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Abstract. The purpose of this study was to explain the phenomenon of seawater intrusion (SWI) by
numerical simulation and analysis. In this paper, a numerical method was introduced for solving the one-
dimensional advection-dispersion equation by the explicit finite difference method, and the corresponding
convergence conditions and the boundary attenuation factor, S, were given, which can be convenient in
studying the impact of different influencing factors on seawater intrusion. Additionally, the effects of six
hydraulic factors on seawater intrusion were explored under steady state, namely, hydraulic conductivity,
longitudinal dispersivity, hydraulic gradient, flux, evaporation and rainfall. Moreover, two different
seawater intrusion types were also studied, namely active seawater intrusion and passive seawater
intrusion. Meanwhile, the control variates method was adopted to explore the influence of a single factor
on seawater invasion. According to the calculated results, with the increase of hydraulic conductivity,
longitudinal dispersion, flux and evaporation, the degree of it will be aggravated, but the rainfall can play
a role in mitigating seawater intrusion. Besides, under active seawater intrusion conditions, the growth of
the numerical value of hydraulic gradient will aggravate seawater intrusion, while under passive seawater
intrusion conditions, it will slow down the degree of invasion. All in all, the results and achievements are
consistent with the actual situation, which can explain the phenomenon of seawater intrusion.

Keywords: seawater intrusion, numerical simulation, explicit finite difference method, active and passive
seawater intrusion, seepage tank

Introduction

In coastal and island areas, seawater intrusion (SWI) has become one of the major
geological hazards due to the over-exploitation of groundwater (Li et al., 1996).
Seawater intrusion arising from aquifer depletion is often classified as active or passive,
depending on whether seawater moves in the same direction as groundwater flow or not
(Werner, 2017). Generally, hydrodynamic and hydrogeological conditions are essential
for the formation of seawater intrusion (Xue et al., 1992). There are a variety of factors
affecting seawater intrusion, which can also be divided into hydrodynamic factors and
hydrogeological factors under natural conditions excluding human factors.
Hydrodynamic factors include hydraulic gradient, flux, evaporation, rainfall, recharge
and tidal action, while hydrogeological factors include hydraulic conductivity,
longitudinal dispersivity, adsorption and porosity (Chen et al., 2013). According to the
Technical regulations for monitoring and evaluating sea water intrusion issued by the
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State Oceanic Administration (Mao, 2014), the concentration of chloride ion at
250 mg/L can evaluate the degree of seawater intrusion.

Zhao et al. (2018) investigated the effects of some influencing factors on seawater-
freshwater mixing zones, namely, saturated hydraulic conductivity, porosity, molecular
diffusivity, longitudinal and transverse dispersivity, by analyzing their uncertainty and
sensitivity for the predicted seawater-freshwater mixing zones in simulation
experiments. Moreover, based on the measured data of groundwater level and content in
the transition zone, Zhang et al. (2015) and Zhen et al. (2015) found that there was a
significant negative correlation between the seasonal variation of groundwater level and
the seasonal variation of groundwater content. Then, Zhang (2015) determined that the
correlation coefficient was above 0.92. Adel et al. (2014) found that salinization of fresh
groundwater is highly associated with groundwater withdrawal based on historical
hydraulic heads data. Qing et al. (2013) determined that rainfall and tidal effects have
an important impact on seawater intrusion, and that rainfall can lower the degree of
seawater intrusion. Liu et al. (2007) obtained that the increase of elevation difference
between seawater and freshwater level will increase the speed of SWI. Zhang and Chen
et al. (2015) proposed that local groundwater is subjected to anthropogenic activities
and geochemical processes, such as evaporation, water-rock interaction, and ion
exchange, thus affecting the degree of seawater intrusion. Emna et al. (2018) found
local shallow groundwater is threatened by seawater intrusion because of the reduced
rainfall and recharge capacity.

Based on the above research contents, six hydraulic factors were considered
including hydraulic conductivity, longitudinal dispersivity, hydraulic gradient, flux,
evaporation and rainfall in this paper. In order to study the influence of these six
hydraulic factors on seawater intrusion and its final steady state, the control variates
method was adopted in this paper. With other conditions unchanged, the influence of
the change of one factor on the final steady state was considered separately. In this
paper, the explicit finite difference method was adopted to solve the one-
dimensional advection-dispersion equation. The purpose of this method was to
simulate the real salt migration phenomenon from the viewpoint of numerical
calculation, analyze the mechanism of seawater intrusion, and explain the influence
of various factors on the seawater intrusion under both steady state and two kinds of
SWI types, active SWI and passive SWI (active seawater intrusion and passive
seawater intrusion).

The one-dimensional advection-dispersion equation has been widely applied to
describe the transportation process, which is utilized for the study of seawater intrusion
(Yu, 2018). Compared with two-dimensional and three-dimensional models, it requires
fewer parameters and remains as a simple and feasible method, and it is convenient to
study the impact of the above six hydraulic factors on seawater intrusion. Nie et al.
(2002) explained the problem of seawater intrusion through the advection-dispersion
model of miscible fluid. Purnaditya et al. (2018) developed the mathematical model of
groundwater flow and solute transport which is applicable to seawater intrusion
mechanism.

With respect to solve one-dimensional advection-dispersion equation by finite
difference method, Yu et al. (2018), from China, implemented Homotopy Analysis
Method (HAM) to solve the one-dimensional advection-dispersion equation. Savovic et
al. (2012), from Russia, solved one-dimensional advection— dispersion equation with
variable coefficients by using explicit finite difference method and shown that explicit
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finite difference method is effective and accurate for solving the equation. Yang et al.
(2016), from China, proposed a boundary value method for solving fractional order
advection-dispersion equation. In the traditional numerical solution of the advection-
dispersion equation, the longitudinal dispersivity coefficient is often regarded as a
constant, but it is directly proportional to the size of the flow velocity. When the
distribution of the flow velocity in space is not equal, neither the velocity nor the
longitudinal dispersivity coefficient can be regarded as a constant. Comparing the
methods described above, the methods presented in this paper combined the
characteristics of seawater intrusion, considering active SWI and passive SWI,
introducing the boundary attenuation factor, and giving the convergence conditions,
which can simulate the real situation of seawater intrusion.

Therefore, the article aimed to study seawater intrusion through the introduction of a
numerical method to solve the one-dimensional advection-dispersion equation using the
finite difference method, and additionally investigated influencing factors, the effect
strength of a single such factor, and seawater intrusion types.

Research methods
One-dimensional advection-dispersion equation

In the steady seepage field, if the change of water density caused by the change of
solute concentration can be ignored by solving the advection-dispersion equation, the
flow equation and the solute transport equation can be solved independently. The velocity
components in the seepage field are obtained from the solution of the flow equation, and
then the velocity is substituted into the advection-dispersion equation as input. This
method called decoupling method has high computational efficiency (Zheng et al., 2016).
In this paper, the decoupling method was adopted to solve the problem of the flow
velocity term in the advection-dispersion equation. According to the different influencing
factors, different formulas for calculating the velocity term were given. The velocity term
was substituted for the difference formula of the concentration, and the calculation results
were expressed as the spatial distribution of chloride ion concentration in the seepage
interval under this single influencing factor.

In the paper, the one-dimensional advection-dispersion equation was taken as the
research object. It was considered that seawater and freshwater were miscible, regardless
of source and sink terms, and the porosity n is constant (Khakimov et al., 2017).

o 0 0

ac
oh
V, = —k& (Eq.2)
D= |Vx| (Eq3)

In the above equations, k is the hydraulic conductivity, unit m/s; D, represents the
longitudinal dispersivity coefficient, which is the physical quantity reflecting the
dispersivity of soluble substances through the permeable media, unit m?/s; a, represents
the longitudinal dispersivity, unit m.
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Explicit differentiation of differential equations

In terms of one-dimensional advection-dispersion seawater intrusion model, there are
two kinds of cases. Namely, the one case that seawater head is higher than freshwater
head is defined as active SWI, and the other case that freshwater head is higher than
seawater head is defined as passive SWI (Badaruddin et al., 2017). Under active SWI
conditions, h, >h,, as shown in Figure 1, the direction of flow velocity is the same as the
direction of salt migration as well as the direction of X-axis. Furthermore, under passive
SWI conditions, h, <h,, as shown in Figure 2, the direction of velocity is opposite to the
direction of salt migration as well as the direction of the X-axis. The diffusion of
salinity under constant flux, head and steady-state conditions was studied in this paper.
Therefore it is assumed that the water head and flow velocity have reached a steady
state before salinity diffusion.
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Figure 1. The seepage interval node division under active SWI conditions
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Figure 2. The seepage interval node division under passive SWI conditions

Under active SWI conditions, Equation 1 can be transformed into differential
iterative formula as follows:

CiM -c' _ a [Vi% G _Vi-% (c —ciy)] _ViCin —ViiCly (@<i<N) (Eq4)
At (AX)? AX

Wheni=N, then ¢, =4c,V,..,.=Vy, A IS the boundary attenuation factor, and its

N+1

value is between [0,1], reflecting the degree of attenuation of the concentration at the
boundary. Therefore, Equation 1 can be transformed into Equation 5 as follows:

C,T‘Jrl —Cy, _ o [V (B-1cy _VN_% (en —cyy)] VyCn —VyaCha

At (AX)? AX (i=N) (Ea-5)
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Equations 4 and 5 can be transformed into standard difference formulas as follows:

At/(AX)? = A
¢t =Aa Vol +[1- AV, +a V. +AXV)IE! + AV, +AXV, )l (1<i<N) (Eq.6)

i i+l

6" ={[L- e, @ AV, +aV,  + OV, LG + AV AV ), (=N)

The value of Ax and At should satisfy the corresponding convergence conditions.
Under active SWI conditions, when the value of Ax and At should satisfy Equation 7,
the one-dimensional explicit difference schemes are absolutely convergent.

At
LW(O{LV”% +a,V,, +AXV,) 20 (Eq.7)

g stands for flux per unit width, whose calculation equation is shown in Equation 8, and
its unit is m?/s (Qi, 2016).

k(hg —h3)
q:T (Eq.8)

Equation 9 is for calculating node water head height under active SWI conditions.

= Jh;_im (Eq.9)

L

Equations 10 and 11 are for calculating flow velocity under active SWI conditions.

V= kit ‘Zhﬁ)hz (Eq.10)
' ZL\/hj—i(h" _LN)AX

2_-(h§_h§)AX_ 2 s (hg—hﬁ)AX
:k(hi—hm):k(\/ho i . hy —Ci+D . )

2 AX AX

(Eq.11)

Under passive SWI conditions, the calculated value of the velocity substituted is
negative. Considering that D,, the longitudinal dispersivity coefficient, is not affected
by the forward or negative effect of the velocity, but only related to its size, Equation 1
can be transformed into Equation 12 as shown below to ensure that the coefficients of
the velocity term in the explicit difference equation are forward.

Cin+1 - _ X [Vi:f% (i, —c) _Vi,-% (¢ —ciy)] i vie' -ViLely 1<i<N) (Eq.12)
At (Ax)? AX

Similarly, Equation 12 can be transformed into standard difference formulas as
follows:

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 17(6):13859-13874.
http://www.aloki.hu e ISSN 1589 1623 (Print) ¢ ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1706_1385913874
© 2019, ALOKI Kft., Budapest, Hungary



Zhang et al.: Study on seawater intrusion and influencing factors based on the advection-dispersion equation
- 13864 -

At/ (AX)? =

¢t =Aa V' ¢ +[1-Aa V , +a V= AV + AV, - Axv el (1< < N) (Eq.13)

i+3 I+1 |+1

et = {[L- A (1= AV +a Vi, — ARV, ]}c; F AV, — AV, e, (i=N)
Under passive SWI conditions, its convergence conditions are shown as below:

At — (a, I+1+ocV’ —-AxV,) >0
(A% (Eq.14)

V., — AV, 20

Equation 15 is for calculating node water head height under passive SWI conditions.

hi':\/h2 (N — m (Eq.15)

Equations 16 and 17 are for calculating flow velocity under passive SWI conditions.

viod_ k(hi —hv) (Eq.16)

B U 2 h2
! 2L\/h§—<N—i>(hNLh°)AX

s o (hs—h:)Ax_\/z_ o (h2 —h)AX
1:k(h’ ) k(\/hN (N-D . hy —(N —i+D . ) (Eq.17)
2 AX AX

In order to study the effects of discharge variation, precipitation and evaporation on
seawater intrusion, the flux is changed by keeping the hydraulic gradient constant and
controlling the water head on both sides to increase at the same time.

The effects of rainfall and evaporation are considered to be uniform in the seepage
field, and water exchange exists in each subzone. The position diagram of the
influencing factors such as flow change, precipitation and evaporation was drawn, as
shown in Figure 3.
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Figure 3. Influencing relationship of flux, rainfall and evaporation

As shown in Figure 3, H represents the numerical value of simultaneous rise of water
head on both sides. If H is positive, it means water head would increase H meters
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simultaneously on both sides. Conversely, negative H means decreasing. That is to say,
the seawater head rises H meters, at the same time, the fresh water level also rises H
meters. Meanwhile, the hydraulic gradient does not change. However, the flux changes
with the change of H, which is a special flow quantity change, thus affecting the
seepage velocity and the final concentration distribution. The formulas for calculating
discharge, head and velocity can be seen in Equation 18.

k[(hy +H) = (hy +H)]
0y = oL
2 2
h,, =\/h§—iw+H (Eq.18)
k(h, —h
V,, :q_,vH :M
h, AX

As to rainfall and evaporation, the influencing factors on seawater intrusion, the
annual average rainfall is represented by R, and the annual average evaporation is
represented by E. The unit is mm/yr, and 1 mm/yr =3.171 x10™ m/s. Rainfall and
evaporation are directly affected on the unit seepage length, and water exchange occurs
in each spatial grid. Rainfall and evaporation will affect the flux in the seepage region.
Thus, the flow velocity and salt diffusion are affected.

Under active SWI conditions, the equations of flux and flow velocity under the
influence of the evaporation factor were shown below.

k(hg —ht)
e, :T—'E
(Eq.19)
VE, =qi7VE _ k(hi _hi+1)
' 3 AX

Under active SWI conditions, the equations of flux and flow velocity under the
influence of the rainfall factor were shown below.

k(h —h?
—( 02L N)+iR
(Eq.20)
VR zqi,VR _ k(hi _hi+1)
oh T AX

Or =

Under passive SWI conditions, the equations of flux and flow velocity are similar to
those under active SWI conditions.

Numerical examples

It is assumed that there is a seepage tank, which is used to simulate seawater
invasion. The length of the tank is 15 m, the width is 0.1 m, and
k=0.0001 m/s, «, =0.2 m. The left side is the boundary of constant head and

concentration, the left side of seawater head is 0.5 m, and the initial chloride ion
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concentration of the left side seawater is 18.000 mg/L, which can be prepared by
seawater salinometer measuring. The right side is the fixed head boundary, the fresh
water head on the right side is 0.35 m, and the chloride ion concentration is 0. Under
this condition, it is considered that there is no concentration decay at the right side
boundary (¢, =c? ), which is a case of active SWI, as shown in Figure 4. As to passive
SWI, in the left side, the seawater head is 0.35 m and the initial chloride ion
concentration is 0; and in the right side, the fresh water head is 0.5 m and the initial
chloride ion concentration is 18.000 mg/L, as shown in Figure 5. Besides, the physical
photograph of the applied seepage tank is shown in Figure 6. Taking Ax =0.03 m,
At =100 s and p =1, the relationship will be calculated between the steady

concentration and the diffusion distance of seawater salt in the seepage field after 6,000
iterations. The initial and boundary conditions are as shown below.

oc 0 oCc, 0
—=—@/|V,|—/—)-—(V.C 0<x<15t>0
Cl_=0
oo (Eq.21)
C|,_,=18000
L.
6X x=15""

While the finite difference method to calculate the above examples are used, under
the condition of convergence, after 6000 iterations, the concentration of the node
position basically does not change with the increase of iterations. Meanwhile, the
calculation results represent the chloride ion concentration under steady state, then the
degree of seawater intrusion in the region will be judged.
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Figure 4. The seepage tank size and boundary conditions under active SWI conditions
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Figure 5. The seepage tank size and boundary conditions under passive SWI conditions
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Figure 6. The physical photograph of the applied seepage tank (unit, cm)

Result discussion

The effects of six hydraulic factors on seawater intrusion were explored in this paper,
namely, hydraulic conductivity, longitudinal dispersivity, hydraulic gradient, flux,
evaporation and rainfall. Besides, the initial and boundary conditions utilized for
calculation and simulation were based on the contents described in the numerical
examples above. In this paper, the finite difference method was utilized to solve one-
dimensional advection-dispersion equation. Meanwhile, the control variates method was
adopted to explore the influence of a single factor on seawater invasion. After iteration
calculation, the distribution of chloride ion concentration in the seepage field was
compared under steady state.

Hydraulic conductivity

Hydraulic conductivity k, which is defined as the unit flux under the unit hydraulic
gradient, represents the difficulty of fluid passing through the pore framework. The
hydraulic conductivity can affect the flow velocity of seepage flow and the salt
migration. In order to study the influence of hydraulic conductivity on salt migration,
five different numerical values of hydraulic conductivity were formulated in this paper,
namely, k=0.00005 m/s, 0.0001 m/s, 0.00015 m/s, 0.0002 m/s and 0.00025 m/s.
Hydraulic conductivity of sandy soil is related to many factors, such as material
composition, particle size, shape, gradation and compactness of soils (Liu et al., 2017),
and it can be monitored nondestructively and rapidly in real time by the resistivity
measurement (Yuan et al., 2019).

Keeping other conditions unchanged, considering the forward and reverse seepage
type conditions, the influence of hydraulic conductivity on seawater intrusion and its
final state was analyzed, as shown in Figure 7.

According to the calculated results, the concentration of the final steady state rises
with the increase of the hydraulic conductivity, but its growth rate is small. In the steady
seepage field, the hydraulic conductivity is the time that affects the salinity to reach the
final steady state. The larger the hydraulic conductivity is, the smaller the time to reach
the steady state will be. Moreover, the hydraulic conductivity is forwardly correlated
with the degree of seawater invasion.

Longitudinal dispersivity

Longitudinal dispersivity is related to the properties of porous media, unit m,
describing the degree of the dispersion in the migrating direction of flow, which is one
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be compute by the dispersive-area (DA) method and the linear graphic
(LG) method (Zhang et al., 2010). Therefore, five different numerical values of
longitudinal dispersivity were formulated in this paper, namely, e =0.1 m, 0.2 m,
0.3m, 0.4 m and 0.5 m. Keeping other conditions unchanged, considering the forward
and reverse seepage type conditions, the influence of longitudinal dispersivity on
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seawater intrusion and its final state was analyzed, as shown in Figure 8.
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Figure 7. The concentration distribution map under the changing hydraulic conductivity
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Figure 8. The concentration distribution map under the changing longitudinal dispersivity
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According to the calculated results, when the longitudinal dispersivity increases in
the test condition, the concentration under steady state also grows, indicating that the
longitudinal dispersivity is forwardly correlated with seawater intrusion. From Figure 8
it is found that the longitudinal dispersivity has a great influence on the degree of
seawater intrusion under both steady state and passive SWI conditions, and this
phenomenon is particularly evident under passive SWI conditions but inapparent under
active SWI conditions. The greater the longitudinal dispersivity is, the severer the
seawater invasion will be under both active and passive SWI conditions.

Hydraulic gradient

Hydraulic gradient, J, refers to the loss of head per unit distance of flow,
J=lh,—h,l/L. Five different numerical values of hydraulic gradient were formulated in

this paper, namely, J =0.1 m, 0.2 m, 0.3 m, 0.4 m and 0.5 m. Keeping other conditions
unchanged, considering the forward and reverse seepage type conditions, the influence
of hydraulic gradient on seawater intrusion and its final state was analyzed, as shown in
Figure 9.

According to the calculation results, under the condition of active SWI, with the
increase of the numerical value of hydraulic gradient, the concentration of chloride ion
shows an increasing trend in the seepage field. However, under passive SWI conditions,
with the increase of the numerical value of hydraulic gradient, the concentration of
chloride ion decreases in the seepage field. That is to say, when the groundwater head
increases, it will slow down the degree of seawater intrusion. On the contrary, when the
head is reduced, the degree of seawater intrusion will be aggravated. In addition, this
phenomenon is particularly evident under active and passive SWI conditions. Finally,
the results of numerical simulation are the same as the achievements by the field
measurements of Zhang et al. (2015) and also accord with the numerical experiments of
Werner (2017).

Concentration(mg/L)

L

=T LN LA L DL I L L DL |
06 07 08 09 10 11 12 13 14 15
Seepage distance(m)

L L L B
0 01 02 03 04 05

Active SWI, J=0.02 ------ Passive SWI, J=0.02
- = = Active SWI, J=0.04 e Paggive SWI, J=0.04
-+ Active SWI, J=0.06 ——e Passive SWI, J=0.06

—-—- Active SWI, J=0.08 Passive SWI, J=0.08
—--=- Active SWI, J=0.1 — - —Passive SWI, J=0.1

Figure 9. The concentration distribution map under the changing hydraulic gradient
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Flux

With the influence of flux, it was proposed that under the condition of constant
hydraulic gradient, the water heads on the left and right sides should be raised or
lowered at the same time, so as to make the flux increase or decrease while the
hydraulic gradient remains unchanged. In order to explore the distribution of salt
migration and chloride ion concentration under steady-state in different flow states, five
working conditions were proposed. They were water head on both sides dropping by
0.1 m and by 0.05 m, respectively, water head remaining unchanged and water head on
both sides rising by 0.05 m and by 0.1 m. Keeping other conditions unchanged,
considering under the forward and reverse seepage types, the influence of flux on
seawater intrusion under steady state was analyzed, as shown in Figure 10.

According to the calculation results, under active SWI conditions, the concentration
of the final steady state increases with the increase of the flux. Although the final
concentration also rises under passive SWI conditions, it was also slightly in terms of
the extent of growth. Therefore, the flux was forwardly correlated with the degree of
seawater intrusion.
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Figure 10. The concentration distribution map under the changing flux

Annual average evaporation

Evaporation refers to the amount of water that evaporates into the air over a certain
period of time, which is usually expressed in millimeters of the thickness of the
evaporated water layer, and it can be measured by the evaporimeter. In extremely arid
areas, the average annual evaporation can reach more than 3000 mm/yr, for example, in
western Ordos Plateau, China (Sun et al., 2017). Therefore, five different numerical
values of annual average evaporation were formulated in this paper, namely,
1000 mm/yr, 2000 mm/yr, 3000 mm/yr and 4000 mm/yr, 5000 mm/yr. Keeping other
conditions unchanged, considering the forward and reverse seepage type conditions, the
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influence of annual average evaporation on seawater intrusion and its final state was
analyzed, as shown in Figure 11.

According to the calculated results, under active SWI conditions, with the increase of
the average annual evaporation, the concentration of the final steady state increases with
a small range. Although the final concentration also grows under passive SWI
conditions, it was also insignificantly in terms of the extent of growth. Therefore, the
annual average evaporation was forwardly correlated with the degree of seawater
intrusion. That is to say, the greater the degree of evaporation is, the severer the
seawater invasion will be.
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Figure 11. The concentration distribution map under the changing annual average evaporation

Annual average rainfall

Rainfall refers to the depth of the water layer falling to the ground in a certain period
of time, which is generally measured by the rainfall measuring cylinder. The average
annual rainfall in China is about 630 mm/yr, but in some extremely humid areas, the
average annual rainfall can reach more than 10.000 mm/yr. Therefore, five different
numerical values of annual average rainfall were formulated in this paper, namely,
0 mm/yr, 1000 mm/yr, 2000 mm/yr, 3000 mm/yr and 4000 mm/yr. Keeping other
conditions unchanged, considering the forward and reverse seepage type conditions, the
influence of annual average rainfall on seawater intrusion and its final state was
analyzed, as shown in Figure 12.

According to the calculated results, under active SW1 conditions, with the increase of
average annual rainfall, the concentration in the final steady state decreases with a small
extent. Under passive SWI conditions, the concentration also reduces slightly.
Therefore, the rainfall is negatively correlated with the seawater invasion degree, and
rainfall can slow down the degree of seawater invasion. Finally, the results of numerical
simulation accord with the achievements of Qing et al. (2013).
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Figure 12. The concentration distribution map under the changing annual average rainfall

Conclusion

(1) In this paper, this numerical simulation method of solving one-dimensional
advection-dispersion equation by explicit finite difference method can obtain
distribution of chloride ion concentration at spatial nodes under steady state. Moreover,
this method can be utilized to explore the influence of different factors on the degree of
seawater intrusion, and the results and achievements are efficient, robust, reliable and
consistent with the actual situation, which can explain the phenomenon of seawater
intrusion. In addition, the numerical method for solving the one-dimensional advection-
dispersion equation by the explicit finite difference method is correct and worthy of
being used for reference. Compared with the one-dimensional advection-dispersion
equation, the two-dimensional equation can more accurately explain the salt transport
process under different SWI conditions. Therefore, it should be worth studying with the
two-dimensional Taylor’s theorem and finite difference method.

(2) It can be seen from the results of numerical simulation that, with the increase of
the numerical value of hydraulic conductivity, longitudinal dispersivity, flux and
evaporation capacity, the degree of seawater invasion will be aggravated, but the
rainfall can play a role in mitigating seawater intrusion. Besides, under active SWI
conditions, the growth of the numerical value of hydraulic gradient will aggravate
seawater intrusion, while under passive SWI conditions, it will slow down the degree of
invasion. As for the reason, the six factors can affect the distribution of groundwater
velocity field (the size and direction of groundwater velocity), thus affecting seawater
intrusion. In addition, some other factors should be worth studying, for example,
pumping positions and pumping quantity.

(3) It can be seen from the results of numerical simulation that under both active and
passive SWI conditions, the above six hydraulic factors have a significant influence, to
a certain extent, on the seawater intrusion under steady state. Furthermore, the effect of
hydraulic gradient on seawater intrusion is greatly obvious under both active and
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passive SWI conditions. Additionally, it is found that the longitudinal dispersivity has a
great influence on the degree of seawater intrusion under both steady state and passive
SWI conditions, and this phenomenon is particularly evident under passive SWI
conditions but inapparent under active SWI conditions.
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