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Abstract: Groundwater has supported 70% of the water supply at the Lower Kelantan River Basin
(LKRB) since the 1930s and demand for groundwater increases annually. Groundwater has been
abstracted from shallow and deep aquifers. However, a comprehensive study on groundwater recharge
estimation has never been reported. This study evaluated various methods to quantify recharge rate
using chloride mass balance (CMB), water table fluctuation (WTF), temperature–depth profiles (TDP),
and groundwater modelling coupled with water balance (GM(WB)). Recharge estimation using CMB,
WTF, TDP, and GM(WB) showed high variability within 8% to 68% of annual rainfall. CMB is range
from 16% to 68%, WTF 11% to 19%, TDP 8% to 11%, and GM(WB) 7% to 12% of annual rainfall,
respectively. At 11%, recharge from GM(WB) was the best method for estimation because the model
was constructed and calibrated using locally derived input parameters. GM(WB) is the only method
involved with calibration and validation process to reduce the uncertainty. The WTF method based on
long-term hydrological records gives a reasonable recharge value, in good agreement with GM(WB)
and these methods can be paired to ensure the reliability of recharge value approximation in the same
ranges. Applying various methods has given insight into methods selection to quantify recharge at
LKRB and it is recommended that a lysimeter is installed as a direct method to estimate recharge.

Keywords: Lower Kelantan River Basin; groundwater recharge; chloride mass balance; water table
fluctuation; temperature–depth profile; groundwater modelling; groundwater resources

1. Introduction

Groundwater resources are used by approximately 2.5 billion people in the world to support their
daily needs [1]. Groundwater has been abstracted ~986 km3/year (60%) worldwide and most of this
for agricultural, domestic, and industrial uses [2]. Over exploitation of groundwater has introduced
unprecedented groundwater stress problems in some regions. The greatest stress on groundwater
occurred mostly in arid and semi-arid areas of the world [3–6]. In the tropical region, groundwater stress
has triggered or exacerbated land subsidence, aquifer compaction, groundwater depletion, salt water
intrusion, arsenic contamination, and groundwater quality deterioration, as reported for the Chao
Phraya River Basin, Mekong River Basin, the Greater Jakarta Basin, Irrawaddy Delta, Bengal Mega Delta,
and others [7–10]. The stress becomes worse especially during periods of drought. The projection of
global groundwater depletion during the twenty first century according to the influence of groundwater
extraction costs and resources, ranges from 180 km3/year to 480 km3/year (restricted renewable water)
and 110 km3/year to 210 km3/year (expanded renewable water), which is lower than the 2050 prediction
and also less than models predicted by [11,12] detailed in [13]. The stresses on groundwater are still
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increasing and present considerable risk and uncertainty. Whether there will be a sufficient groundwater
in the future with good quality is still undetermined.

One of the key elements for sustainable groundwater resource management is groundwater
recharge. Groundwater recharge is the process where water infiltrates into subsurface until it reaches
the water tables forming an addition to the groundwater reservoir [14–16]. Recharge processes can
occur either as diffused recharge or focused recharge [16]. It is challenging to measure the natural
recharge directly and accurately because the processes vary in spatial and temporal variability, climate,
soil and geology, surface topography, hydrology, vegetation, and land use of the study area [17–21].
Climate change and urbanization are the main factors that can reduce the groundwater recharge
rate [6,22–24]. Information related to groundwater recharge will help to manage an over extraction
of groundwater and prevent groundwater stress in order to sustain the resources. In some regions,
managed aquifer recharge (MAR) has successfully overcome and improved the quantity and quality of
groundwater [25,26].

Numerous methods or techniques have been applied and developed to estimate the recharge
either using water budget, surface water data, modelling, physical (unsaturated and saturated),
and tracers (chemical, isotopes, or heat) [19,20,27–33]. Reference [16] has compiled and provided
detailed explanation on critical evaluation or understanding of the theory and assumption that
underlie each method for estimating groundwater recharge in various hydrologic zones and climates.
Through reviews, methods are widely applied in arid and semi-arid regions but less in humid and
sub-humid regions. In addition to the methods described above, and not included by [16], the application
of remote sensing and geographic information system (GIS) for estimates of groundwater dynamics
has gained much interest and attention from researches [4–6,34,35]. References [4,6] utilized water
manager data along with satellite information from GRACE (NASA) and model simulations to predict
groundwater fluctuations and to estimate how the cascading effect of the hydrologic cycle results
in groundwater depletion and recharge, respectively. Reference [5] monitored the land subsidence
caused from both short-term and long-term groundwater depletion and recharge based on satellite
data. Spatial decision-making technique, which is a combination of remote sensing, GIS, and analytic
hierarchy process (AHP), has been applied in groundwater management studies to solve complex
groundwater related problems (e.g., mapping the groundwater recharge suitability zones) [34,35].
Most of the studies applied multi-methods to quantify the recharge rate. The use of various methods
enables us to improve understanding of recharge in the hydrogeological system locally and regionally
that can provide a more reliable recharge estimation even though different methods have their own
assumptions and limitations. Consideration of data availability for method selection is important as
many regions often have insufficient data on record from either primary or secondary sources [16,18,36].

In Malaysia, the utilization of groundwater is relatively low at only 3% [37] because surface
water is the main source of water supply. Therefore, there are no comprehensive studies related to
groundwater recharge estimation for Malaysia except using water balance study. In Kelantan, especially
at LKRB, groundwater resources have been utilised since 1935 [37] and the groundwater demand has
risen till the present time with 70% utilization. In order to meet the increase in water demand usage,
water operator, Air Kelantan Sdn. Bhd. (AKSB), has constructed a river bank filtration (RBF) system
in a few places and is planning to construct river barrage and subsurface storage dam (groundwater
dam) within the basin in the future [38]. The aim of this study was to apply and compare various
methods to quantify recharge rate using chloride mass balance (CMB), water table fluctuation (WTF),
temperature–depth profiles (TDP), and groundwater modelling coupled with water balance (GM(WB))
and to evaluate the best methods to be applied to quantify the recharge rate that is suitable for
tropical humid areas. The paper comprehensively contributes to the field of hydrogeological research
justifying the confidence level regarding the rates of recharge component into the regional aquifer.
The detailed studies on the groundwater recharge are essential to improve the understanding and
estimation of this climatic variable. These results will be valuable as a baseline study to enlighten the
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understanding of groundwater recharge rate for sustainable groundwater resources management at
LKRB and throughout Malaysia.

2. Study Area

2.1. Location and Climate Condition

Lower Kelantan River Basin (LKRB) is situated in the northeast coast of the Malaysian Peninsula
with an area of approximately 1450 km2. The basin is bounded by Thailand at the northwest, South China
Sea in the north and east, and Southern Kelantan area in the south as shown in Figure 1a. LKRB has
flat topography with mean elevation of 7 m above sea level (ASL). The maximum elevation in the
basin of the hilly area is located at the southwest with an elevation about 40 m ASL while the elevation
is approximately 100 and 192 m ASL at the southeast. LKRB experiences a humid tropical climate,
controlled by two monsoon seasons. The southwest Monsoon occurs between April to October often
bringing less rainfall whereas the northeast Monsoon from November to March frequently generates
high rainfall intensity over the study area. The annual rainfall recorded from 22 rainfall stations varies
between 2400–3110 mm with mean annual of 2774 mm. The mean annual temperature (1968–2013) is
27 ◦C ranging from 26.2 ◦C to 27.9 ◦C, while the mean relative humidity (1968–2013) is 82% ranging
from 79% to 85%. The mean surface wind speed (1979–2013) is 2.2 m/s ranging from 1.3 m/s to 2.7 m/s.
The river discharge of Kelantan River is estimated from Gulliemard Bridge station about 22 km along
the reaches outside the study area boundary. This is the only station close to the LKRB. The mean
annual river discharge from 1979 to 2013 was 478 m3/s ranging from 308 m3/s to 679 m3/s.

2.2. Geology and Hydrogeology Conditions

The study area is covered by alluvium deposits of Quaternary age as shown in Figure 1a and
underlain by granite and metamorphic as bedrock. The deposits of Pleistocene and Holocene mainly
consist of unconsolidated to semi consolidated gravel, sand, clay, and silts that occupy in the north
of Kelantan state and along the river valley [39]. The first 13 to 15 m deposit is recent in age [40,41]
and composed of silty to clay. Towards the coast, the thickness of alluvium may reach up to more
than 200 m [42] and it forms a shape like a thick wedge towards the sea. This sediment is complicated
and made up of interstratified and intercalated deposit with marine and non-marine strata [43].
The mixtures of marine and non-marine sediment build of due to sea level changes during the
Quaternary age [44].

According to the hydrogeological map, this area is indicated as fresh water and classified as
a very high aquifer potential area [45]. The aquifer system consists of four aquifer units [46] as
shown in Figure 1b. This conceptual model aquifer system is proposed in groundwater modelling
(see Sections 3.4 and 4.4). The aquifer system consists of four aquifer units [46] as shown in Figure 1b.
Unit 1 is the shallow unconfined aquifer, followed by Unit 2, which is the protective clay layer, Unit
3a and 3b which are the gravely sand and sandy silty clay, respectively, and then Unit 4, which is
the coarse sand confined aquifer. The hydraulic conductivity ranges from 10−2 to 10−3 m/s, 10−6 to
10−8 m/s, 10−4 to 10−6 m/s, 10−5 to 10−7 m/s, and 10−4 m/s, for units 1, 2, 3a, 3b, and 4 [46].
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model of aquifer system [46]; and (c) Sampling point.

3. Materials and Methods

This study applied four methods to quantify groundwater recharge, which are chloride mass
balance, water table fluctuation, temperature–depth profiles, and groundwater modelling coupled
with water balance. The following section will briefly explain sampling, analysis, and data collection
related to each method.

3.1. Chloride Mass Balance, CMB

CMB has been widely applied especially in arid and semi-arid areas [48–53] because of its
simplicity and inexpensiveness. Chloride ion is known as a conservative natural tracer because of
its property, which neither leaches from, nor is absorbed by, the sediment particles, is highly soluble
(high solubility) in water, and is rarely found in solid phase. It does not react with geochemical or
biochemical reaction processes during its movements through an unsaturated zone to at saturated zone
and is not taken up by plants (root zones) during evapotranspiration process that will contributes to an
accumulation of chloride in soil moisture [16,54–56]. The sources of atmospheric chloride are from wet
and dry deposition in which wet deposition occurs when chloride ions are entrained in rainwater or
snow while dry deposition is from the sea breeze [16,57]. Chloride ions from dry deposition are able to
deposit up to 100 km inland from coastal area and can be negligible or low in effect because the aerosol
size are washed out by precipitation especially in tropical areas with high rainfall intensity [57–59].
The only source of chloride in soil and groundwater is assumed from precipitation and not from
weathering or anthropogenic sources [60]. If this assumption is valid, it follows that the chloride ion
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can adequately trace groundwater recharge processes and can thus provide reasonable estimates of
groundwater recharge for understanding of the hydrological system. Its reliability therefore, hinges on
the compatibility of the precipitation event that recharged the system under the study and recent
precipitation [61]. Equation (1) was used to estimate recharge (R) using CMB method.

R = P × (ClP/Cluz) (1)

where R is recharge (mm/year), P is annual average rainfall (mm/year), ClP is the weighted average
of chloride concentration (mg/L) in rainfall, and Cluz is the average chloride concentration in pore
water of the unsaturated zone profile (mg/L) and/or in groundwater. The weighted average chloride in
rainfall (ClP) was calculated according to the following equation:

ClP = P1 × C1+.......+ Pn × Cn / (P1 +.........+ Pn) (2)

where P1 is the first rainfall event (mm) and C1 is the corresponding chloride concentration in the
rainfall (mg/L) in the area for 1 to n events. To determine the weighted chloride average for each
hydrological year, the chloride concentration of each rainfall event is first multiplied by the amount of
rainfall. The summation of these individual components is then divided by the total annual rainfall.
There are several potential limitations of the CMB application [62]. The mass flux of chloride flowing on
or off the terrain feature at the sampling area is uncertainly quantified. The aquifer system is probably
not in the steady-state condition for input mass flux of chloride. CMB does not measure the total
recharge as the unmeasured component that possibly occurs through leakages from other aquifers.

A total of 11 samples were collected for chloride analysis: 1 sample of rainwater and 10 samples of
soil from the unsaturated zone within the basin as shown in Figure 1c. The data were collected between
2012 and 2015. Rainwater was collected at LRA Kg. Puteh using simple and temporary rain gauge of
25 L and 500 mL with paraffin oil used to prevent evaporation of rainwater. Chloride concentration in
rainwater was measured at LRA Kg. Puteh laboratory and at the Department of Geology, University of
Malaya. The soil samples were collected using hand auger and soil cores until reaching the water table.
The soil samples were removed from steel cores at the Department of Civil Engineering, University of
Malaya, then were sliced at 10 cm each and dried at 105 ◦C for 48 h. Dry soil samples were separated
for 1) grain size analysis and 2) chloride concentration analysis [63]. Grain size analysis was performed
according to the BS1377 (1990) method using a mechanical sieve apparatus to determine the distribution
of the coarser particles. The fine particle (<63 micron) content was analyzed using a MALVERN
MasterSizer (Malvern Instruments Ltd., UK). For chloride analysis, the dry soils needed to be grained
to produce homogenised samples using pestel and mortar and automatic grinder (Retsch, Germany).
Ultra-pure water (UPW) was added to the grained soil samples in a 1:1 or 2:1 ratio. Samples then were
agitated on a reciprocal shaker table for 8 h. This was followed by samples centrifugation at 5000 rpm
for 10 min at the Department of Mechanical Engineering, University of Malaya. The supernatant was
filtered through 0.45 µm filters and chloride concentration was analyzed using ion chromatography
(Metrohm, Switzerland).

3.2. Water Level Fluctuation, WTF

WTF has been applied by many researchers and modified in time series analysis for estimating
groundwater recharge [64–69] within different climate conditions. The application of the WTF method
requires knowledge of the specific yield and changes in groundwater levels caused by recharging
aquifer [16,70]. Because of the abundance of available groundwater level data and the simplicity of
estimating recharge rates from temporal or spatial patterns of water level, [70] had attributed a wide use
of this method. The WTF method is best applied in estimating recharge over a short time period in an
area with shallow unconfined aquifer that shows a sharp rise and fall of groundwater levels [18,69,70]
due to rainfall events. This method is simple, easy to use, and there is no assumption made on the
mechanism of water movement through the unsaturated zone. The occurrence of preferential flow
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path does not limit the application and the estimated recharge rates are able to represent an area of
several to thousand square meters. The recharge estimate using WTF method gives the actual value
and it is more reliable compared to potential recharge estimation by other methods [68]. Because of
the simplicity of the method, many approaches for WTF have been studied and modified in time
series analysis for estimating groundwater recharge [67,71–73] in order to improve the accuracy of
the estimation. The WTF was applied to estimate groundwater recharge in saturated zones from
groundwater level time series data. WTF is based on the premise that rises in groundwater levels
in unconfined aquifers are due to recharge water arriving at the water tables [16]. The recharge was
calculated as below:

∆Sgw = R = Sy∆h∆t (3)

where ∆Sgw: changes in storage, R: recharge, Sy: specific yield, ∆h: changes in water table, and ∆t:
period of time interval. The graphical approach was used to determine the groundwater level rise (∆h).
The equation assumes that the water arriving at the water table goes immediately into storage and all
other water-budget components are zero during the period of recharge. For each individual water
level rise an estimation of total or gross recharge will generated. To determine the total recharge, ∆h is
set equal to the difference between the peak of the rise and low point of the extrapolated antecedent
recession curve at the time of peak. The difference between recharge and net recharge in subsurface
storage is equal to the sum of evapotranspiration from groundwater, baseflow and net subsurface flow
from the site. The antecedent recession curves are extrapolated manually based on visual inspection
of the entire data set. This approach involves more subjectivity and different users no doubt would
produce slightly different recession curves [65]. The application of WTF has a few limitations [74].
The WTF method generally quantifies the recharge under a natural condition without considering
changes of water table from pumping activities. The specific yield (Sy) of aquifer has to be known
beforehand. The process to acquire the parameter is related to pumping tests.

In total, 14 monitoring wells (Figure 1c) belonging to the Mineral and Geosciences Department
(MGD) were selected to quantify the recharge. All monitoring well sites were in shallow aquifer
(Layer 1) with depth ranging from 9.4 m to 17 m. The wells were selected based on long-term
groundwater level data availability within 1991 to 2008. Only monitoring wells with 96% and 100%
of available data were used to estimate the groundwater recharge. Seven water years (WY) were
identified; 1991–1992, 1992–1993, 1993–1994, 1994–1995, 2000–2001, 2004–2005, and 2007–2008, each
from May until the following April, respectively.

3.3. Temperature-Depth Profiles, TDP

Research on the use of temperature started way back in the 1960s [75–78]. Since then, the number
of studies has increased in the application of temperature to study groundwater–surface interaction
within the streambed [79–81], climate (past and future), and land use (deforestation/urbanization)
changes [82–86] and groundwater flow (recharge and discharge) [31,87–89]. Heat flow in the subsurface
is closely related with the movement of water because groundwater transports thermal energy and
disturbs the subsurface thermal regime not only by conduction but also by advection caused by the
groundwater movement [90,91]. Various analytical solution such as 1-dimensional (1D), 2-dimensional
(2D), and 3-dimensional (3D) and groundwater modelling have been applied and improved to examine
the behavior of subsurface temperature profiles [76,78,86,90].

Heat in subsurface layers is principally distributed by conduction and advection caused by
recharging or discharging water flow. The upward heat from the interior is influenced by the high
aquifer temperature compared to the ground surface temperature. The governing equation representing
the heat exchange of subsurface in response to an incompressible fluid flow through homogenous
porous media is expressed as Equation (4) [88,92,93].

∂2T
∂z2 −

(U
α

)
∂T
∂z
−

( 1
α

)
∂T
∂t

= 0 (4)
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where T denotes the temperature, z represents the depth below the ground surface (positive downward),
t signifies the time, α is the thermal diffusivity of the aquifer, and U = vc0ρ0/cρ, in which v is the vertical
groundwater flux and c0ρ0 and cρ are the heat capacity of water and aquifer, respectively. Under the
condition of a linear increase in subsurface temperature, the analytical solution for one-dimensional
heat conduction–convection found in [78] was applied as Equation (5). The modelling is limited to
semi-infinite layers with only vertical conduction and convection, and vertical groundwater flux is
assumed to be constant with depth [88].

T(z, t) = T0 + TG(z−Ut) + [(b + TG)/2U]
{
(z + Ut)eUz/αer f c

[
(z + Ut)/2(αt)1/2

]
+(Ut− z)er f c

[
(z−Ut)/2(αt)1/2

]} (5)

The T0 is set as 27 ◦C and this is considered as the mean annual surface air temperature because there
is no available long-term data on ground surface temperature at LKRB. Surface temperature usually
changes according to the change in air temperature [88]. The geothermal gradient, TG, of 0.045 ◦C/m
is used in the calculation based on the ranges of geothermal gradient at Penyu basin 0.036 ◦C/m to
0.055 ◦C/m [94]. The thermal diffusivity, α is 6.5 × 10−7 m2s−1 is adapted from [95]. One hundred years
(t) is considered as the time after semi equilibrium and the increase in surface temperature at LKRB;
b is 0.0162 ◦C/year. U = vc0ρ0/cρ where v is the vertical groundwater flux, c0ρ0 is the heat capacity of
water, and cρ is the heat capacity of aquifer while erfc is the complementary error function. Different U
values were used to compute the calculated TDP. The positive U value will show the downward
movement of groundwater flow (recharge) while the negative U value will represent the upward
movement of groundwater flow (discharge). The limitations of the TDP method are notified [96].
The vertical groundwater flux is constant throughout the unlimited depth. The assumption does not
take into account that the flux along the vertical direction is decreasingly reduced in depth and along
high-hydraulic-conductivity aquifer materials. The groundwater flux is set at the steady state even if
the subsurface temperature is in the transient condition. The assumption does not consider the fact that
the groundwater flux seasonally varies leading to the limitation of heat transfer application. The TDP
method constrains the vertical heat transfer; however, the lateral heat advection and diffusion due to
groundwater flow or fracture flow significantly invalidate the application. The thermal properties
of subsurface media are homogenously generalized, but the vertical thermal properties of aquifer
materials are varied. Therefore, the accuracy of TDP method is possibly affected by the assumption.

In total, 21 MGD monitoring wells were used for subsurface temperature profile studies as shown
in Figure 1c. The temperature within wells was measured at a depth interval of 1 m. The well depth
ranged from 15 m to 150 m with screen length ranging from 1 m to 9 m and well diameter of 2” to 6”.
A small diameter of wells will ensure that there is no significant occurrence of free convective flow [87].
Most of the monitoring wells were drilled before the 1980s and included wells lid. Therefore, the water
temperature in the wells represents the temperature of groundwater surrounding the wells.

3.4. Groundwater Modelling, GM(WB)

The groundwater flow model has been widely applied as a useful tool for professional
hydrogeologists to solve the governing partial differential equations of groundwater flow,
salute transport, and heat transport processes for the past three decades [97–100]. The application
of groundwater flow models has been tested in this study. The groundwater model of Visual
MODFLOW Classic Interface 4.6.0.168 from Waterloo Hydrogeologic was applied to analyze the
recharge. The modular finite-different flow model (MODFLOW) established by the United States
Geological Survey (USGS) is one of the components of the software. MODFLOW was developed
based on the principle equations of Darcy’s Law and conservation mass equations. The governing
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partial-differential equation for the groundwater movement with constant density in a confined aquifer
is described as Equation (6) [101].

∂
∂x

(
Kxx

∂h
∂x

)
+

∂
∂y

(
Kyy

∂h
∂y

)
+
∂
∂z

(
Kzz

∂h
∂z

)
+ W = Ss

∂h
∂t

(6)

where h is the groundwater head in (L); t is the time (T); Ss is the specific storage of the aquifer
material (L−1); W represents volumetric flux per unit volume of sources and/sinks of water as W < 0
for outflow from the groundwater system and W > 0 for inflow into the system (T−1); and Kxx,
Kyy, and Kzz are the hydraulic conductivity along x, y, and z coordinate axes (L/T), respectively.
Equation (6) is developed into the finite-difference form based on the aquifer domain discretised into
rows, columns, and layers [101]. Waterloo Hydrogeologic Solver (WHS) iteratively approximates
the solution of the finite-difference equation of groundwater flow through a Bi-Conjugate Gradient
Stabilized (Bi-CGSTAB) acceleration routine [102]. In GM(WB) application, there are several limitations
to implement the method. Hydrogeological variables are comprehensively considered; however,
GM(WB) depends significantly on a complexity of groundwater flow equation representing the
groundwater flux in the system. For the MODFLOW code, the groundwater recharge is predefined as
an input parameter. The justified rate contributes to the calibrated and validated simulation. On the
other hand, MODFLOW-SURFACT improved code of MODFLOW is able to handle the groundwater
flow in unsaturated and saturated zones, i.e., the groundwater recharge is spatially and temporally
quantified [103,104].

The regional LKRB boundary (Figure 1a) was used as a model area in the simulation. The model
area discretization consisted of 155 columns and 144 rows as shown in Figure 2a. The general grid size
was 1000 m × 1000 m. The grid was refined into 250 m uniform spacing between nodes around the
active pumping wellfields and 10.5 m uniform spacing between nodes in the area around Kg. Chap and
Pintu Geng wellfields. The grid spacing was refined into smaller grid size especially near the area
of interest. The 3D distribution of aquifer stratigraphic units representing the natural heterogeneous
condition of the aquifer system in the numerical simulation is presented in Figure 2b (see Section 2.2).

In the numerical simulation, two types of boundary conditions (BC) were assigned: Dirichlet-type
BC (Constant head BC) and Neumann-type BC (Recharge BC, river BC, and no-flow BC). As in
Figure 1a, the South China Sea in the north-eastern boundary of the modelled area was assigned as
constant head BC as well as Lemal River connected to Tok’ Uban Lake. River BCs were assigned at the
western side of the study area (Golok River) and rivers in the area, e.g., Kelantan River, Pengkalan
Chepa River, Pengkalan Datu River, Kemasin River, Mulong River, Ketereh River, Semarak River,
Lemal River, and Meranti River. All riverbed materials were suggested to have the hydraulic
conductivity (Kr = 10−4 m/s). Tok’ Uban Lake has been assigned as River BC with the different value
of riverbed conductivity (Kr = 10−6 m/s) because it is an artificial reservoir where the bed materials are
the protective unit (Unit 2). The southern part of the modelled area and both mountains were assigned
as no-flow BC.

For the recharge BC, it is recommended that a value between 5 to 20% of the annual rainfall is a
reasonable percentage for the groundwater recharge [105]. Recharge BC was assigned accordingly
on the available aquifer units that were exposed on the ground surface which were zone 1 of Unit 1,
zone 2 of Unit 2, and zone 3 of Unit 3b, respectively, as shown in Figure 2c. The recharge used in this
groundwater modelling is estimated from a water balance study [106] by considering 11% of annual
rainfall. The mean annual rainfall recorded from 22 rainfall station (1989–2000) was 2708.95 mm/yr.
11% of recharge was assigned for zone 1, while for zone 2 and zone 3 the percentages of recharge were
lower than for zone 1, depending on the hydraulic conductivity (see Section 2.2).

The location of monitoring wells and well fields is shown in Figure 2b. In total, forty-nine (49)
piezometer head of MGD monitoring wells were with long-term records from 1989 to 2000. The total
withdrawal of groundwater from 14 wellfields was approximately 256,777 m3/d. The accumulated
pumping rates were used in the model calibration processes.
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Model calibration was carried out under steady-state condition resulting in changes or refinement
in the conceptual model. Model input parameters were changed to achieve a better representation of
the physical system [107] or in other words, to match the field conditions at a site so it was properly
characterized. Calibration was run repeatedly following the standard trial-and-error method [108].
After the model was calibrated, it was validated using a new data set to test the calibrated model.
Sensitivity analysis was performed on calibrated model to determine the effect of parameter variation
on the model results by quantifying the uncertainty in the calibrated model caused by uncertainty in the
estimates of aquifer parameters, stresses, and boundary conditions. This is a method to identify the most
influenced parameters on the model simulation and helps to achieve better calibration results that give
satisfaction to the modeller themself. This analysis will provide a modeller with an understanding of
the level of confidence in model results and is used to identify data deficiencies [107]. The performance
of calibrated and validated model and sensitivity analysis were considered through the graphical fit
between calculated heads and observed heads or statistical comparison of root mean squared (RMS),
correlation coefficient (R2), residual mean (RM), and absolute residual mean (ARM) [108].
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4. Results

4.1. Chloride Mass Balance, CMB

The only source of chloride deposition is from the rainwater. No data of chloride via dry deposition
has been recorded at LKRB. It is believed that with the high amount of rainfall in the basin, dry chloride
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deposition (aerosol) can be rained out from the cloud or washed out by the falling rain drops [58].
The highest chloride deposition was measured in the month of April with 10.33 mg/L and the lowest
was measured in November with 1.77 mg/L. It can be said that chloride deposition is high during the dry
season and vice-versa, which indicated that circulation of the south-west monsoon brings along high
chloride aerosol to be deposited at LKRB. The weighted average of chloride concentration in rainwater
(ClP) was calculated using Equation (2). The weighted mean annual chloride, ClP concentration in
rainwater was 1.18 mg/L. This value was used as an input parameter to estimate the groundwater
recharge using Equation (1).

Table 1 summarises the soil profiles of depth to water level, chloride concentration, and percentage
of particle size. The depth to water level of soil profiles, ranging from 0.65 m to 1.71 m, were recorded
in a 2013 sampling campaign while 0.51 m to 1.96 m were recorded in 2015. In 2013, the sand particle
ranges were from 48% to 99%, silt from 0.3% to 17%, and clay from 0.12% to 35%, while in 2015,
the particle size can be divided into two groups: Group 1 had sand particle between 39% and 99%,
silt between 0.10% and 19%, and clay between 0.40% and 42%. For group 2, sand particle were between
7% and 99%, silt between 0.02% and 35%, and clay between 0.2% and 82%, respectively. Group 1 is
considered as an unsaturated soil profiles that contains more sandy texture covering the area of the
eastern part (S1–S4) and upper (S5) and lower (S10) western parts of the LKRB. Group 2 contains more
clayey silt in texture that covers the middle area of the western part (S6–S9) of the basin. This texture will
slow the process of infiltrating rainfall into deeper zones in soil profiles [109]. Chloride concentration
was between 1.66 mg/L to 17.12 mg/L in 2013, while in 2015 the range was from 0.21 mg/L to 17.60 mg/L.
The variation of chloride concentration in soil profiles could be related to the changes of chloride
input due to chloride deposition or man-made influenced [60]. The anthropogenic effects were not
considered in this study. During rainfall events, chloride ions percolate with infiltrating water into
unsaturated zones. The chloride ions in porewater tend to increase with depth through the root zone
as a result of evapotranspiration because plants will exclude the chloride during the process and
water will return to the atmosphere through bare-soil evaporation that is pure [16]. The concentrated
chloride in the root zone later will be flushed downward by infiltrating rainfall which increases the
chloride in the deeper profiles [110]. The downward movement and accumulation of chloride ions is
influenced by the soil textures where profiles comprised of predominantly clay and silt will have slow
process [109,110].

Table 1. Summary of soil samples depth to water level, chloride concentration and percentage of
particle size.

Code Depth to Water
Level (m)

Chloride Concentration,
Cuz (mg/L)

Particle Size Distribution (%)

Sand Silt Clay

2013

S1 1.71 8.38–11.60 92.47–98.85 0.68–1.83 0.47–5.70

S2 0.65 13.27–17.12 48.26–98.12 0.28–17.13 1.60–34.61

S3 1.30 2.83–10.36 94.78–97.45 0.37–0.58 2.18–4.82

S4 0.80 5.88–10.89 87.63–96.74 0.63–3.07 2.63–9.30

S5 1.26 1.66–3.34 97.83–98.86 1.02–2.03 0.12–0.31

2015

S1 1.42 2.06–13.27 91.42–98.47 0.39–1.95 1.02–6.63

S2 0.51 1.40–7.63 39.05–99.53 0.10–19.44 0.37–41.51

S3 1.5 0.21–15.04 93.44–97.14 0.22–0.50 2.54–6.12

S5 1.13 0.53–17.60 78.91–98.39 0.16–6.34 1.45–14.75

S6 1.65 0.05–10.16 43.25–98.99 0.19–18.97 0.82–51.38

S7 1.96 0.23–6.00 31.75–99.80 0.02–27.82 0.18–50.06

S8 0.76 0.57–4.97 6.61–51.90 8.10–26.56 34.56–81.98

S9 1.22 0.46–9.82 9.18–80.24 3.39–35.17 12.56–55.65

S10 0.71 0.99–6.71 63.34–93.50 1.04–9.63 5.47–27.02
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Recharge values were quantified using Equation (1). The percentage of annual recharge varies
within the LKRB ranging from 13% to 68% of annual rainfall with a mean of 36% as presented in Table 2.
The distribution of recharge can be separated into the centre area of the western part that shows high
recharge percentage ranging from 40% to 68% of rainfall while the eastern part, that includes the upper
and lower area of western part, shows a low recharge percentage with 13% to 32% of annual rainfall,
respectively. The mean recharge estimated in this study is within the range of humid tropical of 15% to
47% of the annual rainfall as studied by [111] at Phuket, Thailand, and Takounjou, Ndam Ngoupayou,
Riotte, Takem, Mafany, Maréchal and Ekodeck [30], at Yaounde, Cameroon.

Table 2. Recharge estimated using chloride mass balance (CMB) at different location.

Code
“Mean Chloride in

Unsaturated Zone, Cuz
(mg/L)”

Mean Weighted
Chloride in Rainwater,

CP (mg/L)

Rainfall *
(mm)

Recharge
(mm/yr)

Percent of Rainfall
(%)

S1 7.48

1.18

2235.77 352.70 16

S2 9.31 2235.77 283.37 13

S3 7.51 2235.77 351.29 16

S4 2.15 2538.97 1393.00 55

S5 8.12 2235.77 324.90 15

S6 2.18 1932.56 1046.06 54

S7 1.74 1932.56 1310.59 68

S8 2.07 1932.56 1101.30 57

S9 2.97 1932.56 767.82 40

S10 3.72 1932.56 612.48 32

Mean 754.35 36

* Rainfall 2235.77 mm (average 2013 and 2015) while 1932.56 mm (2015 only).

4.2. Water Level Fluctuation, WTF

The fluctuation of groundwater in monitoring wells corresponds well with the monthly amount
of rainfall received in the basin within 1991 to 2008 (Figure 3a). High groundwater levels can be
seen through when rainfall is high and vice-versa. In general, the range of each groundwater level at
sites was between −5.36 m to 5.53 m with a mean of −2.20 m to 3.18 m. The highest monthly rainfall
is usually received in November and December when the north-east monsoon begins and causes
flooding in several area within the basin. During the rainfall infiltration through the unsaturated
zone, possible entrapment of air within the unsaturated zone can cause the “Lisse” effect at a depth
of less than 1.3 m [67,70,112]. However, this effect can be negligible within the basin as most of the
groundwater fluctuations are above 1.3 m below the ground surface and the effect is less in the coastal
sandy environment.

Box plots of groundwater level rise (∆h) for each water cycle (Figure 3b), after having been
extrapolated using graphical approach [65] (see Section 3.2), show ranges of groundwater level rise
(∆h) for WY1, WY2, WY3, WY4, WY5, WY6, and WY7 of 1.50 m to 4.44 m with a mean of 2.80 ± 0.80 m,
1.31 m to 3.45 m with a mean of 2.18 ± 0.67 m, 2.26 m to 4.12 m with a mean of 3.12 ± 0.63 m, 2.81 m
to 5.24 m with a mean of 3.97 ± 0.96 m, 2.12 m to 3.27 m with a mean of 2.52 ± 0.37 m, 1.37 m to
4.63 m with a mean of 2.46 ± 0.84 m, and 1.91 to 3.69 m with a mean of 2.63 ± 0.63 m, respectively.
The annual rainfall of WY1, WY2, WY3, WY4, WY5, WY6, and WY7 was 2382 mm, 2297 mm, 2895 mm,
3521 mm, 3509 mm, 2590 mm and 2426 mm, respectively, with mean of a 2803 mm. Specific yield,
Sy, value reported at LKRB ranges from 0.06 to 0.3 [41,46,113]. A constant Sy value of 0.15 was used
to represent the LKRB to estimate the recharge. Using Equation (3) (see Section 3.2), the estimated
recharge ranges were between 225 to 666 mm/yr representing 11% to 28% of annual rainfall, 197 to
518 mm/yr representing 9% to 23% of annual rainfall, 339 to 618 mm/yr representing 12% to 21%
of annual rainfall, 422 to 786 mm/yr representing 12% to 22% of annual rainfall, 319 to 490 mm/yr
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representing 9% to 14% of annual rainfall, 206 to 694 mm/yr representing 8% to 27% of annual rainfall,
and 287 to 554 mm/yr representing 12% to 23% of annual rainfall, respectively, for W1 to WY7 as shown
in Figure 3c. The average recharge estimated according to monitoring wells ranged from 321 mm/yr to
540 mm/yr with a mean recharge of 425 ± 79 mm/yr representing 11% to 19% with 15% of the long
term mean annual rainfall (2790 mm), as tabulated in Table 3.
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The finding of a mean recharge of 15% annual rainfall is considered within the ranges reported
for part of a humid area of Pampa plain, Argentina, with a range of 4% to 33% of annual rainfall and
a mean of 14% and 18% at different Sy of 0.07 and 0.09, respectively [72]. [30] at Younde, Cameroon,
which has a recharge that ranges from 1.4% to 12.3% with a mean 5.7% of annual rainfall and with
the mean recharge of 20% annual rainfall was estimated for both Holocene and Pleistocene aquifer at
Hanoi, Vietnam [73].
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Table 3. Summary of estimated groundwater recharge (mm/yr and %).

Code Rainfall (mm) Recharge (mm/yr) Percent of Rainfall (%)

GW37 2771 416 15

GW38 2866 510 18

GW39 2803 497 18

GW40 2803 333 12

GW41 2803 398 14

GW42 2803 429 15

GW43 2737 345 13

GW44 2737 370 14

GW45 2774 502 18

GW46 2921 540 18

GW47 2803 540 19

GW48 2803 321 11

GW49 2641 348 13

GW50 2803 404 14

Mean 2790 425 ± 79 15

4.3. Temperature–Depth Profiles, TDP

The long-term mean annual air temperature recorded from 1968 to 2015 at Kota Bharu station has
shown a linear increased trend of 0.76 ◦C/47 years (R2 of 0.431) as shown in Figure 4a. This long-term
record shows a warming trend following the general trend of global warming [114]. The increase of
local warming trends is influenced by the urbanization process, especially in the Kota Bharu area
where the growth of the urban population has resulted in redevelopment of agricultural land for
urban use. There was no significant trend in the annual rainfall (mean annual 2619 mm) with increase
of air temperature (Figure 4a). However, any anomalous annual rainfall amount might disturb the
subsurface temperature by changing the groundwater recharge/discharge rates [85].

The depth to water level (bgl) was measured at sites in 2014 and 2015 and ranged from 1.60 m to
8.97 m with Layer 1 ranging from 1.60 m to 8.97 m, Layer 2 ranging from 2.86 m to 4.70 m, and Layer 3
ranging from 2.95 m to 5.50 m, respectively. According to the literature, most of the groundwater flux
studies from steady state temperature–depth profiles are from deep aquifers with a depth of more than
200 m [31,82,90,115,116]. Therefore, the same concept is applied even though the maximum depth at
LKRB is only up to 150 m and wells are not spatially distributed within the basin. The measured TDP
is presented in Figure 4b with a range of subsurface temperature from 27.0 ◦C to 32 ◦C. An increase
in temperature trend as the depth increases can be seen from the Figure 4b. This similar trend can
be found in studies related to subsurface temperature [31,117,118]. The changes in the slope of the
temperature–depth profile can possibly be attributed to the different thermal of aquifer layer [86].

Figure 4c shows examples of calculated TDP with the observed TDP. The calculated profiles
represent the best shape of the observed profiles at shallow and deep aquifer. The misfit in the profiles
may result from a difference of thermal properties (thermal conductivity and thermal diffusivity)
of the aquifer materials which may affect heat convection within the aquifer [31,86]. Table 4 list the
best-calculated U values for monitoring well profiles in 2014 and 2015, which ranges from 100 mm/yr
to 300 mm/yr with RMSE value of 0.10 to 1.43. The positive U values indicates all monitoring wells are
recharge type with downward groundwater flow system in the basin [119]. The root mean square error
(RMSE) of the observed and calculated profiles ranged from 0.10 to 1.43. Considering the long-term
mean annual rainfall of 2619 mm, the percentage of rainfall for Layer 1 ranged from 8% to 11% with a
mean of 10%, whereas for Layer 2, the percentage ranged from 4% to 8% with a mean of 6%, while for
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Layer 3 it was from 2% to 7% with a mean of 5%. In general, the average values for percentage of
rainfall show a decreasing trend from Layer 1 to Layer 3 from 10% to 6%, respectively. This study has
indicated the spatial variation of subsurface temperature at LKRB by the presence of shallow and deep
groundwater flow systems.
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The effects of surface air temperature were not considered during groundwater recharge
interpretation. Groundwater temperatures down to the depth of ~25 m was strongly affected by
seasonal variations in surface temperature [120]. The fluctuation of surface temperature creates a
temperature wave which propagates down into the subsurface rather than the heat convection caused
by groundwater flow [88,121,122]. Reference [115] have shown that shallow subsurface temperature
(up to 75 m) is closely related to the surface air temperature during non-seasonal ground freezing
and this correlation was confirmed by modelling results using synthetic transient temperature–depth
profiles at the northern plain of USA [123]. Reference [90] stated that groundwater fluxes in shallow
aquifers are more complex as they are influenced by changes in surface air temperature and aquifers
are actively used as resources.
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Table 4. Groundwater recharge estimated using TDP method.

Well ID Aquifer Layer Flux Rate, U (mm/yr) Type * RMSE *

2014

GW47 L1 250 R 0.49

GW41 L1 200 R 0.99

GW43 L1 300 R 1.24

GW53 L2 110 R 0.29

GW23 L2 190 R 0.38

GW33 L3 100 R 0.35

GW51 L3 100 R 0.27

GW52 L3 110 R 0.21

2015

GW19 L2 100 R 0.10

GW31 L3 100 R 0.15

GW55 L3 150 R 0.29

GW54 L3 140 R 0.26

GW30 L3 120 R 0.31

GW34 L3 180 R 0.85

GW56 L3 150 R 0.22

GW35 L3 100 R 0.18

* R: recharge; RSME: root mean square error.

4.4. Groundwater Modelling, GM(WB)

The water balance of the aquifer system studied by [106] considered rainfall,
potential evapotranspiration and river discharge of 3.09 × 1010 m3/yr, 1.23 × 1010 m3/yr,
and 1.53 × 1010 m3/yr, respectively. The estimated value of change in storage was 3.26 × 109 m3/yr
(11%). This 11% value, which is equivalent to recharge into the basin, was used in the model simulation.
The model was successfully converged after maximum outer and inner iterations of 100 and 50 with
head change and residual criterion of 0.01. A scatter plot of the best fit between the observed heads
and calculated heads of the calibration simulation is shown in Figure 5a with RM, RMSE, NRMSE,
and R2 of 0.003 m, 1.460 m, 13.54% and 79.2%, respectively. Then, the model was validated with RM,
RMSE, NRMSE, and R2 of 0.806 m, 2.097 m, 15.841% and 78.8%, respectively (Figure 5b). The RMSE of
the validated simulation was higher (at 0.637 m) than the calibrated simulation, it remains within the
2–3 m acceptable ranges of heads decreased.

To further determine the acceptable water balance recharge value, a sensitivity analysis was
performed manually by standardising the 10% increment and decrement of each recharge zone.
The results for the sensitivity analysis are presented in Figure 5c. The relationship between RMSE
and change in recharge shows a slight decrease from 1.457 m to 1.465 m when the percentage of
recharge decreased from 10% to 40%, while RMSE values increased from 1.465 m to 1.496 m when
the percentage of recharge increased from 10% to 40%. The relationship between residual mean (RM)
and change in recharge shows a linear increasing and decreasing trend of residual mean (RM) as the
recharge percentage is increased and decreased within 10% to 40%. This indicates that recharge is a
sensitive parameter and the value selection, or its representation, is very crucial in the model calibration
processes. Sensitivity analysis is a good measure to quantify the uncertainty of the calibrated model
especially when the model was developed with limited data [124]. This is caused by the uncertainty of
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the aquifer parameters and sometimes by the model boundary conditions (e.g., hydraulic conductivity
and recharge).
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5. Discussion

Various method of recharge estimation using CMB, WTF, TDP, and GM(WB) have been used
at LKRB. Selection of these methods was dependent on the existing and accessible data that were
available within the period of study. Explanation on the comparison of methods is based on percentage
of annual rainfall because each method that was applied in this study has a different range of annual
rainfall. The ranges of recharge estimation are summarised in Table 5.

CMB method shows a large variation in recharge estimation ranging from 13% to 68% with a mean
of 36% of annual rainfall, as tabulated in Table 5. In the CMB method, rainfall amount and chloride
concentration measured in rainfall, and unsaturated zone (soils) are used to estimate the recharge.
An assumption that the primary source of recharge is rainfall has met CMB’s application criteria at
LKRB, with rainfall recorded at over 1000 mm annually. Uncertainty arises when determining the
concentration of chloride in rainfall and soils. The available data of rainfall chloride was collected
only for a short period of less than three years. The rainfall chloride data should be for a period of at
least five years monitoring [125] and should provide the most representative rainfall chloride data
for the basin which is not available in the study area. Rainfall chloride of wet deposition is the only
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source of chloride: the atmospheric chloride of dry deposition was not accounted because no data has
been recorded within the basin. Dry deposition can be neglected because heavy rainfall will wash out
the dry deposition [58,59]. Even though it can be negligible, determination of dry deposition will be
a good practice as the dry deposition has potential to be deposited within 100 km from the coastal
area [58,59]. Consideration of both wet and dry chloride can improve the recharge estimates.

Table 5. Summary of recharge estimation using different methods.

Method Recharge, % (Percentage of Rainfall) *

CMB 13–68 (36)

WTF 11–19 (15)

TDP 8–11 (10)

GM(WB) 6.6–12.1 [11]

*() average value; [] WB value.

Caution during soil sample preparation to extract the chloride and to conduct particles size
analysis [126] will reduce the error level. Following the assumption in CMB method, chloride in
soils are not from weathering or anthropogenic sources. Soil texture play a significant role in holding
chloride concentration [109,110] along the soil profiles. Infiltrated rainfall will flush and take the
chloride ions deeper downward. Changes of soil texture from clay silt materials to coarse materials
are expected to result in high recharge value [53,54]. The variation in chloride concentration and
soil texture in the soil profiles has shown the heterogeneity within the basin. Therefore, to have a
good recharge estimation using CMB, rainfall and soil samples must spatially represent the basin and
repeated sampling data is a must to reduce the uncertainty of the method.

The recharge estimation using the WTF method ranges from 11% to 19% with a mean of 15%
of annual rainfall, as tabulated in Table 5. In the WTF method, components of specific yield, Sy,
and groundwater level rise are used to calculate recharge. The availability of long-term groundwater
water level data at LKRB gives an advantage in using WTF. The groundwater level data shows a
quick response of recharge as the fluctuation of water level corresponds well with the rainfall events
(Figure 3a). The Lisse effect [67,70,112] at LKRB can be said to be negligible or minimal within the basin
because the depth to water table in shallow aquifer is more than 1.30 m and LKRB itself is coastal
sandy aquifer. Currently, LKRB is actively pumping but there is no indication of a sharp difference
in water level fluctuation based on the long-term data [127] or that ground settlement has occurred
in the basin [128]. The uncertainty may come during the extrapolation of water cycle hydrograph
via graphical approach [65] to identify the groundwater level rise. An Sy value of 0.15 was set to
be constant throughout the aquifer following a common practice of researchers [65] because the Sy
value is difficult to determine even with proper planning [16]. Sy values actually vary with depth and
location [129] and this applies to LKRB as well as a heterogeneous aquifer. Assumption of a constant
Sy value may lead to either overestimates or underestimates of recharge. The scarcity of monitoring
wells that are not spatially distributed within the basin has influenced the Sy value and groundwater
level data with incomplete temporal record.

Like the WTF method, the TDP method also give a small range of recharge estimation from 8%
to 11% with mean of 10% of annual rainfall as shown in Table 5. TDP results indicate that LKRB is
dominated by the downward movement groundwater flux of recharge type for both shallow and deep
aquifer systems. Recharge area is recognised to have a low thermal gradient [130]. In the TDP method,
recharge estimation was calculated using Equation (5). The uncertainty is induced by input parameters
of the equation in the initial condition [86]. To apply this TDP method, some of the parameter values
were adopted from the literature [94,95] due to unavailable data related to LKRB, which might give an
overestimation or underestimation of recharge. The effect of surface air temperature in wells caused by
seasonal changes was not accounted [88,90,120,121], especially in shallow aquifer which can reflect
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the recharge quantification. Lacking in the number of monitoring wells that represent the basin and
aquifer layer has limited the interpretation of temporal and spatial variation of recharge estimation
and also an understanding the groundwater flow pattern. The need for repeated measurement of
temperature–depth profiles and measurement of the local thermal properties perhaps will also improve
the recharge estimation and reduce the uncertainty.

GM(WB) applied 11% of recharge from the water balance (WB) study [106]. The steady state
model was constructed using available local data input for the basin. The model was successfully
calibrated and validated with correlation coefficients of 79.2% and 78.8%. The calibration processes
reduced the uncertainty within the model. The sensitivity analysis result indicates that recharge WB is
sensitive during parameter adjustment of 10% increment and decrement in the model. The model
is sensitive to recharge because rainfall is the primary input source of the model. Uncertainty in
GM(WB) usually arises during the construction of the conceptual model. The model input parameters
still need to be improved or updated because a lack in data inputs will produce an unreasonable
model. Modeller knowledge is also important as this helps to increase understanding of the model.
The advantages of using GM(WB) are that it can be used to predict future recharge that will help in
groundwater resources management and that the model can be used to represent a range of scales
from point to regionally [131,132].

Table 5 summarised the recharge estimations quantified using four methods. Generally, recharge
ranges showed high variability within 6.6% to 68% of annual rainfall. CMB ranged from 16% to 68%,
WTF ranged from 11% to 19%, TDP ranged from 8% to 11%, and GM(WB) based on WB value of 11%
of annual rainfall, giving a range 6.6% to 12.1% (sensitivity analysis) of annual rainfall, respectively.
The average recharge of CMB, WTF, and TDP methods is 20% of annual rainfall with diversion as
compared to average values ranging from 12% to 48%. A wide range of recharge is evidenced to
different factors subject to inherent principles and assumptions in the methods applied, data quality
and quantity, and geological condition. All methods are sensitive to the input parameters; therefore,
it is essential to reduce the uncertainty and errors inherent in quantifying recharge estimation from any
single method as discussed above.

Based on results of the four methods applied at LKRB, 11% of recharge shows GM(WB) to be
the best method to estimate groundwater recharge for this humid tropical basin. The 11% derived
from WB quantified the potential recharge considering the basic information of inflow and outflow.
By coupling the WB recharge with GM, the value become model-generated recharge, which is actual
recharge, as the GM(WB) model has constructed and calibrated using locally derived data input
parameters. GM(WB) is the only method that involved a calibration process by comparing the observed
and calculated values. Recharge is sensitive to the adjustment of parameters as rainfall is the primary
source in steady-state model simulation. WTF gives a reasonable recharge value to be used together
with GM(WB) to ensure the reliability of recharge value approximately in the same range. WTF based
on long-term hydrological data records and the method itself, quantify potential recharge of change
in aquifer storage. The recharge fluctuates accordingly to the fluctuation of water table in shallow
aquifer due to seasonal rainfall input at LKRB. Even though TDP gave a mean recharge of 10% close
to that from GM(WB), this method is not suitable to be paired together. The recharge quantified by
TDP is potential recharge that is dependent on temperature, as temperature fluctuates in response
to the heat flows. Since there is no thermal aquifer property information for LKRB, the adopted
values from the literatures were used, which were from an area with active volcanic activity which
differs from LKRB. Thus, the recharge may not be appropriate to represent the basin. In an area with
active volcanism, the thermal properties always represent the current state of heat flow in the aquifer.
A value of 36% for mean recharge by CMB does not mean this value is inaccurate because CMB is
point estimation; therefore, different areas will have different recharge values, as the basin is not
homogenised. CMB based on chloride as a conservative tracer quantifies the potential recharge in an
unsaturated zone. The heterogeneity of the aquifer and data points should be considered to provide
spatial information of recharge in the basin so that the recharge estimates are more reliable.
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6. Conclusions

This study has highlighted the importance of applying various methods in quantification of
recharge estimation. The variability of recharge range is evidenced by different factors subject to inherent
principles and assumptions in the methods applied, data quality and quantity, and geological conditions
within the basin. The reliability and suitability of recharge estimates can be improved by obtaining
reliable and spatiotemporal data within LKRB that are applicable to the method used. The comparison
of groundwater recharge applications in the study area leads to a recommendation of the WTF method,
complementing GW(WB), as the best method to enable quantification of actual recharge at LKRB.
Methods can be accepted as long as climate and land use are not changing dramatically in the basin.
Spatial distribution of recharge can imply better recharge proxy that is good for future urban planning
at LKRB, which was limited in this study as data were lacking in number of representative points
of sampling or monitoring wells to represent the aquifer layer and basin area. In addition, there is
the need for repeated sampling and frequency of measurement. This study has provided insight into
quantification of groundwater recharge and method selection for humid tropical areas of LKRB and
is useful as a baseline study for groundwater resources management at LKRB, in particular and for
Malaysia as a whole. Lysimeter as a direct and best method to quantify groundwater recharge was
unable to be installed during the studies due to difficulty in obtaining approval and permission from
the land-owner.
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