hazards than those
upstream. Districts such as Hai Hau, Giao Thuy, Tien Hai, and Thai Thuy face elevated risk because
their water is drawn directly from river sluice gates, where salinity tends to be higher. In contrast,
communes with well-developed canal networks and effective distribution of low-salinity water from

upstream sources, such as those in the Nghia Hung district, exhibit comparatively lower hazard levels.

This study takes a more comprehensive approach to mapping salinity intrusion boundaries than
previous research, which focused solely on the maximum simulated salinity along major rivers.
Earlier methods often led to misrepresentations of salinity distribution in the RTB River Basin by
neglecting inland variations and secondary channels. In contrast, the saltwater intrusion hazard map
developed in this study offers a more accurate depiction of the spatial extent and intensity of the
affected areas. This improved representation enhances our understanding of salinity dynamics. It
allows for the identification of priority zones for management interventions, thereby supporting the

development of targeted strategies to mitigate the impacts of saltwater intrusion.

4. Conclusions

Saltwater intrusion is a complex phenomenon influenced by factors such as upstream flow patterns,
tidal dynamics, and other environmental conditions. Understanding how these elements interact is
essential for assessing the impacts of saltwater encroachment in coastal and estuarine areas. This
study used the MIKE 11 model to simulate saltwater intrusion in the RTB river basin by examining
15 scenarios that account for variations in upstream flow during the dry season and the effects of
SLR. The findings suggest that maximum salinity levels in the river and the extent of saltwater

intrusion are likely to increase due to reduced upstream flow and/or rising sea levels.
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When analysing the impact of upstream flow changes on salinity levels at sluice gates, maximum
salinity remains relatively stable across most rivers, with variations typically under 6%. However, the
Red River shows more significant fluctuations, with salinity changes reaching up to 40%. In terms of
SLR, both the Day River and the Thai Binh River experience more substantial salinity changes

compared to other rivers. In all scenarios, saltwater intrusion extends 1 to 2 kilometres inland.

This paper presents a new approach to estimating the average salinity during the water supply period
when salinity levels fall below the allowable threshold. The study determined the average salinity and
the total duration of water supply for 123 coastal communes in Nam Dinh province and 120 in Thai
Binh province. A comparison of results across scenarios reveals significant variations in average
salinity and total water-supply duration, reflecting the different hazard levels experienced by each
commune. All communes in Nam Dinh province face higher hazard levels compared to those in Thai
Binh province. Specifically, the hazard levels in Thai Binh province range only from 1 to 2, while in

Nam Dinh province, they range from 1 to 4.

Unlike previous studies that created saltwater intrusion boundary maps for the RTB River Basin, the
hazard maps developed in this study provide a more accurate representation of the extent of saltwater
intrusion and the associated hazard levels, despite some limitations in the available observational
network. This improved precision is achieved by considering both the average salinity and the total
duration of the water supply for the canal system. The findings of this study provide valuable insights
for assessing risks for the development of adaptation strategies to mitigate the impacts of saltwater

intrusion in the study region.

Further research is recommended in the following areas: (1) measuring cross-sections and salinity
levels in the rivers and canals of the irrigation system. This data would be used to simulate

hydrodynamics and salinity transmission throughout the entire system. Comparing these findings
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with the current results will provide a scientific basis for model calibration and validation, ensuring
that the results align more closely with real-world conditions. (2) Investigating the operation of
upstream reservoirs to enhance freshwater discharge, which could help reduce salinity levels during

periods of strong tides in the downstream areas.
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