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ABSTRACT
The coastline surrounding theDay estuary in northernVietnam, extending about 25km, has experienced rapid

shoreline accretion with average rates of approximately 100 m/year, while localized erosion occurs in several sec‑
tions. Previous studies suggest that long‑term shoreline evolution in this region is controlled by sediment supply
from the Red River, reduced nearshore wave energy, and sediment trapping by the Hoa Binh Dam. In this study,
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a numerical shoreline change model based on the one‑line theory was applied to investigate large‑scale accretion
and erosion under the combined inϐluence of riverine sediment supply and nearshore wave dynamics, while tidal
currents and river ϐlow were not explicitly simulated. The nearshore wave regime was simulated using a 2D wave
transformation model driven by a 30‑year deep‑water wave dataset from the Global OceanWave Analysis (GOWA).
The effect of theHoa BinhDamwas represented by a 30% reduction in riverine sediment supply. Themodelwas cal‑
ibrated and validated against measured shoreline positions from 1965, 1989, and 2019, showing good agreement
with observations and average relative errors of 9.2% and 12.5% during calibration and validation, respectively.
Sediment budget analysis indicates that riverine input is the dominant source of shoreline accretion, while long‑
shore sediment transport (LST) plays a secondary role, and part of the sediment is lost offshore. These results
should be interpreted within the scope of the simpliϐied one‑line shoreline model, which targets large‑scale, long‑
term shoreline evolution.
Keywords: Shoreline Modelling; Sediment Transport; Beach Evolution; Day Estuary; Red River

1. Introduction
Coastal zones provide essential natural resources,

livelihoods, and socio‑economic beneϐits for coastal com‑
munities, including ϐisheries, tourism, and ecosystem
services [1, 2]. However, these areas are highly dynamic
and vulnerable to natural and anthropogenic pressures,
posing signiϐicant challenges for sustainable coastal
management [3–5].

Sediment dynamics are fundamental in shaping
shoreline morphology and controlling coastal evolution.
Sediment transport processes govern the formation and
development of beaches, tidal ϐlats, estuaries, anddeltaic
coastlines, and are crucial for maintaining coastal sta‑
bility under the inϐluence of waves and currents [6]. Un‑
derstanding sediment transport pathways and sediment
budgets is therefore necessary for predicting shoreline
change and assessing coastal vulnerability [7]. In river‑
dominated delta systems such as the Red River Delta,
large sediment inputs from ϐluvial sources interact with
coastal hydrodynamics to produce rapid and complex
shoreline changes. The Red River system delivers sub‑
stantial alluvial material to the coast through multiple
estuaries, forming one of themost dynamic deltaic coast‑
lines in the Gulf of Tonkin [8, 9].

The Red River Delta coastline extends approxi‑
mately165kmacrossNamDinhandThaiBinhprovinces
(present‑day Ninh Binh and Hung Yen provinces). It
receives an estimated annual sediment load of about
100 × 10⁶ t delivered to the sea through seven ma‑

jor estuaries, including Van Uc, Thai Binh, Diem Dien,
Tra Ly, Ba Lat, Lach Giang, and Day [10, 11]. Many of
these estuaries exhibit rapid accretion rates ranging
from 15 to 100m/year [10, 11]. The present study focuses
on a 25 km‑long coastal segment encompassing the
Day, Lach Truong, and Lach Can estuaries (Figure 1a),
where shoreline evolution is governed by complex in‑
teractions among riverine sediment supply, waves from
the Gulf of Tonkin, and coastal currents [9, 12, 13]. Long‑
term remote sensing analysis (1965–2023) indicates
persistent shoreline accretion toward the sea, with aver‑
age rates reaching about 100 m/year, and exceptionally
high shoreline variability near the Day estuary [11, 12, 14].
While the abundant sediment supply from the river
system is considered a primary driver of rapid accre‑
tion, the spatial distribution and temporal variability of
shoreline change are strongly inϐluenced by coastal hy‑
drodynamic processes [12, 14, 15]. Under ongoing climate
change, coastal communities may face increasing risks
associated with altered sediment supply, sea‑level rise,
and changes in wave climate [3–5].

Previous studies in the area have primarily focused
on detecting shoreline changes and predicting future
trends using satellite imagery [17–19] or on estimating
longshore sediment transport (LST) using simpliϐied em‑
pirical formulations, such as the Coastal Engineering Re‑
search Center (CERC) formula [20]. However, the relative
contributions of different sediment sources, including
riverine inputs, LST from adjacent coastal segments, and
sediment losses to deeper waters, as well as their com‑
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bined roles in shaping long‑term shoreline morphology,
remain insufϐiciently quantiϐied. Therefore, this study
aims to assess the relative roles of riverine sediment sup‑
ply and nearshore wave dynamics in controlling shore‑
line accretion and sediment redistribution along the
coast. A numerical shoreline change model based on
one‑line theory [16] is applied to quantify LST and shore‑

line evolution under the combined inϐluence of sediment
inputs from river systems and coastal hydrodynamics.
The model is calibrated and validated using historical
shoreline positions from 1965, 1989, and 2019, provid‑
ing an assessment of sediment transport pathways and
long‑term shoreline evolution in this rapidly changing
coastal system.

(a) (b)
Figure 1. (a) Study site and distribution of estuaries in the Red River system; (b) wind roses at stations surrounding the study
site, based on an 18‑year time series (2005–2023)with four records per day, converted to a reference height of 10mabovemean
sea level.
Source: Base maps and station locations are adapted from Hoan et al. cite16.

2. Environmental and Forcing Con‑
ditions in the Study Area

2.1. Winds

Thewind regime in northernVietnam is dominated
by a pronounced monsoonal system, consisting of a
winter monsoon and a summer monsoon [8, 21]. During
the winter monsoon, from November to March, strong
northerly and northeasterly winds prevail, and are asso‑
ciated with relatively low air temperatures and reduced
precipitation. In contrast, the summer monsoon, oc‑
curring mainly between May and September, is charac‑
terized by moderate southerly winds accompanied by
higher temperatures and increased rainfall. Transitional
periods between the twomonsoon seasons, generally in
April and October, are marked by weaker winds, often
from the east, and milder weather conditions [8].

Wind rose analyses from four meteorological sta‑
tions surrounding the study area (Figure 1b) indicate
that the wind ϐield over the Gulf of Tonkin is strongly in‑
ϐluenced by regional topography. Among these stations,
Bach Long Vi (BLV), located offshore on Bach Long Vi
Island near the center of the Gulf and distant from the
mainland, provides wind observations that are consid‑
ered the most representative of the regional wind condi‑
tions over the Gulf of Tonkin [8].

2.2. Nearshore Topography

The nearshore zone adjacent to the Day estuary is
characterized by a gently sloping seabed, creating an ex‑
tensive area overwhichwave transformation and energy
dissipation can occur [9, 14, 15]. Bathymetric data derived
from a Vietnamese Navy chart, with depth corrections
applied for conditions around 1980, indicate that depth
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contours in the northern area of the Day estuary are gen‑
erally oriented parallel to the shoreline and that the off‑
shore seabed slope remains relatively uniform. In con‑

trast, the southernareaexhibits a gentler slopeandmore
irregular seabed features, which enhance wave energy
dissipation (Figure 2).

Figure 2. Bathymetric map of the study area.
Note: MC1–MC5 indicate the locations of the measured cross‑shore proϐiles. The offshore wave rose (upper right) is based on 30 years (1993–2023) of wave
reanalysis data from GOWA, and the two current prisms are derived from short‑term measurements collected in 2023 at two anchored stations (indicated by red
dots).

To further characterize nearshore proϐile morphol‑
ogy, four measured cross‑shore proϐiles (MC1, MC2,
MC4, and MC5; see Figure 3) were ϐitted to the equi‑
librium beach proϐile (EBP) formulation proposed by

Dean [22] using a least‑squares approach. The result‑
ing values of the proϐile scale parameter (A) range from
0.012 to0.041m1/3, corresponding tomediangrain sizes
(D50) of approximately 0.09–0.13 mm (Table 1) [23].

Figure 3. Comparison betweenmeasured cross‑shore proϐiles (MC1, MC2, MC4, and MC5) and ϐitted EBP based on the formula‑
tion proposed by Dean [22].
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Table 1. Results of least‑squares ϐitting between measured beach proϐiles and the EBP formulation of Dean [22].
Proϐile A (m1/3 ) D50 (mm) ERMS (m)

MC1 0.041 0.13 0.20
MC2 0.032 0.13 0.08
MC4 0.012 0.09 0.13
MC5 0.012 0.09 0.29

2.3. Wave Climate

The deep‑water wave climate in the Gulf of Tonkin
exhibits distinct seasonal variability associated with the
regional monsoonal wind regime. Based on visual buoy
observations at Hon Dau station, waves predominantly
approach from the north and northeast during the win‑
ter season, whereas wave directions are mainly from
the east and southeast during summer under deep‑
water conditions [8, 10]. Correspondingly, mean deep‑
waterwaveheights range fromabout 1.8–2.0m inwinter
and 1.2–1.4 m in summer [8, 10, 24]. Seasonal differences
are most evident in the occurrence frequency of higher
waves, with signiϐicant wave heights (Hs) exceeding 3 m
about 10% of the time in winter, compared to Hs exceed‑
ing 2 m for a similar proportion during summer [8, 24].
Analysis of deep‑waterwave data from theGOWAreanal‑
ysis at the offshore station (Figure 2) further indicates
that approximately 53% of the total wave energy prop‑
agates southward, corresponding to winter conditions,
while about 47% propagates northward, representative
of summer conditions.

Storms and typhoons affecting northern Vietnam
predominantly occur during the summermonths, partic‑
ularly in July and August, with an average of about two
events per year impacting the northern coastline. Dur‑
ing such events, deep‑water wave heights may reach 8–
10 m, accompanied by storm surges of up to about 2
m [10, 21, 25].

Long‑term in situ wave measurements remain lim‑
ited in Vietnam, including the present study area. Avail‑
able ϐield observations were obtained through an inter‑
national cooperation program between the Vietnam In‑
stitute of Hydrometeorology and the Russian Federation.
Offshore buoy measurements were conducted along the
central coast of Vietnam during 1999–2000 over a pe‑
riod of about three months. Data recorded at a buoy
station located at a water depth of approximately 25 m

(station VN06; see Figure 1b) during the winter period
from October 1999 to January 2000 indicate that Hs ex‑
ceeded 1.0 m for about 49% of the observation time and
exceeded 1.5 m for approximately 23%.

The Gulf of Tonkin is connected to the South China
Sea through a wide southeastern opening (Figure 1b),
allowing swellwaves generated under high‑energywave
conditions in the South China Sea to propagate into
the Gulf. Wave and wind measurements at anchored
stations near the Day River estuary indicate that swell
wave heights exceeding 1.0mmay occur even under low
local wind speeds [24, 25], thereby indirectly inϐluencing
the Day River estuary coastline through incoming swell
waves.

2.4. Tides

Field measurements indicate that astronomical
tides in the study area are predominantly regular diur‑
nal. Tidal waves propagate into the region from the
South China Sea and are partially reϐlected within the
northern enclosed part of the Gulf of Tonkin. Given a
basin length of roughly 500 km and an average depth of
about 50 m, the estimated resonance period is approxi‑
mately 25 h [8, 26], which closelymatches the diurnal tidal
period. As a result, the diurnal constituents O1 and K1
are close to resonance, causing their amplitudes to in‑
crease northward along the Vietnamese coastline. The
tidal range in the study area varies from around 0.5 m
during neap tides to about 3.2 m during spring tides [26].

2.5. Current Regime

Nearshore currents are controlled by several main
processes, including wave‑induced currents, tidal cur‑
rents, wind‑driven circulation, and river outϐlow near
rivermouths. These processes interactwith coastalmor‑
phology and produce complex current patterns in the
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nearshore zone. Among them, tidal currents play the
most important role in shaping tidal ϐlats and tidal chan‑
nels in low‑lying coastal wetlands [8, 10].

In the Gulf of Tonkin, tidal waves mainly propagate
from south to north, generating northward ϐlood cur‑
rents and southward ebb currents. In nearshore areas
with water depths of about 5m, average tidal current ve‑
locities range from25 to 40 cm/s, whilemaximumveloc‑
ities can reach 60–80 cm/s [10]. Because of tidal current
asymmetry, the ϐlood tide lasts for a shorter period than
the ebb tide, accounting for approximately 42%and58%
of the tidal cycle, respectively. This asymmetry results in
a net southward residual current along the coast [8].

Analyses based on ϐield observations and numeri‑
cal modelling show that wind‑driven circulation in the
Gulf of Tonkin forms a counterclockwise circulation pat‑
tern, centered in the middle of the gulf during both the
summer and winter monsoon seasons [8]. This circula‑
tion results in persistent southward residual currents in
the nearshore zone of the study area. Seasonal varia‑
tions in wind velocity further inϐluence this circulation,
with higher wind velocities and stronger associated cur‑
rents occurring in winter than in summer [8].

Long‑term current monitoring along the Viet‑
namese coast remains limited, as most ϐield surveys are
conducted over relatively short periods, typically lasting
from 2 to 7 days. In this study, current measurements
were carried out at two anchored stations: an offshore
station located seaward of the Day estuary at a water
depth of 20 m, and a nearshore station situated south
of the estuary at a depth of approximately 3 m (Figure
2). Themeasurementswere conducted over a seven‑day
period, from 28 July to 4 August 2023. Analyses of cur‑
rent prisms based on the integrated dataset show a clear
southward residual current at both stations. At the off‑
shore station, current directions are generally aligned
parallel to the coastline, whereas at the nearshore sta‑
tion, they are strongly inϐluenced by local bathymetry
and river discharge. Currents with velocities ranging
from 30 to 50 cm/s occur with a frequency of 13.2% at
the nearshore station and 4.2% at the offshore station.
During the observation period, the mean current veloc‑
ity at both stations was approximately 30 cm/s, while
maximum velocities reached about 50–60 cm/s.

2.6. Riverine Sediment Budgets

The Red River supplies a large amount of sediment
to the Gulf of Tonkin through seven active river mouths.
Sediment discharge to the sea shows pronounced sea‑
sonal variability. Summer rainfall accounts for about
80% of the annual total, causing most sediment trans‑
port to occur during this season. Consequently, approxi‑
mately 91–96% of the annual sediment load is delivered
to the coastal zone in summer [8].

The total annual sediment input from the Red River
to the sea is estimated to range from 75 to 100 Mt/yr.
The relative contributions of sediment discharge from
the main distributaries, arranged from north to south
(Figure 1a), are about 19% from Van Uc, 6% from
Thai Binh, 9% from Tra Ly, 21% from Ba Lat, 6% from
Lach Giang, 19% from the Day River, and approximately
20% from the remaining smaller distributaries com‑
bined [8, 10, 27].

3. Shoreline Change Modelling

3.1. Shoreline Data

In this study, multi‑temporal shoreline data cover‑
ing the period from 1965 to 2023 were used to exam‑
ine shoreline changes and alluvial plain development in
the coastal area of the Day estuary. These data were de‑
rived from a combination of historical maps and satel‑
lite images. The study area includes Nghia Hung Dis‑
trict in Nam Dinh Province and Kim Son District in Ninh
Binh Province (Figure 1a). Shoreline positions were ex‑
tracted for multiple years; however, only the most re‑
liable datasets were selected for comparison with the
model results. These datasets correspond to shoreline
positions from the years 1965, 1989, and 2019.

3.2. OffshoreWave Data

Accurate characterization of offshore wave con‑
ditions is one of the main challenges in coastal pro‑
cess modelling. In Vietnam, long‑term offshore wave
measurements are generally not available. Therefore,
this study used a 30‑year offshore wave dataset (1993–
2023) from GOWA [28] as input for the two‑dimensional
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wave transformation model [29]. The dataset has a time
resolution of 1 h. GOWA, provided by the CopernicusMa‑
rine Service, supplies global wave datawith a spatial res‑
olution of 1/5° [28, 30]. Thiswave reanalysis covers the pe‑
riod from1993 to 2023 and includes hourlywave param‑
eters describing sea surface conditions. The wave data
are produced using version 4 of the Mesoscale and Fine‑
scale WAve (MFWAM) model, which is driven by wind
and atmospheric data from ECMWF ReAnalysis 5th gen‑
eration (ERA5) [30, 31].

The offshore wave data were evaluated using wave
measurements from the buoy station VN06 (Figure 1b).
Because the measured wave direction at this station is

considered unreliable, only wave height was used for
the evaluation. A comparison of signiϐicant wave height
between the VN06 observations and the GOWA data is
shown in Figure 4. The results show good agreement,
with a correlation coefϐicient of 0.8 and a mean absolute
error of 0.23 m.

In this study, uncertainties related to deep‑water
wave data were not speciϐically analyzed. However, the
comparison results indicate that the GOWAwave dataset
is suitable for use in the study area. Previous studies
have also shown that long‑term GOWAwave data are re‑
liable for wave climate studies and coastal engineering
applications [31].

(a) (b)
Figure 4. Comparison between signiϐicant wave heights from GOWA and in situ measurements at the deepwater station VN06
during October–December 1999: (a) Time series comparison; (b) Linear regression with the 95% prediction interval.

3.3. NearshoreWave Transformation

In this study, the nearshore wave climate was simu‑
lated using a two‑dimensional Energy Balance Equation
with a Diffraction term (EBED) model. The EBEDmodel,
developed by Mase [29], is derived from the energy bal‑
ance equation formultidirectional randomwaves and in‑
corporates the main physical processes governing wave
transformation, including shoaling, refraction, diffrac‑
tion, and wave breaking. A key advantage of the EBED
model is its ability to reproduce wave transformation
over complex bathymetry, together with its ϐlexibility in
handling a wide range of wave spectral inputs and out‑
puts. To generate nearshore wave conditions for the
study area, a 30‑year hindcast time series of offshore
wave data from GOWA was used as input to the EBED
model.

The coastal geometry of the study area exhibits no‑
table spatial variation. In the northern part of theDay es‑
tuary, the coastline is oriented in a northeast–southwest
(NE–SW) direction, whereas south of the estuary, the
coastline predominantly follows an east–west (E–W) ori‑
entation (Figure 2). Owing to this conϐiguration, off‑
shore waves approaching from the north (N) and north‑
east (NE) propagate in deep water, and part of their en‑
ergy is transferred into the nearshore zone along the
southern coast of the Day estuary through the combined
effects of wave refraction and diffraction around the es‑
tuary headland. Wave observations from this study fur‑
ther indicate that onshore‑directed waves are present
in the nearshore area even when offshore waves and
winds recorded at the BLV station mainly originate from
the N or NE directions. Previous studies have shown
that waves approaching from these two directions con‑
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tribute a substantial proportion, approximately 31%, of
the total offshore wave energy [16]. Therefore, wave com‑
ponents from the N and NE directions must be consid‑
ered in the nearshore wave transformation analysis. In
general, two‑dimensional wave transformation models
can simulate wave propagation within an incident an‑
gle range of −90° to +90° relative to the offshore axis of
the employed orthogonal coordinate system [29]. How‑
ever, when the coordinate system is deϐined with the
x‑axis aligned parallel to the coastline in the east–west
direction, waves approaching from the north and north‑
east cannot be adequately represented. To ensure that
wavepropagation fromall relevant directions is properly
simulated, two coordinate systemswere implemented in
the wave modelling framework. In the E–W coordinate
system, the x‑axis is oriented in the east–west direction,
whereas in the NE–SW coordinate system, the x‑axis is
oriented along the northeast–southwest direction.

An evaluation was performed to quantify differ‑
ences in wave propagation results obtained using the
two coordinate systems. A representative wave case

within the overlapping modelling region was selected,
with a signiϐicantwave height of 1.55m, awave period of
5.3 s, and an incident wave direction of 145° relative to
the north. In the E–W and NE–SW coordinate systems,
the corresponding wave directions are 55° and 100°,
respectively. This wave condition was simulated inde‑
pendently using both coordinate systems. For compari‑
son, the results from theNE–SWcoordinate systemwere
transformed into the N–W coordinate system, which is
used in the shoreline evolution model. Differences in
signiϐicant wave height and wave propagation direction
along the 6 m depth contour (representing the depth of
closure) are shown in Figure 5, respectively. Differences
in wave period were negligible and are therefore not dis‑
cussed further. The comparison shows that the maxi‑
mum difference in signiϐicant wave height is 0.07 m, and
themaximum difference in wave direction is 3.1°. These
small discrepancies indicate that the inϐluence of using
different coordinate systems on the wave propagation
results is minor. Similar conclusions have been reported
in previous studies [16].

(a) (b)
Figure 5. Comparison of simulated wave transformation results along the 6‑m depth contour using two coordinate systems.
The E–W and NE–SW coordinate systems are represented by the blue and red lines, respectively: (a) Wave height and (b) Wave
direction.

3.4. Sediment Transport and Shoreline
Change Model

Several previous studies have applied different ap‑
proaches to estimate longshore sediment transport and
shoreline change along the coast from the northern
part of the Day estuary to the Ba Lat estuary (Figure
1). Häglund and Svensson [32] employed the CERC for‑
mula [33] to calculate longshore gradients in sediment
transport. In their approach, a one‑dimensional wave

transformation model was used to reproduce longshore
wave conditions for different shoreline orientations and
to estimate sediment transport rates. However, this
method does not explicitly account for spatial variations
in breaking wave height along the shoreline.

The BIJKER formula [34] was applied by Pruszak et
al. [10] and Wijdeven [35] to compute discrete sediment
transport rates at selected locations along the coast. In
addition, the shoreline change model GENESIS (General‑
izedModel for Simulating Shoreline Evolution)was used
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by Donnelly et al. [36] to simulate sediment transport
rates and shoreline evolution along the coastal stretch
between the Lach Giang and Ha Lan estuaries (Figure
1a). In the GENESIS model, sediment transport rates for
individual shoreline cells are calculated using amodiϐied
version of the CERC formula that incorporates the long‑
shore gradient of breaking wave height.

In the present study, a numerical model based on
the one‑line theory of shoreline change, as developed
by Hoan et al. [16], is applied. The numerical algorithms
used in thismodelwere originally formulated byHanson
and Kraus [37]. The governing equation of the model is
expressed as follows:

∂y

∂t
+

1

(DB +Dc)

[
∂Q

∂x
+ q

]
= 0 (1)

where: x = longshore coordinate (m); y = cross‑shore
shoreline position (m); t = time (s); DB = average berm
elevation (m); Dc = Depth of closure (m); Q = LST rate
(m3/s); q = source or sink of sand (m3/s/m).

The empirical predictive formula for the longshore
sand transport is expressed as

Q =
(
H2Cg

)
b

[
a1Sin2θbs − a2Cosθbs

∂H

∂x

]
b

(2)

where: H = wave height (m); Cg = wave group celerity
given by linear wave theory (m/s); b = subscript de‑
noting breaking wave condition; θbs= angle of breaking
waves to the local shoreline; and:

a1 =
K1

16(ρs/ρ− 1)(1− p)(1.416)
5/2

(3)

a2 =
K2

8(ρs/ρ− 1)(1− p)tan β (1.416)
5/2

(4)

where: K1, K2 = empirical coefϐicients, treated as calibra‑
tion parameters; ρs = density of sand (kg/m3); ρ = den‑
sity of water (kg/m3); p = porosity of sand on the bed;
tan β = average bottom slope from the shoreline to the
depth of active longshore transport.

Field observations from the adjacent Hai Hau coast
reported by Donnelly et al. [36] indicate that part of the
ϐine‑grained sediment is lost offshore under erosional

conditions. By comparing sediment grain‑size character‑
istics, measured beach proϐiles, and theoretical equilib‑
rium proϐiles, Donnelly et al. [36] showed that the mea‑
sured proϐiles were consistently lower than those pre‑
dicted from grain‑size considerations. This discrep‑
ancy was interpreted as evidence of offshore loss of
ϐine sediment and suggested that including an erosion‑
dependent offshore loss termcould improve simulations
of long‑term shoreline evolution in accretion–erosion
transition zones. This formulation was subsequently
applied by Hoan et al. [16] for the Hai Hau coastal area,
demonstrating its suitability for simulating long‑term
shoreline evolution in this region.

Based on this concept, offshore sediment loss is as‑
sumed to depend on gradients in LST through an off‑
shore loss parameter α, which speciϐies the ratio of ϐine
material in the eroded sediment. A positive LST gradient
(∂Q/∂x > 0) indicates sediment divergence and shore‑
line erosion, duringwhicha fractionof themobilized ϐine
sediment is transported beyond the active beach proϐile
and lost to deeper waters. In contrast, a negative LST
gradient (∂Q/∂x < 0) represents sediment convergence
and accretion, under which offshore sediment loss is ne‑
glected. Accordingly, offshore sediment loss is parame‑
terized as follows [36].

q =
α

1− α

∂Q

∂x
,
∂Q

∂x
> 0 (5)

q = 0,
∂Q

∂x
< 0 (6)

By substituting these expressions intoEquation (1),
the sediment continuity equation can be rewritten as:

∂y

∂t
+

1

(DB + Dc)

1

(1− α)

∂Q

∂x
= 0 (7)

3.5. Modelling Setup

Due to the availability of shoreline data, the model
application area was deϐined from the southern side of
the Lach Giang estuary to the southern side of the Lach
Truong estuary (Figure 1a). This coastal segment in‑
cludes a variety of coastal features and processes, includ‑
ing: (a) sediment transport and morphological develop‑
ment at both regional and local scales; (b) spatially and
temporally varying cross‑sectional areas of tidal ϐlats,
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with periodic opening and closing of tidal channels; (c)
signiϐicant shoreline responsewithin tidal ϐlat areas; and
(d) substantial sediment input from rivermouths aswell
as from the north through longshore sediment trans‑
port [14, 15, 18, 20].

The numerical model was applied to perform two
main types of simulations: (1) simulation of the annual
net longshore sediment transport and (2) simulation of
shoreline evolution at the regional scale and in the vicin‑
ity of river mouths. The objective of these simulations
was to examine the response of the shoreline to sedi‑
ment supply from the river systemunder the inϐluence of
coastal hydrodynamic conditions. In addition, the simu‑
lations were used to determine the longshore sediment
transport coefϐicient, which provides a basis for assess‑
ing the coastal sediment budget.

The total shoreline length of the study area is ap‑
proximately 25 km. A model coordinate system was
deϐined with the x‑axis oriented in the east–west direc‑
tion and the y‑axis oriented southward. Lateral bound‑
ary conditions were speciϐied such that the southern
boundary, located near the Lach Truong estuary, was
treated as a ϐixed boundary with no shoreline change.
In contrast, the northern boundary was deϐined as a
movable boundary because no stable reference point
could be identiϐied at this end of the domain. There‑
fore, shoreline variations at the northern boundarywere
prescribed based on observed shoreline positions from
1965 to 2019, following themoving‑boundary approach
proposed by Hanson and Kraus [37]. The spatial resolu‑
tion of the model was set to 100 m.

Ahindcastwave dataset covering approximately 30
years (1993–2023) with a temporal resolution of 1 h,
provided by GOWA, was used as input for the 2D EBED
model. Longshore wave breaking parameters, includ‑
ing water depth, wave height, wave direction, wave pe‑
riod, and group velocity, were derived from the EBED
model and used as input for the shoreline change model.
The depth of closure was determined using empirical
formulations based on the wave height exceeded for 12
h/y [37‒39]. Statistical analysis of offshore wave height
data indicated a depth of closure of approximately 6.0m.
Themean sediment grain size along the shoreline ranges
from 0.09 to 0.13 mm [23].

Sediment sources within the study area include ϐlu‑
vial sediment input from river mouths and longshore
sediment transport from the north. Based on previous
studies [8, 10, 20, 27], the sediment source boundary condi‑
tionswere speciϐied as 10,000 × 103 m3/y for the Day es‑
tuary, 1,000 × 103 m3/y for the Can estuary, and 500 ×
103 m3/y for the Truong estuary. According to the mod‑
elling results reported by Hoan et al. [16], the longshore
sediment transport from Hai Hau Beach to the northern
side of the Day estuary is approximately 200 × 103 m3/y.

Several studies have demonstrated that the con‑
struction of the Hoa Binh Dam on the Red River has sig‑
niϐicantly reduced sediment supply to downstream ar‑
eas. Analyses of measured suspended sediment data in‑
dicate that the total suspended sediment load of the Red
River system decreased by about 20–40% after the com‑
pletion of the Hoa Binh Dam in 1983 [11, 12, 27]. This re‑
duction was incorporated into the model by decreasing
the sediment input from the Day estuary by 30% for the
period after 1983.

4. Model Results
An implicit numerical scheme was applied in the

shoreline change model with a spatial resolution of 100
m and a computational time step of 0.5 h, following
the approach described by Hoan et al. [16]. Model cali‑
bration and validation were conducted using measured
shoreline positions from1965, 1989, and 2019 along the
Day estuary beach. Model stability was assessed using
the stability parameter (Rs) based on the Courant crite‑
rion [37], for which values below 10 are generally consid‑
ered acceptable. In the simulations, Rs was computed
at all shoreline grid points at each time step, and the
maximum value was evaluated. The maximum Rs value
reached 5.2 for both simulation phases, conϐirming sta‑
ble numerical performance.

The model time step was selected to ensure con‑
sistency with the temporal resolution of the input wave
data. In this study, the wave hindcast data have a time
interval of 1 h, while the model time step is 0.5 h. Thus,
new wave input data were applied to the model after ev‑
ery two computational steps.

The agreement between modelled and measured
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shorelines was evaluated using two error metrics: the
maximum absolute error (m) and the average relative
error (%). The maximum absolute error represents
the largest absolute distance between the modelled and
measured shoreline positions. The average relative er‑
ror was calculated using the following expression:

(8)

where n = number of cells alongshore; y(i)modelled = mod‑
eled shoreline position of cell, i; y(i)measured = measured
shoreline position of cell, i; y(i)eroded = distance between
themeasured initial and ϐinal shorelines, respectively, in
cell i.

4.1. Model Calibration and Validation

The measured shoreline positions from 1965 and
1989 were used to calibrate the model. During the cali‑
bration period, three parameterswere evaluated, includ‑
ing the offshore sediment loss coefϐicient α and two em‑
pirical coefϐicients, K₁ andK₂, in the longshore sediment
transport formulation. The coefϐicient α was set to 0.7
following the approach proposed by Donnelly et al. [36]
and based on sediment characteristics and equilibrium
beach proϐiles reported for the study area [20, 23].

The coefϐicient K₂ was selected as a fraction of K₁,
within the commonly applied range of 0.4–0.6 K₁ sug‑
gested by Hanson and Kraus [37]. In the study area, K₂
shows relatively low sensitivity. Therefore, the calibra‑
tion mainly focused on the coefϐicient K₁, which was
determined by minimizing the mean squared error be‑
tween the modelled and measured shorelines (Figure
6).

The ϐinal calibrated parameter values are α = 0.7,
K₁ = 0.85, and K₂ = 0.40. For the calibration period, the
maximum absolute error and the average relative error
were 650 m and 9.2%, respectively (Table 2). Based on
shoreline measurements between 1965 and 1989, the
maximumaccretion ratewas 125m/y, while the average
accretion rate was 73 m/y (Table 2).

Using the calibrated parameter set, the model was
validated for theperiod from1989 to2019,with themea‑
sured shorelineposition in1989used as the initial condi‑
tion (Figure 7). For the validation period, the maximum
absolute error and the average relative errorwere 755m
and 12.5%, respectively (Table 2). Based on shoreline
measurements between 1989 and 2019, the maximum
accretion rate was 225 m/y, while the average accretion
rate was 111m/y (Table 2). Themodelled spatial distri‑
bution of annual mean LST along the study coastline is
shown in Figure 8.

Figure 6. Comparison between modelled and measured shorelines for the period 1965–1989.
Note: The black line indicates the measured shoreline in 1965, used as the initial condition for the model; the blue line shows the measured shoreline in 1989, and
the red line shows the modelled shoreline for 1989.
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Table 2. Summary of shoreline errors and accretion rates for the calibration and validation periods.
Max Absolute Error

(m)
Average Relative Error

(%)
Max Accretion Rate

(m/y)
Average Accretion Rate

(m/y)

Calibration 650 9.2 125 73
Validation 755 12.5 225 111

Note: Accretion rates were calculated from changes in measured shoreline positions along the model grid for the calibration period (1965–1989) and the validation
period (1989–2019).

Figure 7. Comparison between modelled and measured shorelines for the period 1989–2019.
Note: The black line indicates the measured shoreline in 1989, used as the initial condition for the model; the blue line shows the measured shoreline in 2019, and
the red line shows the modelled shoreline for 2019.

Figure8. Spatial distribution ofmodelled annual LST rates (×103 m3/y) along the study coastline, with positive values indicating
transport toward the north.
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4.2. Modelled Sediment Budget

The sediment budget analysis quantiϐies the main
sediment inputs and outputs within the study area
(Figure 9). The total sediment input is calculated as the
sum of sediment supplied by the river system (Qriver),
LST entering the domain from the south (Qsouth(in)) and
from the north (Qnorth(in)), resulting in a total input of
Qsource = 11,566 × 103 m3/y.

The total sediment output consists of LST leaving
the domain toward the north (Qnorth(out)) and toward the
south (Qsouth(out)), aswell as sediment loss to the offshore
waters of the study area (Qoff). The total sediment output
is therefore Qsink = 2,059 × 103 m3/y.

Based on these values, the net annual sediment vol‑
ume deposited along the beach is estimated as the dif‑
ference between total input and output, yielding Qsource

− Qsink = 9,507 × 103 m3/y. This corresponds to ap‑
proximately 82% of the total sediment input, indicating
that most of the supplied sediment is retained within
the coastal system. Wave‑induced longshore sediment
transport accounts for about 1%of the total sediment ex‑
change, while offshore sediment loss represents approx‑
imately 17% of the total river‑supplied sediment.

Offshore sediment loss (Qoff) was estimated us‑
ing an erosion‑rate‑dependent formulation proposed by
Donnelly et al. [36], as described by Equations (5) and (6).
Offshore sediment losswas evaluated at each alongshore
grid cell and at each computational time step. When ero‑
sion conditions occurred, Equation (5)was applied to es‑
timate the sediment volume transported into the deeper
offshore waters. The total offshore sediment loss was
then obtained by integrating these contributions over
space and time.

Figure9. Schematic diagramof the calculated sediment budget for the study area, showing sediment input from the river system,
alongshore sediment exchange from the north and south, deposition within the beach area, and sediment loss to the offshore.
Note: Values are multiplied by 103 m3/y.

4.3. Net Sediment Transport Pathways

Based on the simulated net sediment transport re‑
sults (Figure8), a schematicmap illustrating the general
sediment transport trends is presented in Figure 10. In
Figure 8, the net sediment transport (bold red line) fol‑
lows the sign convention adopted in the model, where
negative values indicate southward transport and posi‑
tive values indicate northward transport.

From Lach Giang to the Day estuary, the net
sediment transport changes from negative to positive
(Figure 8), corresponding to southward transport from
Lach Giang and northward transport from the Day estu‑
ary (Figure 10). Between the Day and Lach Can estu‑
aries, the transport again shifts from negative to posi‑
tive, indicating southward transport from the Day estu‑
ary and northward transport from Lach Can. In contrast,
between Lach Can and Lach Truong, the net sediment
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transport remains negative, indicating persistent south‑
ward transport.

Overall, the modelled sediment transport pattern
indicates that sediment supplied by the Day River is re‑
distributed alongshore toward both the northern and
southern coastal segments.

The modelled transport patterns also indicate the
presence of sediment convergence zones around theDay
estuary, where river‑derived sediment interacts with

LST from adjacent coastal segments. These convergence
zones correspond to areas of sediment accumulation
and the development of spits and other depositional fea‑
tures near the estuary.

For comparison, the net sediment transport direc‑
tions reported by Duc et al. [15] are reproduced in Fig‑
ure 10. However, in the area from Lach Can toward
Lach Truong, these directions could not be reproduced
because the corresponding data were not reported.

Figure 10. Net sediment transport pathways.
Note: Arrow directions indicate the transport direction only and do not represent transport magnitude. Yellow arrows indicate pathways derived from the present
model, while white arrows indicate pathways reproduced from Duc et al. [15] . No data are available from Duc et al. [15] for the coastal segment between Lach Can and
Lach Truong.

5. Discussion

5.1. Morphodynamic Setting of the Red
River Delta

The Red River Delta is a low‑lying coastal plain lo‑
cated between several sediment‑rich river mouths and
directly connected to the South China Sea [12, 14]. The
area is inϐluenced simultaneously by river discharge,
waves, and tides. The interaction between hydrody‑
namic and morphodynamic processes has created a
highly dynamic coastal system. As a result, zones
of accretion and erosion alternate in both space and
time [12, 14].

In sediment‑rich delta systems, river mouths can
act as important sediment sources that support shore‑

line stability and enhance resistance to wave‑induced
erosion when sediment supply is continuously main‑
tained [12]. Strong accretion commonly occurs at river
mouths such as the Day and Ba Lat estuaries, while se‑
vere erosion has been recorded in several coastal sec‑
tions, particularly at Hai Hau [10, 14]. The large riverine
sediment supply promotes rapid tidal‑ϐlat development
and coastal accretion in the Red River Delta [8]. These
newly accreted areas are often used for agriculture and
aquaculture. However, large sediment loads delivered
by the rivers can also promote rapid sediment deposi‑
tion near river mouths, potentially leading to channel
shoaling and navigation constraints [9, 27, 40].

Under these conditions, the demand for chan‑
nel regulation and coastal protection measures has in‑
creased. In the Red River Delta, the existing protection
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systemmainly relies on sea dikes andbreakwaters. How‑
ever, the performance of these structures is not always
stable, and periodic damage has been reported, particu‑
larly along the Nam Dinh coastline [41, 42]. This situation
poses signiϐicant challenges for long‑term channel man‑
agement and coastal protection. It also suggests that
local engineering solutions alone may not be effective
unless they are considered within the framework of re‑
gional sediment continuity, as estuarine coastal systems
are strongly interconnected through both longshore and
cross‑shore sediment transport processes.

5.2. Model Performance and Sediment
Transport

In the present study, long‑term wave hindcast data
of the GOWA provided by Copernicus Marine Environ‑
ment Monitoring Service (CMEMS) were used to down‑
scale nearshore waves in the study area using the EBED
model. This approach provided detailed wave condi‑
tions and reliable estimates of LST rates in the region, re‑
sulting in good agreement between simulated shoreline
evolution and measured data.

The simulated net sediment transport (Figure 8)
shows that riverine sediment is transported away from
the river mouth in both directions along the coast,
forming convergence zones between adjacent estuaries
(Figure 10). This transport pattern is consistent with
the independent analysis of Duc et al. [15]. While Duc
et al. [15] identiϐied long‑term transport trends based on
sediment characteristics, the present study quantiϐies
both the direction and magnitude of net sediment trans‑
port by considering the combined inϐluence of wave
forcing and riverine sediment supply. This agreement
strengthens the reliability of the simulation results. Al‑
though a simpliϐied one‑line approach is applied, the
model reasonably reproduces the magnitude and over‑
all trend of long‑term shoreline change.

5.3. Sediment Budget

The sediment budget analysis shows that riverine
sediment supply dominates the system,while the annual
mean longshore sediment transport contributes around
1% of the total sediment exchange. This suggests that

the study area is a strongly accretionary system mainly
controlled by sediment inputs from the rivers [12, 14].

The small contribution of longshore sediment
transport indicates that cross‑shore transport and sed‑
iment exchange between offshore bars and the shore‑
line may play a more important role in maintaining
morphodynamic balance. Sediment delivered by rivers
and transported offshore may return to the nearshore
zone through ebb shoal and bar attachment processes,
thereby contributing to the dynamic equilibrium of the
estuary [43]. This highlights the need to fully consider
three‑dimensional sediment pathways in estuarine sedi‑
ment management.

5.4. Seasonal Variability and Extreme
Events

The results presented above are based on annual
averages and therefore do not fully capture seasonal
variability. The study area exhibits a pronounced sea‑
sonal pattern, with most of the annual suspended sed‑
iment load transported during the rainy season from
May to October [8, 27]. During this period, high river dis‑
charge and elevated sediment concentrations dominate
the accretion trend and promote the development of
offshore sandbars near the river mouth. In contrast,
during the dry season, river discharge decreases signif‑
icantly, while the northeast monsoon increases oblique
wave incidence and enhances southward LST [10, 12]. Un‑
der these dry‑season conditions, LST becomes relatively
more important than riverine sediment supply, leading
to sediment redistribution and the formation of spits
and river‑mouth bars at the estuary, and contributing to
seasonal channel shoaling and inϐilling. Overall, themor‑
phodynamic behavior of the Day estuary reϐlects the in‑
teraction between two dominant seasonal regimes. Dur‑
ing the rainy season, shoreline evolution is mainly con‑
trolled by riverine sediment supply. During the dry sea‑
son, waves and LST exert a stronger inϐluence by redis‑
tributing river‑derived sediment along the coast. Conse‑
quently, effective estuarine management and the design
of coastal protection structures should consider the re‑
gional sediment balance and sediment‑cell connectivity
to ensure long‑term morphological sustainability.

As mentioned in Section 3.5, sediment discharge
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from the Red River decreased by approximately 30%
after 1983 following the completion of the Hoa Binh
Dam [27]. Despite this reduction, beach accretion during
the period 1989–2019 was more pronounced than dur‑
ing1965–1989, particularly along the coast from theDay
estuary to Lach Giang (Figures 6 and 7). This enhanced
accretion is unlikely to be explained solely by reduced
ϐluvial sediment input. It may also be associated with ex‑
treme events that promoted additional sediment redis‑
tribution and coastal deposition, as well as broadermor‑
phodynamic adjustments of the delta system.

On average, approximately 12 typhoons affect the
South China Sea each year [21]. They occur mainly dur‑
ing the summer months and often reach high intensity
in the northern South China Sea, including the present
study area. These events generate high‑energy waves
that reshape the shoreline and beach morphology, fre‑
quently causing substantial short‑term erosion. Heavy
rainfall and upstream landslides associated with these
storms can also increase ϐluvial sediment discharge to
the coastal zone, contributing to shoreline evolution. In
addition, the seasonal monsoon system produces pro‑
longed periods of strong waves and elevated LST, pro‑
moting the development of sand spits along the coast. Al‑
though this study does not analyze individual extreme
events, extreme wave conditions associated with ty‑
phoons and monsoons are incorporated into the estima‑
tion of LST and shoreline evolution.

5.5. Implications for Sustainable Marine
Structures

In the context of rapid sedimentation at river
mouths, the demand tomaintain navigationdepthhas in‑
creased. Hard coastal structures such as detached break‑
waters, groynes, seawalls, and jetties are widely imple‑
mented to protect the shoreline and control sediment
deposition, particularly at estuaries [42, 44, 45]. Jetties can
concentrate river ϐlow and shift the river‑mouth bar off‑
shore, potentially contributing to a more stable naviga‑
tion channel. However, these structures can disrupt nat‑
ural sediment transport pathways, leading to sedi-
ment deϐicits in downdrift areas and causing  localiz-
ed  erosion[46, 47]. This reϐlects an inherent trade‑off

betweenmaintaining navigability and preserving the re‑
gional sediment balance in engineered estuarine sys‑
tems [42, 48]. By redirecting sediment offshore, such inter‑
ventions may enhance sediment loss to deeper waters
and reduce sediment recycling within the nearshore sys‑
tem. They may also limit tidal‑ϐlat development and af‑
fect long‑term morphodynamic stability [12].

These limitations highlight the need to evaluate es‑
tuary regulation measures based on sediment balance
and long‑term morphodynamic impacts rather than fo‑
cusing solely on channel depth. Engineering solutions
should be considered within a system‑scale morpho‑
dynamic framework, with priority given to maintain‑
ing sediment continuity and managing sediment at the
sediment‑cell scale [49], rather than pursuing local sta‑
bilization. The growing adoption of hybrid approaches
that combine hard structures with nature‑based ele‑
ments reϐlects a more balanced approach to engineer‑
ing effectiveness and ecological sustainability [50, 51]. The
modeling framework developed in this study provides a
quantitative basis for supporting the long‑term design
and assessment of such interventions.

5.6. Model Limitations

Several limitations of this study should be acknowl‑
edged. Tidal currents and river discharge were not ex‑
plicitly simulated. Net sediment transport induced by
tides over a full tidal cycle is typically small and is there‑
fore often neglected in one‑line shoreline models [37].
Nevertheless, tidal processes may still inϐluence tidal‑
ϐlat development under complex geomorphological con‑
ditions. River discharge may also enhance the offshore
transport of ϐine sediment, potentially contributing to
sediment loss to deeper waters.

In addition, the sensitivity and stability of the cal‑
ibration coefϐicients were not systematically evaluated.
The selected parameters (α = 0.7; K₁ = 0.85; K₂ = 0.40)
are comparable to values reported for the adjacent Hai
Hau coast, where offshore wave conditions are similar.
This indicates that the adopted parameter set is physi‑
cally reasonable. However, a detailed sensitivity analy‑
sis would be required in future studies to further assess
model robustness.
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6. Conclusions
The shoreline change model successfully repro‑

duces shoreline evolution at the Day estuary beach from
1965 to 2019, capturing the main features of the com‑
plex coastal morphology associated with multiple river
mouths. The simulated shoreline changes show good
agreement with observations during both the calibra‑
tion and validation periods.

Themodelled sediment budget indicates that river‑
ine sediment input is the dominant driver of coastal ac‑
cretion in the study area, while wave‑induced LST plays
a secondary role. Waves and associated coastal pro‑
cessesmainly redistribute river‑derived sediment along‑
shore and cross‑shore, with a portion transported off‑
shore into the deeper waters.

Although the model represents long‑term average
conditions, sediment dynamics in the study area are
known to exhibit strong seasonal variability, with river
discharge dominating sediment supply during the rainy
season and wave‑driven LST becoming more important
during the dry season.

These ϐindings provide new insights into sediment
transport pathways and morphodynamic processes in
the study area and offer a quantitative basis for coastal
management and the design of sustainablemarine struc‑
tures in river‑mouth environments. However, the re‑
sults should be interpreted in the context of the simpli‑
ϐied one‑line modelling framework, which does not ex‑
plicitly represent tidal currents and river ϐlow dynamics.
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