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Numerical modeling of the effects of pumping on
tide-induced groundwater level ﬂuctuation and on the
accuracy of the aquifer’s hydraulic parameters estimated
via tidal method: a case study in Donghai Island, China
Pengpeng Zhou, Xiaojuan Qiao and Xiaolei Li

ABSTRACT
Coastal groundwater level is affected both by tide and pumping. This paper presents a numerical
model to study the effects of pumping on tide-induced groundwater level ﬂuctuation and on
accuracy of hydraulic parameters estimated via tidal method. Firstly, for the effects of pumping on
the groundwater level ﬂuctuation under the combined inﬂuence of pumping and tide, groundwater
level has a drawdown but eventually reaches a quasi-steady-state again. Steady pumping can
attenuate the amplitude but cannot affect the phase of the quasi-steady ﬂuctuation. However,
seaward steady pumping plays a relatively obvious role in enhancing drawdown compared with
landward pumping, a partial penetration well leads to greater drawdown than a full penetration well,
and transient pumping induces large amplitude which does not reﬂect large transmissivity. Secondly,
for the effects of pumping on the accuracy of the parameter estimated via the tidal method, transient
pumping or large steady pumping, especially in a full penetration well, signiﬁcantly affects accuracy
of the estimated parameters. However, when the distance between the pumping well and tide

Pengpeng Zhou
Key Laboratory of Shale Gas and Geoengineering,
Institute of Geology and Geophysics,
Chinese Academy of Sciences,
No. 19 Beitucheng West Road, Chaoyang District,
Beijing 100029,
China
Xiaojuan Qiao (corresponding author)
College of Earth Science, University of Chinese
Academy of Sciences,
19A Yuquan Road,
Beijing 100049,
China
E-mail: qiaoxiaojuan_ucas@163.com
Xiaolei Li
China Institute for Geo-Environmental Monitoring,
20 Dahuisi Road, Haidian District,
Beijing 100081,
China

observation well exceeds 200% of the distance between observation well and shoreline, pumping
effect on estimated parameters can be neglected. The conclusions could provide guidance for
reasonable application of the tidal method.
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| coastal aquifer, groundwater level, hydraulic parameter, numerical modeling, pumping,
tidal method

INTRODUCTION
The ocean tide is an important factor that affects ground-

In addition to ocean tidal forcing, groundwater pumping

water level dynamics in coastal aquifers. It is important to

which is very common in coastal areas for water resource

understand the tide-induced groundwater dynamics for

demand is also an important factor affecting coastal ground-

many environmental and ecological problems, such as oil

water level dynamics. The combined inﬂuences of tide and

spill remediation (Singh et al. ), nearshore area ecology

pumping can induce more complicated groundwater level

and biodiversity, beach accretion and erosion, seawater-

dynamics, which in turn presents challenges in solving

groundwater circulation, saltwater intrusion (Lian et al.

environmental problems and estimating aquifer parameters.

; Sadeghi-Tabas et al. ), and estimation of aquifer

For example, Chen & Jiao () observed that the tide-

parameters, such as transmissivity (T), storativity (S), and

induced hydraulic head ﬂuctuation affected the pumping

their ratio (Millham & Howes ; Zhou et al. ).

test data for estimating the hydraulic parameter. They
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corrected the pumping test data by deducting the ground-

drawdown curve obtain from a full penetration well, but

water ﬂuctuation data. Inﬂuenced by periodic tidal forcing,

the storage value would be inaccurate (Qu & Chen ;

Qu & Chen () found multiple cycles of drawdown in

Ni et al. , ). Considering the inﬂuence of a partial

the pumping tests.

penetration pumping well, Yang et al. () derived a sol-

To accurately revise the drawdown data of the pumping

ution for describing the conﬁned groundwater level

test, some studies have been conducted. Liu () derived

drawdown in a partial penetration well under constant

an analytical solution that described the combined effects

pumping rate conditions. This research found that the par-

of periodic tidal forcing and steady pumping on the ground-

tial penetration effect is more apparent when the well’s

water level ﬂuctuation of a conﬁned aquifer. This solution

screen is shorter. Considering the inﬂuence of partial

showed that, under the combined effects of tide forcing

penetration type and large diameter of the pumping well,

and groundwater pumping, the pressure head of a conﬁned

Ni et al. (, ) presented data reduction methods to

aquifer varied periodically, with a drawdown for a long

remove these inﬂuences and determine the hydraulic

period. Trefry & Johnston () developed a standard tran-

parameters. Regarding the large-diameter effect, some

sient method to correct the drawdown data during a coastal

research reported that the large diameter has an early-time

pumping test. This research found that the pumping/tide-

inﬂuence on drawdown curve (Qu & Chen ; Ni et al.

induced piezometric head dynamics in shallow and deep

). Together with the inﬂuence of water storage in wells

positions of the aquifer were different because of aquifer het-

(monitoring wells and pumping wells), the large-diameter

erogeneity. Using the superposition principle, Chapuis et al.

effect can lead to an overestimation of storage coefﬁcient

() derived a closed-form theoretical solution to correct

(Narasimhan & Zhu ; Qu & Chen ).

the drawdown and recovery curves of a pumping test

From the above reviews, it can be seen that all the pre-

under sinusoidal tidal inﬂuence. This solution is reliable

vious researches mainly focused on the pumping test, and

when the radial distance (i.e., distance of the observation

the previous researches about the combined effects of tide

well to the pumping) is less than 10% of the distance

and pumping on groundwater level dynamics primarily

between the shoreline and the pumping well. Wang et al.

focused on correcting the drawdown values during the

() developed a closed-form analytical solution that

pumping test for estimating the hydraulic parameters. How-

described the variation of groundwater level in a coastal

ever, in the coastal area, the tidal method is more

leaky conﬁned aquifer during a steady pumping test in a

economical and convenient than the pumping test to deter-

full penetration well. This research pointed that long-term

mine the hydraulic conductivity (K) value of the coastal

pumping was needed to distinguish tidal inﬂuence from

aquifer (Millham & Howes ). When we estimate the

groundwater level drawdown in the pumping test.

hydraulic parameters of a coastal aquifer using the tidal

All the above studies adopted the assumption of a full

method, which is based on monitoring groundwater level

penetration well. For the partially penetrating well effects,

data, groundwater pumping can affect the accuracy of the

Hantush () presented an analytical solution for the

monitoring of groundwater level data and the hydraulic

wellbore drawdown in a partially penetrating well under

parameter estimated by the tidal method.

constant pumping rate in a homogeneous conﬁned aquifer.

So it is necessary and meaningful to research the effects

Ruud & Kabala () derived a closed form solution for

of pumping on tide-induced groundwater level ﬂuctuation

computing the drawdown at the well face in a partially pene-

and on the accuracy of the aquifer’s hydraulic parameters

trating well in a heterogeneous conﬁned aquifers. Cassiani

estimated via the tidal method. For this objective, ﬁrstly,

& Kabala () gave a more efﬁcient semi-analytical sol-

based on the groundwater level monitoring data in Donghai

ution for the groundwater level drawdown in a partially

Island, a two-dimensional (2D) numerical groundwater ﬂow

penetrating well with a mixed-type boundary condition.

model was conducted for simulating the coastal ground-

Derived from this typical drawdown curve inﬂuenced by a

water level dynamics induced by sea tide; secondly, based

partial penetration pumping well, the transmissivity (T)

on this calibrated model, a series of numerical simulations

value should be close to the value derived from the

considering different pumping scenarios (including transient
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pumping, different pumping well location, and partially
penetrating wells) were conducted to obtain in-depth
understanding of the effects of pumping on tide-induced
groundwater level dynamics and to discuss the effects of
pumping on the accuracy of the hydraulic parameters estimated via the tidal method.

METHODS
Study area and hydrogeological conditions
Donghai Island is located at the southwest of Guangdong,
China (Figure 1). The morphology is primarily ﬂat, with
the terrain elevations of 2–60 m. The average annual precipitation is 1,354 mm, and the average annual evaporation is
about 1,775 mm. The sea tide is characterized by an irregular semidiurnal tide with a mean sea level of 2.04 m, an
average low sea level of 0.43 m, high sea level of 4.59 m.
From a geological point of view, the island is a tectonic
depression covered with continental and marine sediments
of Cenozoic age. The sediments prevalently consist of interbedded loose sand and soft clay. The Cenozoic sediments
form the multi-layer aquifers system (Figure 2); these
aquifers are generally separated by aquitard composed of
14–18 m thick clay layer. As shown in Figure 2, the upper
unconﬁned aquifer layer extends only up to the coastline;
the aquitard and conﬁned aquifer extend up to the mainland
underneath Zhanjiang Bay. The upper unconﬁned aquifer is
mostly recharged by the rainfall inﬁltration and discharged
through runoff to the sea. The conﬁned aquifer is recharged
through the lateral runoff and discharged through withdrawal and lateral runoff.
A cross-section of the upper unconﬁned aquifer in the
northern part of this island is selected as the research
object (the dashed frame in Figure 2). In this section, the

Figure 1

|

Location of Donghai Island. (a) Map of China; (b) map of Donghai Island (cited
from Zhou et al. (2014). Copyright: Springer-Verlag Berlin Heidelberg, 2013;
Pengpeng Zhou).

unconﬁned aquifer that is about 30 m thick consists of
silty clay and ﬁne sand. The groundwater level is about

Numerical modeling of groundwater level dynamics

2.0–3.2 m. In this proﬁle, two groundwater level observation
wells GC1 and GC3 are located 126 m and 256 m from the

In this modeling study, according to the locations of obser-

shoreline, respectively. Using those two wells, tide-induced

vation wells GC1 and GC3, a 2D vertical cross-section

groundwater level monitoring had been conducted during

perpendicular to the coastline was selected as the model

December 2–5, 2009, with a monitoring frequency of three

domain (Figure 3). This model domain is homogeneous,

times per hour.

with a horizontal bottom and a gently sloping beach.

Downloaded from https://iwaponline.com/jh/article-pdf/19/4/607/391885/jh0190607.pdf
by guest

610

P. Zhou et al.

|

Numerical modeling of pumping effects on coastal groundwater

Journal of Hydroinformatics

|

19.4

|

2017

the right boundary where groundwater is in contact with
the sea. According to the observational groundwater level
data, a speciﬁed head of 3.2 m was assigned to the saturated
portion of the left boundary. For the bottom of the model
domain, no-ﬂux boundary was adopted. The phreatic surface was the upper boundary. For transport, a speciﬁed
concentration equal to saltwater chloride (15,883 mg/L)
was assigned at the right boundary. A constant chloride concentration of 45 mg/L was used on the inland boundary to
represent the fresh water. The bottom and upper boundaries
Figure 2

|

Schematic cross-section of Donghai Island along the line AB in Figure 1(b)
(cited from Zhou et al. (2014). Copyright: Springer-Verlag Berlin Heidelberg,
2013; Pengpeng Zhou).

Considering the existence of a thick layer of very low-per-

of the model domain were assigned as no solute transport
boundaries. It should be noted that, with a short time
(72 h) of the transient simulation, the evaporation and rainfall inﬁltration were not considered in our model.

meability clay, the vertical leakage through clay layer is
neglected in this model. To build the numerical groundwater

Model parameters

ﬂow model in this proﬁle, the density-dependent groundwater numerical model SEAWAT (Guo & Langevin )

According to the hydrogeologic investigation in this area,

was used. With this model, the tide-induced groundwater

the horizontal hydraulic conductivity (Kx) of this coastal

level dynamics was simulated. Then, the effects of pumping

aquifer is 3.27–5.43 m/d, and the speciﬁc yield (Sy) of this

on tide-induced groundwater level ﬂuctuation were assessed

coastal aquifer is 0.09–0.22. For the transport in SEAWAT

under various groundwater pumping scenarios.

model, it is difﬁcult to obtain actual dispersivity values
through ﬁeld dispersion experiments. In our model, the

Model domain and model discretization

longitudinal dispersivity (αL) was set as 10 m that was
determined based on the relationship between longitudinal

As shown in Figure 3, this cross-section domain with a slop-

dispersivity (αL) and scale (Ls) of 2D numerical model for

ing beach has a length of 1,200 m, a depth of 30 m on the left

porous media (Li & Chen ). The research of

inland boundary, and a width of 5 m. For this vertical model

Ranganathan & Hanor () proved that a transverse dis-

domain, the model cells are uniform of 4 m × 0.2 m × 5 m,

persivity (αT) close to one-ﬁfth of the longitudinal

resulting in 300 columns, 150 layers and 1 row.

dispersivity (αL) can be used in a cross-sectional transport
modelling for an aquifer system. So in our model, the trans-

Boundary conditions

verse dispersivity (αT) was set as 2 m. The density of
seawater was set to 1.025 g/cm3 while the density of fresh-

The boundary conditions assigned in the numerical model

water was set to 1 g/cm3. The model input parameters are

are shown in Figure 3. A time-varied head was assigned to

listed in Table 1.

Figure 3

|

Schematic of the conceptual model (revised from Zhou et al. (2014). Copyright: Springer-Verlag Berlin Heidelberg, 2013; Pengpeng Zhou).
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Model input parameters

Parameter

Value

Hydraulic conductivity

3.27–5.43 m/d

Speciﬁc yield

0.09–0.22

Porosity

0.3

Longitudinal dispersivity (αL)

10 m

Transverse dispersivity (αT)

2m

Seawater density

1,025 kg/m3

Freshwater density

1,000 kg/m3

|

Initial conditions

Figure 4

Before transient simulation with the tidal ﬂuctuation

wells. This graph shows general similar groundwater level

at the seaward boundary, a steady state simulation without

dynamics between simulated and observed groundwater

the tidal ﬂuctuation was conducted to calculate the initial

levels data, despite discrepancies around the peaks and

hydraulic head situation calibrated by the observed data

troughs. Such discrepancies are likely due to the neglect

monitored at the mean sea level period. Then, the

of the seepage face dynamics during the tide oscillation.

computed result of the steady ﬂow and concentration

The calibrated speciﬁc yield (Sy) was 0.15. It should be

ﬁelds served as the initial conditions for the transient

noted that, because of the neglect of the seepage face,

simulation.

this model assumed that the exit point of the groundwater

Calibration map obtained for transient-state conditions.

level was coupled with the sea level on the beach face.
Thus, this model cannot be used to accurately calculate
Model calibration

the net submarine groundwater discharge (Ma et al. ).

The main objective of calibration is to obtain reasonable

match and hydraulic parameters (including hydraulic con-

Based on the calibrated results of the reasonable head
results matching with the ﬁeld monitoring data by adjust-

ductivity and speciﬁc yield), it can be seen that this

ing the parameters that can characterize the aquifers

numerical model is reasonable and can be selected as the

system.

base model for simulating groundwater level dynamics

Firstly, using the groundwater level data of GC1 and

under inﬂuence of groundwater pumping.

GC3 measured in mean sea level period, a preliminary cali-

It should be noted that, as a result of the lack of salinity

bration for the steady groundwater ﬂow model was initially

data, this model was not able to calibrate the salinity

conducted to estimate the hydraulic conductivity (K) value.

dynamics. Some previous research about the variable den-

The anisotropy ratio Kz/Kx (vertical versus horizontal

sity effect on the groundwater level dynamics shows that

hydraulic conductivity) was 0.1. For this model, the cali-

the variable density has no signiﬁcant inﬂuence on tide-

brated Kx value was 5 m/d.

induced groundwater level dynamics (Ataie-Ashtiani et al.

Secondly, this 2D model was calibrated for the transi-

; Li & Jiao ; Zhou et al. ), because the hydrau-

ent conditions with the tidal ﬂuctuation at the seaward

lic gradients generated by the tidal cycle is much larger

boundary. This calibration had a period of 72 h during

than that generated by variable density effects. Overall,

December 2–5, 2009. These calibration results were

this model can be used to study the pumping effects on

obtained by comparing simulated groundwater level data

groundwater level dynamics of the aquifer part above the

of observation wells GC1 and GC3 in 72 hour period.

salt wedge. In the next modeling study of the pumping

Figure 4 shows the time series graph of simulated versus

effects on groundwater level dynamics, the salinity or den-

observed groundwater level ﬂuctuations for those two

sity effects were neglected.
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ﬂuctuation and on the accuracy of the estimated parameters
values of the aquifer via tidal method. In addition, we change

Using the calibrated model, various groundwater pumping

the well location in our model to examine this pumping effect.

scenarios were designed to study the pumping effects on

In this section, eight simulation scenarios with different

tide-induced groundwater level ﬂuctuation and on the accu-

pumping well locations (i.e., distance to the observation well

racy of the hydraulic parameter estimated by tidal method.

GC3) were designed (Figure 3). In all those scenarios, 65 m

Those pumping scenarios considered different pumping

is a base distance. For example, in scenario X10 , the seaward

well location, transient pumping, and partial penetration

distance between the pumping well and observation well

wells with different screen length, respectively.

GC3 is 65 m; in scenario X1, the landward distance between
the pumping well and observation well GC3 is 65 m; in scenario X2, the landward distance between the pumping well

Effects of the pumping well location

and observation well GC3 is 2 × 65 m (130 m); in scenario
Xj, the landward distance between the pumping well and

Previous studies (Trefry & Johnston ; Chapuis et al. ;

observation well GC3 is j × 65 m. In all scenarios, the pump-

Ni et al. ; Wang et al. ) about the groundwater level

ing well is a partial penetration well with a screen length of

dynamics jointly induced by groundwater pumping and tidal

15 m, and the groundwater pumping rate is constant at

forcing mainly focused on correcting the drawdown data

20 m3/d.

during the pumping test, with a ﬁxed pumping well location.

The

simulated

groundwater

level

ﬂuctuations

in

In contrast to those previous studies, this study concentrates

the observation wells in all the simulated scenarios are illus-

on the effect of pumping on tide-induced groundwater level

trated in Figure 5(a) and 5(b). The results show that shorter

Figure 5

|

Groundwater level dynamics in the observation wells with the pumping well located at different landward locations: (a) groundwater level ﬂuctuation in GC1; (b) groundwater
level ﬂuctuation in GC3; (c) variation of the mean groundwater level drawdown, i.e., each trend line is deﬁned by a function that expresses the relationship between the
drawdown (represented by D in the function) and the landward distance (represented by x in the function); (d) variation of the amplitude.
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landward distance between the pumping well and obser-

relative error. It can be concluded that, when the distance

vation well induces larger mean groundwater level

between the landward pumping well and the tide observation

drawdown because of the inﬂuence radius of the pumping

well exceeds 200% of the distance between the tide obser-

well. In any of these scenarios, the groundwater level ﬂuctu-

vation well and the mean shoreline, the relative error of the

ation can eventually reach a quasi-steady state, no matter

estimated parameters is less than 1%, in which case the

how short the landward distance.

tidal method can be used to estimate hydraulic parameters.

Figure 5(c) shows that an exponential correlation exists

Moreover, to investigate the difference between the

between the drawdown (D) and landward distance (x) in

effects of seaward and landward pumping activities on the

this homogeneous coastal aquifer. Figure 5(d) shows that,

tide-induced groundwater level ﬂuctuation, two scenarios

in all pumping scenarios, the amplitudes of the tide-induced

are designed: locating the pumping well at X10 and X1

groundwater level ﬂuctuations are smaller than the monitor-

(Figure 3). The seaward distance from X10 to observation

ing amplitudes without pumping’s inﬂuence (AGC1 ¼

well GC3 is equal to the landward distance from X1 to

0.844 m, AGC3 ¼ 0.335 m). However, there is no consistent

GC3. The simulated result is shown in Figure 6. From

rule for describing the inﬂuence of the pumping well

Figure 6, it can be seen that seaward pumping activities

location on the amplitude.

can cause slightly larger drawdown (0.04–0.10 m) than land-

Typically, the observed amplitude and time lag of the tide-

ward pumping activities; however, the groundwater level

induced groundwater level ﬂuctuation can be used to esti-

ﬂuctuating patterns (phase and amplitude) in scenarios of

mate

of

X1 and X10 are overall similar. In a word, the seaward pump-

transmissivity to storativity, T=S) of a coastal aquifer. Consid-

ing plays a relatively obvious role than the landward

ering the inﬂuence of the landward pumping activities on the

pumping in enhancing the groundwater level drawdown.

hydraulic

parameters

(such

as

the

ratio

observed tide-induced groundwater level data, analysis is

In summary, the pumping well location is an important

conducted to investigate the effects of the pumping well

factor that contributes to the effects of pumping on tide-induced

location on the accuracy of the hydraulic parameters esti-

groundwater level ﬂuctuation; a shorter landward distance can

mated via the tidal method. We estimate the aquifer

induce a greater mean groundwater level drawdown; during

parameter T=S by using the simulated groundwater level

the groundwater pumping process, the groundwater level ﬂuc-

data in each scenario and the calculation equation,

tuation can eventually reach a quasi-steady state again;

2

T=S ¼ π=tp ½xGC3  xGC1 = ln (AGC1 =AGC3 ) (Zhou et al. ).
2 1

groundwater pumping can attenuate the amplitude of the

In this equation, T[L T ] is the transmissivity of the aquifer,

groundwater level ﬂuctuation to some extent, but there is no

S is the storativity of the aquifer, tp [T] is the period of the tide,

consistent rule to describe this attenuation; seaward pumping

AGC1 and AGC3 are the amplitudes of the groundwater level

have relative more obvious inﬂuences on enhancing the

ﬂuctuations in wells GC1 and GC3, respectively, and xGC1

groundwater level drawdown than landward pumping. In

(126 m) and xGC3 (256 m) are the landward distances from

addition, the pumping well location can affect the accuracy of

the coastline to wells GC1 and GC3, respectively.

the hydraulic parameters estimated via tidal method; however,

AGC1 and AGC3 can be calculated according to the

when the distance between the pumping well and the tide

groundwater level ﬂuctuations that have reached the quasi-

observation well exceeds 200% of the distance between the

steady state in each simulated scenario. In addition, accord-

observation well and the shoreline, this pumping effect on the

ing to the ﬂuctuation pattern of the irregular semidiurnal

accuracy of the hydraulic parameters can be neglected which

tide, the tide is divided into four symmetric tidal periods

means that the tidal method can still be used to estimate the

(P1, P2, P3, and P4) to determine the tidal period tp

hydraulic parameter.

(t p1 ¼ 8:66 h, t p2 ¼ 16:34 h, t p3 ¼ 7:66 h, and t p4 ¼ 16:00 h)
(Figure 5(a) and 5(b)). The results of the aquifer parameters

Effects of pumping dynamics

estimated via the tidal method are listed in Table 2. Table 2
shows that the estimated parameters (average value of T=S)

This section describes the inﬂuences of transient pumping

in all the scenarios with pumping inﬂuence have a certain

on the tide-induced groundwater level ﬂuctuation. The
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Estimation of the aquifer parameters using tidal method for all the scenarios with different pumping well locations

Without pumping

Pumping well at X1

AGC1 (m)

AGC3 (m)

T/S (m2/d)

P1

0.303

0.118

165,364.4

P2

0.802

0.320

92,330.5

P3

0.216

0.087

P4

0.844

0.335

Average value of T/S

AGC1 (m)

AGC3 (m)

T/S (m2/d)

P1

0.273

0.102

153,538.2

P2

0.586

0.242

100,152.5

201,056.1

P3

0.200

0.085

224,663.6

93,227.3

P4

0.579

0.238

100,844.6

137,994.6

Average value of T/S

144,799.7

Relative error

4.93%

Pumping well at X2

Pumping well at X3

AGC1 (m)

AGC3 (m)

T/S (m2/d)

AGC1 (m)

AGC3 (m)

T/S (m2/d)

P1

0.290

0.110

156,496.0

P1

0.297

0.113

157,663.2

P2

0.668

0.271

P3

0.203

0.085

95,763.4

P2

0.618

0.252

96,648.4

219,384.9

P3

0.217

0.089

209,478.8

P4

0.672

0.273

0.622

0.252

98,098.8

P4

Average value of T/S

142,435.8

Average value of T/S

140,346.3

Relative error

3.22%

Relative error

1.70%

Pumping well at X4

97,594.9

Pumping well at X5

AGC1 (m)

AGC3 (m)

T/S (m2/d)

AGC1 (m)

AGC3 (m)

T/S (m2/d)

P1

0.298

0.114

159,278.7

P1

0.298

0.115

160,632.7

P2

0.653

0.262

P3

0.216

0.089

93,457.2

P2

0.747

0.296

90,879.3

211,496.0

P3

0.216

0.088

206,915.4

P4

0.692

0.274

0.769

0.304

92,737.7

P4

Average value of T/S

139,242.4

Average value of T/S

137,668.8

Relative error

0.90%

Relative error

0.24%

Pumping well at X6

92,247.9

Pumping well at X7

AGC1 (m)

AGC3 (m)

T/S (m2/d)

AGC1 (m)

AGC3 (m)

T/S (m2/d)

P1

0.299

0.115

161,078.6

P1

0.299

0.116

163,627.9

P2

0.778

0.307

P3

0.216

0.088

90,141.1

P2

0.793

0.315

91,410.9

206,206.6

P3

0.216

0.087

203,541.5

P4

0.817

0.324

0.834

0.329

93,051.2

P4

Average value of T/S

137,619.4

Average value of T/S

137,669.4

92,097.3

Relative error

0.27%

Relative error

0.24%

pumping well is located at X2 in all simulation scenarios.

signiﬁcantly enhance the amplitude of the groundwater

The pumping well is a partial penetration well with a

level ﬂuctuation, whereas the periodicity and the mean

screen length of 15 m. The total extraction of groundwater

groundwater level of such ﬂuctuations keep the same as

3

is 20 m /d. The simulated results are shown in Figure 7.

those induced by steady pumping. So in conclusion, transi-

From Figure 7, it can be seen that transient pumping can

ent pumping have more signiﬁcant inﬂuence on the
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pumping rate on the accuracy of the aquifer’s hydraulic
parameters estimated via tidal method still needs to be
investigated. To this end, using the simulated groundwater
level data jointly induced by steady pumping and tidal
forcing, the hydraulic parameter (T/S) was estimated via
the tidal method (Table 3). From the calculated relative
error in Table 3, it can be seen that a larger pumping rate
could induce a greater calculation error. So it can be concluded that the inﬂuence of pumping rate on the accuracy
of the estimated parameters via the tidal method cannot
Figure 6

|

Groundwater level ﬂuctuations inﬂuenced by pumping in the landward and

be ignored.

seaward locations.

Effects of the partial penetration well
For the purpose of discussing the effect of a partial penetration well on the tide-induced groundwater level
dynamics, a series of simulation scenarios with different
types of partial penetration wells were designed. The type
of partial penetration well is expressed as a ratio of the
screen length of the partial penetration well to that of the
full penetration well (25 m). A ratio of 1 means a full penetration well. In all the scenarios, the pumping well with a
constant groundwater pumping rate (20 m3/d) is located at
X2 (Figure 3). The simulated results are shown in Figure 8.
Figure 8 clearly shows that the mean groundwater level
drawdown in a tide observation well inﬂuenced by a
landward partial penetration well is greater than that
inﬂuenced by a full penetration well. The shorter the
screen length of the partial penetration well, the larger the
mean groundwater level drawdown.
Figure 8(a) and 8(b) show that, for all the simulated
scenarios, the phases of the tide-induced groundwater level
ﬂuctuations in the quasi-steady state do not show signiﬁcant
variation. However, as shown in Figure 8(c), the amplitudes
Figure 7

|

Groundwater level ﬂuctuations under transient pumping conditions: (a) GC1;
(b) GC3.

are smaller than those in the scenario without pumping.
No consistent rule exists to describe the effects of the partial
penetration well on the amplitude.

tide-induced groundwater level dynamics than steady pump-

Furthermore, the aquifer parameters were estimated

ing. Meanwhile, it should be noted that, with the combined

according to the tidal method and simulated groundwater

action of tidal forcing and transient pumping, the enhanced

level data in each scenario (Table 4). The calculated relative

large amplitude does not mean a large transmissivity of the

error data in Table 4 clearly demonstrate that the effect of

coastal aquifer.

full penetration well on the accuracy of the estimated results

As we know, a higher steady pumping rate can induce a
greater groundwater level drawdown. However, the effect of
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Aquifer parameters estimated with the tidal method for all the scenarios with different pumping rates

Q ¼ 0 m3/d

Q ¼ 10 m3/d
AGC1 (m)

AGC3 (m)

T/S (m2/d)

P1

0.303

0.118

165,364.4

P2

0.802

0.320

92,330.5

P3

0.216

0.087

P4

0.844

0.335

Average value of T/S

AGC1 (m)

AGC3 (m)

T/S (m2/d)

P1

0.298

0.114

159,278.7

P2

0.618

0.251

96,004.5

201,056.1

P3

0.222

0.09

203,962.6

93,227.3

P4

0.622

0.251

96,655.5

137,994.6

Average value of T/S

138,975.4

Relative error

0.71%

3

3

Q ¼ 20 m /d

Q ¼ 30 m /d
AGC1 (m)

AGC3 (m)

T/S (m2/d)

AGC1 (m)

AGC3 (m)

T/S (m2/d)

P1

0.290

0.110

155,712.0

P1

0.269

0.1

150,190.3

P2

0.669

0.271

P3

0.203

0.085

95,822.3

P2

0.639

0.263

98,899.4

218,713.9

P3

0.198

0.084

226,141.9

P4

0.672

0.273

0.643

0.264

98,311.7

P4

Average value of T/S

142,140.0

Average value of T/S

143,919.6

Relative error

3.00%

Relative error

4.29%

Figure 8

|

100,446.9

Groundwater level dynamics in the observation wells with landward pumping in different types of partial penetration wells: (a) groundwater level ﬂuctuation in GC1;
(b) groundwater level ﬂuctuation in GC3; (c) variation of the amplitude in the quasi-steady state; (d) variation of the mean groundwater level drawdown.
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Aquifer parameters estimated with the tidal method for all the scenarios with different pumping well types

Without pumping

Full penetration well with screen length of 25 m

AGC1 (m)

AGC3 (m)

T/S (m2/d)

P1

0.303

0.118

165,364.4

P2

0.802

0.320

92,330.5

P3

0.216

0.087

P4

0.844

0.335

Average value of T/S

AGC1 (m)

AGC3 (m)

T/S (m2/d)

P1

0.267

0.102

158,289.3

P2

0.569

0.234

98,529.8

201,056.1

P3

0.207

0.086

216,448.4

93,227.3

P4

0.591

0.243

100,841.9

137,994.6

Partial penetration well with screen length of 20 m

Average value of T/S

143,527.3

Relative error

4.01%

Partial penetration well with screen length of 15 m

AGC1 (m)

AGC3 (m)

T/S (m2/d)

AGC1 (m)

AGC3 (m)

T/S (m2/d)

P1

0.267

0.102

158,103.0

P1

0.290

0.110

155,712.0

P2

0.631

0.254

P3

0.196

0.082

93,899.1

P2

0.669

0.271

95,822.3

220,944.9

P3

0.203

0.085

218,713.9

P4

0.626

0.250

0.672

0.273

94,765.3

P4

Average value of T/S

141,928.1

Average value of T/S

142,140.0

Relative error

2.85%

Relative error

3.00%

Partial penetration well with screen length of 10 m

98,311.7

Partial penetration well with screen length of 5 m

AGC1 (m)

AGC3 (m)

T/S (m2/d)

AGC1 (m)

AGC3 (m)

T/S (m2/d)

P1

0.283

0.107

155,928.4

P1

0.298

0.113

157,057.5

P2

0.785

0.315

P3

0.197

0.083

93,376.7

P2

0.617

0.248

93,518.4

219,580.6

P3

0.215

0.085

194,312.3

P4

0.821

0.326

0.622

0.249

93,589.4

P4

Average value of T/S

140,618.8

Average value of T/S

135,066.9

95,379.5

Relative error

1.90%

Relative error

2.12%

by an obvious drawdown but still with a periodic tidal ﬂuctu-

CONCLUSIONS

ation. A shorter distance between the landward pumping well
This paper presents a series of numerical simulations to

and the tide observation well or a shorter screen length can

study the effects of groundwater pumping on tide-induced

induce a greater drawdown. By comparison, seaward ground-

groundwater level dynamics and on the accuracy of

water pumping plays a relatively obvious role in enhancing

the aquifer’s hydraulic parameters estimated via the

drawdown than landward pumping. However, the ground-

tidal

speciﬁc

water level ﬂuctuation can eventually reach a quasi-steady

inﬂuencing factors, such as the pumping well location,

state, no matter how short the landward distance, how

transient pumping dynamics and partial penetration

short the well’s screen length. This phenomenon mainly

well, were considered. The general conclusions are

occurs because of dominant inﬂuence of tidal forcing when

presented here.

the drawdown reaches a stable state.

method.

In

those

simulations,

many

Under the combined action of the groundwater pumping

Groundwater pumping can decrease the amplitude of

and sea tide, the groundwater level dynamics is characterized

the tide-induced groundwater level ﬂuctuation at quasi-
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