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ABSTRACT

Groundwater is an important water resource in many coastal areas around the world.
Excessive pumping can change the flow pattern so that seawater may migrate into the
freshwater aquifer. In addition, the rise of the sea level due to climate change could
accelerate the landward intrusion of seawater. This study addresses the problem of
variable-density groundwater flow and miscible salt transport to assess the potential of
seawater intrusion in coastal aquifers. Our conceptual model considers a complete hydro-
geologic system including the river system, the seasonal groundwater recharge, the ground-
water pumping, and the interaction between seawater and groundwater. Model calibration
is performed using the covariance matrix adaptation–evolution strategy as a robust deriva-
tive-free global optimization algorithm. The advantage of this algorithm is its ability to
reach a near global solution in solving the groundwater inverse problem, which is typically
nonlinear and ill-posed. Simulations for the Nam Dinh Province, Vietnam over the period
of 90 years indicate that seawater intrusion will occur, but the extent of it will vary depend-
ing on scenarios. The extraction of groundwater is the key factor governing the intrusion of
seawater. The magnitude of seawater intrusion caused by rising sea level sturned out to be
relatively small. Sensitivity analysis reveals that uncertainties of transport parameters could
significantly affect the assessment of seawater intrusion potential.
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1. Introduction

Coastal aquifers constitute important sources of
freshwater in many parts of the world. Nevertheless,
their overexploitation combined with climate change
and sea-level rise could disturb the naturally estab-
lished equilibrium between seawater and freshwater,
resulting in uncontrolled saltwater encroachment into
coastal aquifers [1].

Seawater intrusion into coastal aquifers is a long-
studied problem. However, studies investigating both
effects of sea-level rise and groundwater extraction on
seawater intrusions have started only recently [2–6].
According to the literature, the magnitude of the
impact depends on the site specification such as
topography or pumping activities, the method of anal-
ysis, and the assumptions made (e.g., consideration of
shoreline changes). For the same Nile Delta aquifer,
for instance, results from a two-dimensional numerical
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modeling show that a 50 cm rise in the Mediterranean
sea level will cause additional intrusion of 9 km [2],
while the generalized analytical approach reveals an
inland migration of 5 km [7].

Many studies find that the effect of groundwater
extraction is significant, and much larger than the
effect of rising sea levels [2,5,6]. Other studies, how-
ever, show that groundwater extraction is not a major
cause [4,8]. Overall, it is quite clear that the impacts of
rising sea level and groundwater extraction need
investigation under site-specific conditions.

Vietnam ranks among the top five most vulnerable
countries to climate change and rising sea levels,
having more than 3,200 km of coastlines and exten-
sive low-lying coastal areas [9,10]. Here, sea level
has risen at the rate of 3 mm/y during 1993–2008
[11]. Prediction for the high development scenario
shows a rise of approximately 100 cm by 2100. Salt-
water has already penetrated 30–50 km up the Red
River and 60–70 km up the Mekong River [12],
which are two largest rivers in the north and south
of Vietnam.

Recent rapid urbanization, industrialization, and
intensification of agriculture have increased water
demand [13], causing high pressure for the groundwater
exploitation. Significant decrease in groundwater level
is reported at intensive pumping areas: in two coastal
provinces in northern Vietnam, Thai Binh, and Nam
Dinh, the groundwater level has decreased about 4 and
8 m in the period of 1995–2011, respectively. The
decline of groundwater levels naturally results in
seawater intrusion.

Located in the extreme-east of the Red River Delta,
Nam Dinh Province is one of the typical coastal prov-
inces facing the problem of seawater intrusion. Doan
et al. [14] used groundwater models to predict the
exploitable groundwater reserves and to simulate the
movement of the interface between freshwater and
brackish water in the Pleistocene aquifers. Their work
did not consider the potential of seawater intrusion
from the sea and upper aquifers. An up-to-date MOD-
FLOW model was developed to predict the decline of
groundwater levels for several scenarios of groundwa-
ter pumping [15]. Yet, the model neglected the influ-
ence of river systems and groundwater recharge. To
the best of our knowledge, none of the previous works
has explained the following important issues in this
region: (1) How active is the interaction between the
surface water and the groundwater? (2) What is the
complete mass balance? (3) How much do the sea-
level rise and groundwater extraction affect the
groundwater level and the transient movement of
freshwater/saltwater interface?

In order to assess the potential impacts of sea-level
rise and groundwater extraction on the decline of
groundwater levels and the intrusion of seawater in a
coastal aquifer in Vietnam over the next several
decades, we develop a numerical model of variable-
density groundwater flow and miscible salt transport
based on the USGS computer program SEAWAT. Our
conceptual model encompasses a complete hydrogeo-
logic system including the river system, the seasonal
groundwater recharge, groundwater pumping, and
the interaction between the seawater and the ground-
water. We first calibrate the model against eleven-year
data-set of historical groundwater levels, and validate
the model against another four-year data-set. Then,
we run the developed model for different scenarios
using the optimized hydraulic parameters. Finally, we
conduct the analysis to understand the sensitivity of
transport parameters.

2. Description of study area

The study area is the coastal aquifers of the Nam
Dinh Province located in the eastern part of the Red
River Delta (Fig. 1). The area is 1,130.9 km2 bounded
by the Red River, Dao River, Day River, and has 72 km
of coastline. The population in the end of 2010 is 1.83
million. The terrain is relatively flat and gradually
inclines to the sea with elevation variations 0.2–3.0 m
above the sea level. Areas with an elevation of less
than 2 m are often flooded by heavy rain. The land use
is dominated by rice fields (58%), urban and rural
areas (16%), water bodies (11%), and fish and shrimp
aquacultures using fresh and brackish water (5%) [16],
having high groundwater recharge potential.

The study area has a tropical monsoon climate
characterized by a wet season (May to September) and
a dry season (October to April). Most precipitation
prevails in the wet season (more than 88%) and the
rate of evaporation is about 70%. The average annual
rainfall and evaporation are 1,690 mm and 817 mm,
respectively. As an example, Fig. 2(A) shows the
monthly average rainfall and evaporation variations at
Ninh Binh station.

There is a highly dense stream network consisting
of four large rivers: the Red River, the Dao River, the
Ninh Co River, and the Day River (Fig. 1). These
rivers are 400–600 m wide and 2–15 m deep. The river
water levels vary seasonally and spatially, and the
water levels recorded at observation stations far from
the sea (Fig. 2(B)) are much higher than the values at
stations near the sea (Fig. 2(C)), which explains the
general flow direction from the northwest to the
southeast.
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2.1. Hydrostratigraphy and aquifer properties

There are five available hydrogeological units in
the study area (Fig. 3), but only two of them play an
economical role as groundwater sources: the Holocene
aquifers and the Pleistocene aquifer. The key charac-
teristics of these aquifers are briefly summarized
below, based on previous studies [14,15].

The Holocene aquifers distributed widely in the
province comprise the upper and the lower aquifer.
The upper aquifer is an unconfined aquifer, which
consists of sand, silty clay, and clay. The thickness
ranges from 2 to 28 m. The main water supply for this
aquifer is rainfall and surface water. The lower aquifer
is a confined aquifer, interbedded between aquitards.
Underlying the Holocene aquifers is the marine aqui-
tard sediments of the Vinh Phuc formation. It is Pleis-
tocene in age and largely distributed in the area. The
lithology mainly consists of clay, and silty clay mixed
with lateritic gravel. The thickness changes from 20 to
25 m. The Pleistocene confined aquifer is below the
marine aquitard sediments and covers the Neogen
sediments. This aquifer expands all over the area, not
exposed on the surface. It consists mainly of quartz
sand, gravel, and pebbles. The depth gradually
changes from 80 to 90 m in the central part of the
province to 60–70 m in coastal areas. The thickness of
the aquifer increases from the inland to the sea, reach-
ing 30–40 m in the coastal areas.

A large fresh water area was discovered in con-
fined aquifers with good water quality in the whole
area of Hai Hau, Nghia Hung Districts, the Southern
part of Y Yen, Nam Truc, Truc Ninh, and some parts

of Xuan Truong, Giao Thuy Districts [14]. There is no
convincing evidence of hydraulic connection between
the surface and the subsurface waters.

2.2. Likely causes of seawater intrusion

A significant increase in TDS in Holocene aquifers
was observed during the period of 1995–2010. TDS at
observation well Q111 (several hundred meters from
seashore) increased from 6 to 20 g/L, while at obser-
vation well Q110 (3.4 km from seashore), TDS
increased from 1 to 6 g/L (Fig. 2(E)). In Pleistocene
aquifers, the TDS level is relatively low and shows a
slight increase. The source of salinity varies. In the
unconfined aquifer, the salinity comes from both
rivers and the sea, or from leaching of paleo waters in
very young marine sediment. In the northern part of
the confined aquifers, the salinity is from the
unconfined aquifer, through the density-driven trans-
port from relatively high-permeability layers and the
diffusive transport from relatively low-permeability
layers [18].

Fig. 2(D) illustrates the groundwater levels in
Holocene aquifers from 1995 to 2010. At inland
observation wells Q107, Q108, and Q109, groundwater
levels are relatively stable, showing the seasonality. At
observation well Q111 close to the sea, the groundwater
levels show an increasing trend and the weak season-
ality. In contrast, groundwater levels in the Pleistocene
confined aquifer are deceasing dramatically, with
slight change between seasons, and have a strong
correlation with groundwater extraction (Fig. 4(B)).

Fig. 1. Map of the study area and monitoring network in Nam Dinh Province and its vicinity.
Source: 2003 Vietnam Water Resources Atlas, National Water Resources Council, Ministry of Natural Resources and
Environment.
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For example, at observation well Q109a, groundwater
levels have decreased as much as 9 m from 1995 to
2010, giving a lowering rate of 0.56 m/y. The decline
is likely to result in the change of flow patterns in a
way that seawater may migrate into the fresh water
area.

2.3. Estimation of groundwater exploitation

There are currently two forms of groundwater
extraction in Holocene aquifers. Large-scale extraction
is popular in Hai Hau, Nghia Hung, and Y Yen dis-
trict. There, the pumped groundwater is treated before
being supplied to households. Small-scale extraction is
common in rural areas. The groundwater is exploited
from dug wells, which usually have a diameter of 0.8–
1.3 m and a depth of 5–10 m. Recently, this type of

well is not popular because of poor water quality and
seawater intrusion. Since the extracted water is con-
sumed in the neighborhood area and recharged back
to the aquifer, we do not take this type of well into
account for the model.

Since 1983, with the support from The United
Nations Children’s Fund (UNICEF), the clean water
program for rural areas has established thousands
of “UNICEF-drills”. These wells have a diameter of
50–150 mm and are usually drilled down into confined
aquifers at a depth of 50–130 m. Households extract
groundwater based on their demand and do not have
any specific plan for sustainable use. In some districts,
such as Hai Hau, Nghia Hung, 100% of residents are
using water from these wells. This type of well has
increased dramatically since 1998 because of its low
cost and improvement in technology (Table 1). This

Fig. 2. Hydrometeorology and water quality records for selected monitoring stations: (A) Monthly average rainfall and
evaporation for Ninh Binh station; (B) Monthly average river water levels at stations far from the sea; (C) Monthly aver-
age river water levels at stations close to the sea; (D) Groundwater levels in Holocene aquifers; and (E) Total dissolved
solids (TDS) at stations near the sea. Hydro-meteorological data are from the National Hydro-meteorological Service,
MONRE. Groundwater data are from CWRPI, MONRE.

H. Van Pham and S.-I. Lee / Desalination and Water Treatment 53 (2015) 2324–2338 2327



explains the dramatic decrease in water levels in
confined aquifers (Fig. 4).

Data availability on groundwater withdrawal in
Nam Dinh Province is quite limited. There are no

official data on the history of groundwater extraction
and the location of extraction wells. For modeling pur-
pose, the estimation of groundwater extraction is
made based on the number of UNICEF wells and the
population of each village. Assuming the pumping
rate from each UNICEF well is 0.4 m3/d, the total
groundwater extraction for a given year is calculated.
We substitute the UNICEF wells at a village with a
large well located at the center of the village. As a
result, 142 pumping wells representing groundwater
extraction at 142 villages were modeled.

3. Method of analysis

Over the last several decades, researchers have
investigated seawater intrusion problems using vari-
ous approaches and models. Comprehensive reviews
on seawater intrusion problems can be found in the

Fig. 3. Typical cross-section of the study area: Northwest–Southeast cross-section passing the national groundwater moni-
toring wells from Vu Ban district to Hai Hau district. Modified after [17].

Fig. 4. (A) Estimation of groundwater extraction; and (B) records of groundwater level declinations in confined aquifers.

Table 1
Number of UNICEF wells in six districts of Nam Dinh
Province

District 1998 2009

Nghia Hung 23,542 58,850
Hai Hau 26,267 65,670
Giao Thuy 2,931 7,330
Xuan Truong 4,031 10,080
Nam Truc 2,156 53,930
Truc Ninh 7,673 19,180

Total 66,660 215,040

Note: (Source: [15]).
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literature [19,20]. There are two main approaches to
analyze the problem of seawater intrusion in coastal
aquifers. First, analytical solutions play an important
role as an instructional tool by giving fundamental
insights, even if they cannot solve “real-world” prob-
lems [7,21,22]. Second, numerical methods are applied
to more complex situation. The most popular codes
include SEAWAT [23–25], FEFLOW [26], and SUTRA
[27] among others.

This study uses SEAWAT, which is a coupled ver-
sion of MODFLOW [28] and MT3DMS [29] to assess
the impacts of sea-level rise and groundwater extrac-
tion on the intrusion of seawater. SEAWAT has capa-
bility to solve three-dimensional density-dependent
transient regional problems for heterogeneous aniso-
tropic aquifers. The governing equation solved by
MODFLOW routines in SEAWAT for density-depen-
dent groundwater flow is given in terms of freshwater
head:
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where α, β, γ, orthogonal coordinate axes, aligned with
the principal directions of permeability; Kfα Kfβ, Kfγ,
equivalent freshwater hydraulic conductivities in the
three coordinate directions, respectively [LT−1]; ρs,
fluid density [ML−3]; ρf, density of freshwater [ML−3];
hf, equivalent freshwater head [L]; Z, elevation above
datum of the center of a model cell [L]; Sf, equivalent
freshwater specific storage [L−1]; θ, effective porosity
[dimensionless]; C, solute concentration [ML−3]; �q,
density of water entering from a source or leaving
through a sink [ML−3]; qs, volumetric flow rate of
sources or sinks per unit volume of aquifer [T−1]; t,
time [T].

The transport of solute mass in groundwater can
be described by the following partial differential
equation:

@C

@t
¼ r � D � rCð Þ � r � �tCð Þ � qs

h
Cs þ

XN
k¼1

Rk (2)

where D, hydrodynamic dispersion coefficient [L2 T−1];
�m, fluid velocity [LT−1]; Cs, solute concentration of water

entering from sources or sinks [ML−3]; Rk (k = 1, …, N),
rate of solute production or decay in reaction k of N
different reactions [ML−3 T−1].

In this study, fluid density qs is assumed to be a
linear function of the salt concentration:
qs ¼ qf þ 0:7134Cs. The effects of temperature and vis-
cosity on fluid density are neglected. TDS is the proxy
for salinity because of their correlation. Fresh water is
assumed to have TDS concentration 0 g/L, while sea-
water is assumed to have a TDS concentration 35 g/L.
Seawater intrusion is estimated by the landward
migration of the 1 g/L TDS line, a concentration of
dissolved salts that makes groundwater unsuitable for
human use.

The estimation of the sea-level rise on the Gulf of
Tonkin up to year 2100 is made by updating values of
sea side boundaries every year by a simple linear
equation: Stage (at sea side boundaries) = Stage (base-
line 1995) + Sea-level rise (1 cm per year). We also use
the river package, the recharge package, and well
package of MODFLOW to simulate the hydrologic
system and groundwater extraction for the study.
Readers are referred to [30] for more details about
these packages.

The preconditioned conjugate gradient (PCG2) sol-
ver with matrix preconditioning method of the modi-
fied incomplete Cholesky was chosen to solve
transient groundwater flow equations in MODFLOW.
Also, the explicit third-order total variation diminish-
ing scheme was used to solve the advection term in
order to minimize numerical dispersion which comes
from implicit finite-different solution method [25].

4. Numerical setup for simulation of seawater
intrusion

The study uses data from 56 boreholes in the Nam
Dinh Province and its vicinity to generate the mesh.
The area is discretized with 96 columns and 110 rows.
Each cell is 500 m × 500 m. Six layers are used to dis-
cretize the aquifer system that extends from the land
surface to a uniform depth of −210 m below the mean
sea level. Model layers 1–3 correspond to the Holo-
cene aquifers. Layer 4 is the Pleistocene aquitard. Lay-
ers 5 and 6 represent the Pleistocene confined aquifer
(Fig. 5).

We used average hydrogeological conditions of
1995 for initial conditions. Initial heads were set from
0.01 to 0.96 m for all variable-head cells based on the
observed heads of 1995. Initial concentrations were
obtained from [16], providing information regarding
the location of saline water in confined aquifers. The
initial concentration of fresh water area was set as
0.5 g/L.
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Since the SEAWAT model simultaneously simu-
lates groundwater flow and solute transport, bound-
ary conditions for these two processes are required.
The boundary conditions for the flow model consist of
the time-variant specified head (CHD), general-head
boundary (GHB), well-field withdrawals, river, no-
flow boundary, and recharge. For transport model,
boundary conditions are specified for concentration
and no mass-flux boundary.

To represent the stage at the Gulf of Tonkin, we
assign CHD for the cells with center elevations above
the Gulf of Tonkin ocean floor. The elevation of the
ocean floor are determined from a bathymetric map
ETOPO1 [31]. The stage is set equal to zero in 1995 with
a TDS concentration of 35 g/L (Fig. 5(A)). The CHD are
also assigned for the lateral boundaries on the north-
east, the southwest and the northwest of the study area,
which represent the groundwater interactions of the
study area with its vicinity (Fig. 5(A) and (B)).

To represent the hydraulic connection of the Gulf
of Tonkin stage to lower aquifers, we assign GHB for
the cells at the ocean side of layer 2–6 (Fig. 5(B)). The
head values for GHB cells in 1995 are set to zero and
increase with the same rate as the rising sea level.
TDS concentration for GHB cells are 35 g/L for all
simulations. The upper boundary of the model is the
water table, which is a free-surface boundary that is
subject to spatially in homogeneous and time-varying
recharge. Due to the scarcity of data, this study con-
siders the recharge rate as a model parameter to be
optimized through model calibration. We take four
major rivers in the first layer of the model as head-
dependent flux boundaries (Fig. 5(A)). The water lev-
els and TDS for each river cell are interpolated based
on the observed data.

Simulation of both freshwater and saltwater flow
requires an initial estimate of the freshwater/saltwater
interface altitude. The better this estimate is, the less
the simulation time required to achieve the stable
solution will be. This study assumes that the initial
location of freshwater/saltwater interface is at the sea-
side boundary from layer 1 to layer 6.

4.1. Model calibration and validation

To minimize fitting errors and estimate model
parameters, we use the derivative-free global optimi-
zation method CMA-ES [32,33]. The model parame-
ters estimated are hydraulic conductivity, specific
storage, specific yield, hydraulic conductance, and
recharge rate (Table 2). The ranges for each parame-
ter are based on available information such as aqui-
fer tests, lithology and geologic data reported
[14,15]. The model is calibrated over an 11-year per-
iod from 1995 to 2005, which was divided into 132
stress periods of one month each. The model is vali-
dated using an additional four-year data-set from
2006 to 2009.

A data-set of 16,597 hydraulic head records from
10 national monitoring wells (Fig. 1) were used for cal-
ibration, and another data-set of 7,617 hydraulic heads
were used for validation. Fig. 6 illustrates the compari-
son between calculated and observed heads. The over-
all RMSE for calibration and validation are 0.44 m and
0.36 m, respectively. Given that the seasonal head fluc-
tuates about 0.51 m, it is believed that a good quality
model is setup which can be used for prediction pur-
poses. Table 3 lists the optimized parameters for the
flow model.

Fig. 5. Model discretization for (A) layer 1 and for (B) layers from layer 2 to layer 6. The gray-dash is the 1 g/L TDS con-
tour line of 1999 that defines the freshwater/brackish water boundary in confined aquifers.
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Table 2
Parameter ranges for model calibration, and parameters from previous studies

Parameters

Range

Ref. [15] Ref. [14]Lower Upper

Horizontal hydraulic conductivity (m/d)
Layer 1 and layer 3 1 6 1.62 and 1.45 0.5
Layer 5 and layer 6 1 15 7.75 and 1.54 40
Layer 2 and layer 4 5 × 10−4 10−2 0.003 0.0017
Specific yield (–) 10−2 0.3 – 0.07
Storage coefficient (1/m)
Layer 1, layer 3, layer 5, and layer 6 10−5 10−3 1.6 × 10−6 to 10−4 0.001
Layer 2 and layer 4 10−8 10−5 3 × 10−8 –
Vertical anisotropy (–) 10 100 1 to 100 10–100
Recharge (m/d) 10−5 10−4 – –

Fig. 6. Comparison between calculated (solid lines) and observed heads (scatter points).

Table 3
Optimized parameters for groundwater flow model

Parameters

Layer

1 2 3 4 5 6

Horizontal hydraulic conductivity (m/d) 4.80 8.79 × 10−3 4.91 4.16 × 10−3 14.89 8.97
Specific yield (–) 0.21 – – – – –
Storage coefficient (1/m) 2.20 × 10−6 1.06 × 10−6 3.90 × 10−6 4.26 × 10−6 1.73 × 10−5 2.05 × 10−4

Vertical anisotropy (–) 17.25 56.20 13.16 62.06 19.58 15.94
Recharge rate (m/d) *1.69 × 10−5 – – – – –

**1.20 × 10−5 – – – – –

*Dry season (Layers 1, 2, 3); **Wet season (Layers 4, 5, 6).
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4.2. Scenarios for simulation of seawater intrusion

By tracking the movement of 1 g/L TDS line, we
can measure the impacts of groundwater extraction
and sea-level rise on the extent of seawater. The base-
line scenario corresponds to the 2010 conditions. The
groundwater pumping is 66,507 m3/d. The sea level is
at 7 cm above the mean sea level. We consider three
different scenarios of sea-level rise and groundwater
extraction (Table 4). To predict the extent of seawater,
we ran the SEAWAT model over the 90 years into the
future under the following assumptions: (a) hydraulic
parameters remain the same as in Table 3; (b) future
hydrologic conditions are the same as in calibration
period; and (c) the tidal effect and the change of
shoreline are neglected.

Due to the scarcity of measured TDS concentra-
tions, no effort was made to calibrate the transport
model. Instead, we investigate the extent and the
intrusion mechanism of seawater through sensitivity
analysis for transport parameters including dispersivi-
ty and porosity. Initially, the longitudinal dispersivity
is assigned a value of 50 m [6,34]. The ratio of the hor-
izontal transverse dispersivity to the longitudinal dis-
persivity is 0.1, while the ratio of the vertical
transverse dispersivity to the longitudinal dispersivity
is 0.01. The diffusion coefficient and effective porosity
are 2 × 10−5 m2/d and 0.3, respectively.

5. Results and discussion

5.1. Groundwater flow

Using simulation results of hydrological year 2009,
we analyze the waterbudget, the river-aquifer interac-
tion, and the recharge into the aquifer system. We
focus on the upper unconfined aquifer (layer 1) and
the fresh water area in the confined aquifer (layer 5).

For the upper unconfined aquifer, inflow compo-
nents include recharge, flow from river, and flow from
four boundaries (northwest, northeast, southeast, and
the ocean). Outflow components include flow to river,

flow to lower aquiclude (layer 2), and flow to four
boundaries. The average water budget for the upper
unconfined aquifer (layer 1) in a dry season (October
2008 to May 2009) and a wet season (June to
September 2009) are presented in Fig. 7(A and B) and
(C and D), respectively.

Results show an active interaction between the riv-
ers and the upper unconfined aquifer. In a wet season,
when the water levels in the river are high, the river
systems supply water to the aquifer. In contrast, in a
dry season, the upper unconfined aquifer provides
water to the river system. Meanwhile, results also
show a limited interaction of upper unconfined aqui-
fer with the surrounding medium in both seasons.

For fresh water areas in the confined aquifer
(layer 5), inflow components include brackish water
from the north, seawater from the ocean, fresh water
from the southwest, freshwater from the upper aqui-
tard (layer 4), and freshwater from the lower aquifer
(layer 6). Outflow components include well extrac-
tions, flow to the southwest, flow to the ocean, and
flow to the lower aquifer. Fig. 7(E) and (F) represents
the average flow in and out of the fresh water area in
the confined aquifer.

The largest input to the fresh water area is from
the lower aquifer (layer 6) (Fig. 7(E)). Also, seawater
intruded from the sea and brackish water migrated
from the north accounts for the significant portion. In
2009, the fresh water area receives 16,838 m3/d (21%
of total inflow) of seawater, and 10,027 (m3/d) (13% of
total inflow) of brackish water.

Regarding the outflow of the fresh water area,
pumping extracts most of the water. Nearly half of the
remaining water flows to the southeast, and the rest
goes to the lower aquifer (Fig. 7(F)).

5.2. Effects on groundwater level

Fig. 8(A) shows the hydraulic heads in the con-
fined aquifer (layer 5) for the predevelopment condi-
tion (1995) and after 15 years of groundwater

Table 4
Summary of simulation scenarios for prediction of seawater intrusion

Scenario Groundwater extraction Sea level

Scenario 1 Same as in January 2010 (Q1 = 66,506 m3/d) Rise up to 1 m by 2100 with
respect to 1980–1999

Scenario 2 Linear increase during 2010–2050 with the same rate as 1995–2010. After
2050, pumping rate is kept constant (Q2 = 199,395 m3/d)

Rise up to 1 m by 2100 with
respect to 1980–1999

Scenario 3 Same as scenario 2 No sea-level rise
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pumping (2010), including the impacts of sea-level
rise. The pumping rate in 2010 is 66,506 m3/d, which
is approximately four times larger than 16,673 m3/d
of 1995. Due to the increase in groundwater pumping,
a cone of depression has developed in the area with
the largest pumping rate. At observation well Q109,
the hydraulic head has decreased from 0.75 m in 1995

to −8 m in 2010, showing a relatively fast lowering
speed of 0.55 m/y.

Fig. 8(B) and (C) illustrates the predicted impacts
of low pumping rate (scenario 1) and high pumping
rate (scenario 2) on the groundwater levels in 2050. As
for scenario 1, Q1 = 66,506 m3/d as in 2010, a cone of
depression over −12 m is formed at the major

Fig. 7. Flow budget for hydrological year 2009: (A) and (B) are flow in/out for upper unconfined aquifer (layer 1) in wet
season; (C) and (D) are flow in/out for upper unconfined aquifer (layer 1) in dry season; (E) and (F) are flow in/out for
fresh water area in confined aquifer (layer 5). The numbers are average flow rate (m3/d) and percentage.

Fig. 8. Distribution of groundwater levels in confined aquifer (layer 5): (A) predevelopment condition in 1995 and simu-
lated groundwater levels in 2010; (B) and (C) the predicted groundwater levels in 2050 for low pumping rate Q1 and high
pumping rate Q2; (E) and (F) are the predicted groundwater levels in 2100 for low pumping rate Q1 and high pumping
rate Q2; and (D) Influence of SLR on groundwater level in 2100.
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pumping wells (Fig. 8(B)). The predicted groundwater
level at observation well Q109 in 2050 is 4 m lower
than that of 2010, showing a slow decreasing speed
(0.08 m/y). In scenario 2, with the linear increase in
pumping up to Q2 = 199,395 m3/d, the cone of depres-
sion is more than −30 m below the mean sea level
(Fig. 8C). The intensive groundwater pumping creates
a hydraulic gradient of 1.44 m/km from observation
well Q111 to Q109, which is much larger than that of
0.07 m/km in 1995.

Predictions are made further into the year 2100. In
case of low pumping rate (Q1 = 66,506 m3/d), we find
a recovery of groundwater level (Fig. 8(E)). By 2100,
the cone of depression rises about 3 m, showing a sim-
ilar head distribution as in 2010. However, if we main-
tain the high pumping rate Q2 = 199,395 m3/d during
2050–2100 (scenario 2), the ground water level will
keep decreasing. The predicted groundwater level is
lower than −35 m below the mean sea level in the area
of largest pumping (Fig. 8(F)).

Fig. 8(D) reveals the influence of sea-level rise to
the groundwater level. The contribution of a sea-level
rise from 0 m to 1 m in 2100 to the groundwater level
is expected to be relatively small. Simulation results
indicate that the groundwater level increases 0.29 m at
observation well Q109, which is 14.4 km away from
the seashore. At observation well Q110, 3.4 km away
from the seashore, the groundwater level increase will

be 0.65 m. Our results are consistent with the previous
finding [35] that the sea-level rise will slightly raise
the entire freshwater body by a mechanism identified
as the “lifting process”.

5.3. Effects on freshwater/saltwater interface

As stated earlier, we measure the movement of
freshwater/seawater interface by tracking the move-
ment of 1 g/L TDS line. Fig. 9(A) presents the predicted
extent of 1 g/L TDS lines for two pumping scenarios in
2100. For low pumping rate case (scenario 1), a 2–3 km
landward movement of the 1 g/L TDS line is obtained.
For high pumping rate case (scenario 2), the landward
movement of the 1 g/L TDS line becomes greater,
4–5 km. It implies that the groundwater in the districts
of Nghia Hung and Hai Hau could become unusable.

We evaluated the impact of sea-level rise by com-
paring the 1 g/L TDS lines for scenarios 2 and 3.
Results indicated a minor impact of sea-level rise on
the fresh water area in the confined aquifer (layer 5).
Fig. 9(F) shows that the 1 g/L TDS line for scenario 2
(with 1 m sea-level rise) moved several hundred
meters inland, in contrast with no sea-level rise sce-
nario. This result is also consistent with findings from
the previous studies [6,7,24].

To better understand the seawater intrusion
mechanism, we conducted sensitivity analysis. The

Fig. 9. Sensitivity of 1 g/L TDS line in 2100 to: (A) pumping rate; (B) longitudinal dispersivity; (C) vertical transverse dis-
persivity; (D) horizontal transverse dispersivity; (E) effective porosity; and (F) sea-level rise.
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movement of 1 g/L TDS lines for different scenarios
was tracked. Scenario 2 served as a baseline case, and
the transport parameters were varied (Table 5).

Results show that longitudinal dispersivity, vertical
transverse dispersivity, and effective porosity have
large effects on the landward movement of 1 g/L TDS
line. By increasing the longitudinal dispersivity from
50 to 250 m, the 1 g/L TDS line migrated approxi-
mately 1.5 km landward. By reducing the longitudinal
dispersivity from 50 to 5 m, the 1 g/L TDS line
retreated several hundred meters toward the sea
(Fig. 9(B)). An increase in the vertical transverse dis-

persivity from 0.5 to 2.5 m showed about 1.1 km land-
ward movement of the 1 g/L TDS line, while a
decrease to 0.1 m yielded a seaward retreat of several
hundred meters (Fig. 9(C)). As for the effective poros-
ity, a 33% decrease from the baseline value resulted in
2.4 km inland intrusion of the 1 g/L TDS line, while a
33% increase resulted in 1 km seaward retreat
(Fig. 9(E)). Horizontal transverse dispersivity was
insensitive and had minor impacts on the intrusion of
seawater (Fig. 9(D)). The analysis suggests that the
proper estimation of transport parameters is critical
for the reliable assessment of seawater intrusion.

Table 5
Range of transport parameters for sensitivity analysis

Parameter Baseline Low High

Longitudinal dispersivity (m) 50 5 250
Horizontal transverse dispersivity (m) 5 1 25
Vertical transverse dispersivity (m) 0.5 0.1 2.5
Diffusion coefficient (m2/d) 2 × 10−5 2 × 10−5 2 × 10−5

Effective porosity 0.3 0.2 0.4

Fig. 10. The TDS lines at cross-section passing observation well Q111 for: (A) Year 2010; (B) Year 2100 with low pumping
rate Q1; and (C) Year 2100 with high pumping rate Q2. Vertical exaggeration is 15 times.
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Due to the flat nature of the river delta in the
coastal area of the Nam Dinh Province, the rise of the
sea level would cause significant landward movement
of seawater. With a 1 m rise of the sea level by 2100,
about 93.4 km2 of coastal area accounting for 5.7% of
the province, would be permanently inundated [36].
Consequently, the upper unconfined aquifer of Nam
Dinh coastal area, which is already in high salt con-
centration, would become saltier. The high TDS con-
centration in the upper unconfined aquifer, however,
would not significantly affect the fresh water in the
confined aquifers (layer 5 and layer 6). By comparing
the 1 g/L TDS lines for scenarios 1 and 2 (Fig. 10(B)
and (C)) against the baseline (Fig. 10(A)), we find sev-
eral meters of downward movement in the 1 g/L TDS
lines, which is relatively small in comparison with
several kilometers of landward movement in the hori-
zontal direction. It is because the confined aquifers
(layer 5 and layer 6) and the upper aquifers (layer 1
and layer 3) are separated by low permeability aqui-
tards (layer 4 and layer 2). Therefore, the potential
migration of salt water from the upper unconfined
aquifer to the fresh water area in the confined aquifer
(layer 5) would be insignificant.

6. Conclusions

This study investigated the potential impact of
rising sea levels and groundwater extraction on the
seawater intrusion in the Nam Dinh coastal aquifers
of Vietnam. To understand the seawater intrusion
mechanism in the region, an effort was made to model
the complete hydrogeological system numerically.

The derivative-free global optimization scheme
CMA-ES turned out to be useful for model calibra-
tion, yielding a good match between observed and
simulated groundwater levels. The extent of seawater
intrusion to the year 2100 was predicted under
various groundwater extraction and sea-level rise
scenarios.

Interaction between the river system and ground-
water in the upper aquifers was found to be active.
But, vertical water exchange between aquifers was
limited. The extraction of groundwater was the key
factor causing the groundwater drawdown and seawa-
ter intrusion in Nam Dinh coastal aquifers. Rising sea
levels will lift up the entire freshwater body, but its
effect on the seawater intrusion will be minor. Param-
eter analysis indicates that the movement of seawater
is sensitive to longitudinal transverse dispersivity, ver-
tical transverse dispersivity, and effective porosity.
Further studies are needed to reduce the uncertainties
in transport parameters.
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Symbols and abbreviations

a; b; c — orthogonal coordinate axes aligned with
the principal directions of permeability

qf — freshwater density, ML−3

qs — fluid density, ML−3

h — effective porosity [dimensionless]
�q — density of water entering from a source

or leaving through a sink, ML−3

hf — equivalent freshwater head, L
qs — volumetric flow rate of sources or sinks

per unit volume of aquifer, T−1

t — time, T
�m — fluid velocity, LT−1

C — solute concentration, ML−3

Cs — solute concentration of water entering
from sources or leaving through sinks,
ML−3

D — hydrodynamic dispersion coefficient,
L2 T−1

Kfa;Kfb;Kfc — equivalent freshwater hydraulic
conductivities in the three coordinate
directions, respectively, LT−1

Rk — rate of solute production or decay in
reaction k of N different reactions,
ML−3 T−1.

Sf — equivalent freshwater specific storage, L−1

Z — elevation above datum of the center of a
model cell, L

CHD — time-variant specified head
CMA-ES — covariance matrix adaptation–evolution

strategy
CWRPI — the National Centre for Water Resources

Planning and Investigation
GHD — general-head boundary
MONRE — Ministry of Natural Resources and

Environment
RMSE — root mean squared error
TDS — total dissolved solids
UNICEF — the United Nations Children’s Fund
USGS — US Geological Survey
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