Groundwater sustainability assessment in coastal aquifers
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The present work investigates the response of shallow, coastal unconﬁned aquifers to anticipated overdraft conditions and climate change eﬀect using numerical simulation. The groundwater ﬂow model
MODFLOW and variable density groundwater model SEAWAT are used for this investigation. The
transmissivity and speciﬁc yield estimated from the existing database range from 10 to 810 m2 /day and
0.08% to 10.92% respectively. After successful calibration with Nash–Sutcliﬀe eﬃciency greater than
0.80, the values of horizontal hydraulic conductivity and speciﬁc yield of the unconﬁned aquifer were set
in the range 1.85–61.90 m/day and 0.006–0.24 respectively. After validating the model, it is applied for
forecasting the aquifer’s response to anticipated future scenarios of groundwater draft, recharge rate and
sea level rise. The ﬁndings of the study illustrate that saltwater intrusion is intensiﬁed in the area adjoining the tidal rivers, rather than that due to the sea alone. Of all the scenarios simulated, the immense
negative impact on groundwater quality emerges due to overdraft conditions and reduced recharge
with the areal extent of seawater intrusion exceeding about 67% (TDS>1 kg/m3 ). The study also arrives
at the conclusion that, regional sea level rise of 1 mm/year has no impact on the groundwater dynamics
of the aquifer.

1. Introduction
Groundwater in coastal regions is of major concern
due to the fact that more than 60% of the world
population lives within 30 km of shorelines and
about 20% (more than 205 million people) of
the population of India lives in the coastal areas
(INCCA 2010). Seawater intrusion is a major problem in many coastal aquifers. This occurs when
the equilibrium between the seawater and freshwater is disturbed due to various reasons such as
overdraft, land reclamation, climate changes, sea
level rise, etc. A good understanding of the coastal
dynamics and detailed knowledge of the variability of their parameters is essential to carry out
studies on coastal aquifers (Carrera et al. 2010).

Modelling of coastal groundwater systems is a
challenging problem due to their dynamic boundary conditions and the coupling between the equations for groundwater ﬂow and solute transport
(Post 2012). Hence, in the past few decades, solutions to these complex governing equations are
sought using models such as SUTRA (Voss and
Alden 1984), HST3D (Kipp 1986), SEAWAT (Guo
and Bennett 1998) and MOCDENS3D (Essink
1999) that enable in-depth, three-dimensional
modelling of freshwater–seawater interactions.
Complex processes such as aquifer and river
system interaction and tidal inﬂuence on the coastal
aquifers are well addressed with the use of MODFLOW (Chen and Hsu 2004; Babu et al. 2008; Post
2012). Also, a number of groundwater resource
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management studies are carried out using MODFLOW (Ting et al. 1998; Ahmed and Umar 2009;
El-Bihery 2009; Manghi et al. 2012; Camp et al.
2013) in recent years. Recently, the SEAWAT code
is extensively used by researchers to explore both
hypothetical and site speciﬁc cases involving sea
water intrusion (Gates et al. 2002; Bauer et al.
2006; Qahman and Larabi et al. 2006; Lin et al
2009; Praveena et al. 2011; Cobaner et al. 2012;
Chang and Clement 2013; Vandenbohede et al.
2014; El-Kadi et al. 2014) to assess the sustainable use of groundwater resources in the coastal
aquifers and predict the freshwater–saltwater interface. Langevin (2003) presented the application of
SEAWAT to estimate rates of submarine groundwater discharge to a coastal marine estuary. The
SEAWAT model was used by Zhou et al. (2014)
to simulate tide-induced groundwater ﬂow and
groundwater ﬂow dynamics and the eﬀect of beach
slope on groundwater table in the unconﬁned
aquifer of Donghai Island, China. The seasonal
variation in natural recharge of coastal aquifers
through two-dimensional hypothetical SEAWAT
models was studied by Mollema and Antonellini
(2013). They concluded that the continuous model
is appropriate in simulating the quantity of freshwater in coastal aquifers for high rainfall regions.
The studies on shallow fresh groundwater show
that they are equally threatened by salinization
(Giambastiani et al. 2007; Eeman et al. 2011;
Vandenbohede et al. 2014) as are deeper freshwater
resources. Most of the seawater intrusion studies
are carried out to examine the impact of seawater
intrusion in the deeper aquifers.
The average global sea level rise over the second
half of the 20th century was 1.8±0.3 mm/year, and
it would be likely of the order of 2–3 mm/year
during the early 21st century as a consequence
of global warming (IPCC 2008). Several attempts
were made to study the eﬀect of sea level rise on
saltwater intrusion into coastal aquifer. Most of
the studies conducted in coastal aquifers have concluded that groundwater extraction and decrease
in recharge rates are predominant drivers of seawater intrusion when compared to sea level rise
(Bobba 2002; Narayan et al. 2007; Loáiciga et al.
2012; Green and MacQuarrie 2014). Webb and
Howard (2011) developed a series of hypothetical
two-dimensional seawater intrusion models with
SEAWAT in order to assess the impact of rising sea
levels on the transient migration of saline intrusion
in coastal aquifers under a range of hydrogeological
parameter values. Rozell and Wong (2010) found
in their study conducted on Shelter Island, New
York that the eﬀects of sea-level rise on the fresh
water volume would be relatively minor. Feseker
(2007) concluded from his studies that, rising sea
level causes rapid progression of saltwater intrusion

in coastal northwestern Germany, whereas the
drainage network compensates changes in groundwater recharge. Comte et al. (2014) concluded from
their studies on the coral island using the SEAWAT
model that long-term changes in mean sea level
and climatic conditions (rainfall and evapotranspiration) are responsible for an average increase
in salinity.
The present study is taken up with the objective
of understanding the response of an unconﬁned,
shallow coastal aquifer to anticipated future stress
and climate change scenarios under tropical climatic conditions. To achieve this objective, the
most recent and eﬀective numerical tool, SEAWAT, is used for simulating seawater–freshwater
interaction in the study area.
2. Description of the study area
2.1 Location, climate, rainfall and topography
The study area is the aquifer system between
the rivers Shambhavi and Pavanje located in
the coastal Karnataka, India between 74◦ 46 30 –
74◦ 49 30 E and 13◦ 1 30 –13◦ 6 00 N (coloured
area in ﬁgure 1) covering a spatial extent of about
26 km2 and a coastline of about 6 km. The area
is bound by the Arabian Sea on the west and the
rivers Shambhavi and Pavanje along the northern
and southern boundaries, respectively. The eastern
boundary is marked with the ridge line with altitude up to about 60 m. The river Pavanje ﬂows
from south to north along the coastline for a distance of about 500 m before its conﬂuence with the
river Shambhavi and then joins the Arabian Sea.
The area has a population of about 30,860 which
is expected to grow with a decennial growth rate
of about 12.1% as per the 2011 population census
of India.
The region is characterised by four seasons –
the monsoon (June–September), post-monsoon
(October–November), winter (December–January),
and pre-monsoon or summer (February–May) by
the India Meteorological Department. The climate
of the area is of the tropical humid type with
moderate air temperatures of 36◦ C (May) and
21◦ C (December) during extreme seasons of the
year and high levels of relative humidity ranging
between 65% and 88%. The average annual rainfall
of the region is about 3500 mm, with the greater
part of about 85% occurring during the months of
June through September due to the phenomenon
of the southwest monsoon. This is evident from
ﬁgure 2, where the monthly rainfall distribution at
the National Institute of Technology, Karnataka,
Surathkal, India is shown for the period beginning
from January 1997 to December 2012. The ground
surface elevation of the study area varies between
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Figure 1. Study area map.

Figure 2. Histogram of monthly rainfallat NITK, Surathkal, India.

0 near the coast to 60 m AMSL (above mean sea
level) towards the landward end.
2.2 Soil
The soil in the area is mainly of three types,
namely (i) moderately deep, well drained, gravelly

clay soils (ii) very deep, imperfectly drained, clayey
soils, and (iii) very deep, well drained, gravelly clay
soils with surface crusting and compaction as per
NBSS and LUP (1998). Type (ii) soil is present
in major portion of the coast. Further inland in
the central region, type (iii) soil is located and
type (i) soil is located in patches in the northern
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and southern areas. As far as the texture is
concerned, the entire area falls under sandy loam
texture (about 73% sand, 11% silt, 16% clay)
except a small patch of land towards the north with
sandy clay loam texture (about 66% sand, 6% silt,
28% clay).
2.3 Geology
The lateritic formation is underlaid by a thin bed of
clay, granites, gneisses, and coastal alluvium along
the coast. In the absence of bore log data pertaining to the area, the lithological unit map prepared
by the KSRSAC (Karnataka State Remote Sensing
Applications Centre), Bengaluru, is considered. As
per the bore log data, an alluvial unit is present
up to about 2 km from the coast. Also, the laterite
unit covers a major portion of the area and a few
patches of hard rock units are spotted at elevated
terrains. A vertical electrical sounding survey is
carried out (Honnanagoudar 2015) at one location
in the area, and the results agree with the lithological unit map with a laterite unit which extends up
to a depth of 20 m bgl. It is evident from the earlier investigations (Rao 1974; Srikantiah 1987) that
the basin is predominantly an unconﬁned aquifer
with depth ranging from 12 to 30 m.
2.4 Land use/land cover (LULC)
The LULC data of scale 1:250000 derived from
Resourcesat-1 satellite’s Linear Imaging Selfscanning Sensor (LISS)-III data (2011–12) is
downloaded from the Bhuvan-Thematic services
website (http://bhuvannoeda.nrsc.gov.in/theme/
thematic/theme.php). This data consists of 19
classes which are then merged to get 5 required
classes for the study area, namely built-up, agricultural, forest, barren/waste land and water bodies.
According to the classiﬁcation, 47% of the total
area is covered by agricultural area and 35% of
forest land.
3. Methodology

in the coastal groundwater system. The steps
involved in the present saltwater intrusion study
are depicted in the form of a ﬂowchart (ﬁgure 3).
3.2 Model structure and hydrogeological parameters
The model domain has a total of 2587 active cells
and covers the total area, with each cell dimension being 100 m×100 m. In the vertical direction,
the domain extends down to 30 m below the mean
sea level, representing the single layered unconﬁned
aquifer unit. The contour lines of the toposheet
no. 48K/16/SW (scale1:25,000) at 10 m interval
are digitised to generate digital elevation model
(DEM) and is shown in ﬁgure 1. The raster DEM
is imported and interpolated to the top elevation of
the model grid. The details of the spatial discretization of model is as follows: x-direction: 475,646E;
y-direction: 1,439,602N (with respect to origin of
UTM WGS 1984, Zone 43), number of cells in xdirection: 65; y-direction: 95. The daily time step is
used for the simulation. The spatial and temporal
discretizations were arrived at after initial stages
of simulation based on the accuracy of the results.
The values of transmissivity and speciﬁc yield
were obtained from pumping test analysis carried
out at eight locations in the area by previous
investigators (Ranganna et al. 1986; Harshendra
1991). The values of hydraulic conductivity and
speciﬁc yield varied within this range during the
calibration stage. A horizontal anisotropy of 1
was adopted for the model. Longitudinal dispersivity values ranging between 15 and 150 m were
adopted during calibration as per Bhosale and
Kumar (2001). A horizontal transverse dispersivity of 1/10th of the longitudinal dispersivity was
assigned, as suggested by Cobaner et al. (2012).
Molecular diﬀusion is an insensitive parameter
and it can be ignored in the salinity calibration
(Langevin et al. 2008). The concentration and density of seawater were deﬁned as 35 and 1025 kg/m3 ,
respectively. Freshwater was considered as the reference ﬂuid, with zero concentration and density
equal to 1000 kg/m3 .

3.1 Numerical model
A three-dimensional variable density model
SEAWAT ver. 4 (Langevin et al. 2008) was used to
resolve the spatio-temporal groundwater heads and
salt concentrations in the basin. SEAWAT ver. 4
is a combination of well-known ﬁnite diﬀerence
codes MODFLOW 2000 (Harbaugh et al. 2000)
and MT3DMS 5.2 (Zheng and Wang 1999; Zheng
2006). MODFLOW is a constant density ﬂow
model and MT3DMS is a transport model. The
coupling is necessary in order to account for the
effects of density differences due to the mixing of high
salt concentrations in seawater with freshwater

3.3 Initial and boundary conditions
The groundwater head obtained for a steady state
model run for the month of October 2007 was
used as the initial head for the transient groundwater ﬂow simulation. The SEAWAT model, in
fact, requires the concentration of total dissolved
solids (TDS) which determines the density of the
saline ﬂuid, rather than the chloride concentrations. Hence, total dissolved solid (TDS) was used
as an indicator of salinity (Qahman and Larabi
2006; Cobaner et al. 2012; Langevin and Zygnerski
2013) in the solute transport model. The measured
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Figure 3. Flow chart for the methodology in the present study.

TDS during September 2011 was interpolated
using Arc GIS 9.3, to obtain the TDS concentration
for the entire study area and assigned as an initial
concentration for the transport model.
3.3.1 River package
The rivers existing in the area are represented by
arc features and were assigned as river boundary

condition. The exact geometry and properties of
a river channel cannot be represented in detail in
a model grid (Rushton 2007). Hence, the river–
aquifer interaction is represented by the river conductance and is incorporated node-wise in river
package of MODFLOW. The river-bed elevation
of −2 m (with respect to mean sea level) was
assigned to the node at the river mouth, as per
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Radheshyam (2010), and was gradually elevated
away from the coast with a bed slope of 1 in 3000.
Accordingly, bed elevations of −1.63 and 0 m, msl,
were assigned to the nodes of river Shambhavi and
Pavanje, respectively, at their point of ingress into
the study area. The monthly river stage data considered in the model were duly reduced as per the
river-bed elevations. The widths of the rivers were
measured using Google Earth which varies on an
average of 80 m down south to 328 m along the
coast and 296 m on the north. The river-bed thickness of 1 m was assumed. The river-bed conductivity was varied between a range of 2.5–12 m/day
(Todd and Mays 2005) for ﬁne and medium sand,
as per ﬁeld observation.
The rivers were assigned transient TDS values
of 35 kg/m3 during non-monsoon (October–May)
months in order to account for the salinity carried
by the backwater ﬂow from the sea as per ﬁeld
observations. The rivers were considered as fresh
(zero salinity) during the monsoon season (June–
September). Apart from this, the boundary constituting the Arabian Sea (in the west) was assigned a
constant head boundary with 0 m head and a constant TDS concentration of 35 kg/m3 . The eastern
ridge line was assigned a no-ﬂow boundary. The
drain package was used to represent the drainage
network (about 3 m wide and 1.5 m deep) that
plays a vital role during the monsoon season (June
to September) in discharging the surface run-oﬀ to
the rivers ﬂowing alongside. No ﬂow cells were used
on the eastern boundary to represent the no-ﬂow
boundary.

3.4 Recharge and abstractions
The rainfall during the monsoon season is a
main source of replenishment to the aquifers.
The Groundwater Estimation Committee of India
(GEC 1997) recommends the recharge coeﬃcient
value as 7% for lateritic formations. Also, as per
earlier work (Udayakumar 2008) in the area, the
recharge coeﬃcient values estimated to be between
8% and 26.5%. The areally distributed recharge
to the groundwater system is simulated using the
recharge (RCH) package.
The groundwater resource is extensively used for
domestic and agricultural purposes in the vicinity
of the area. As per the data possessed from Mangalore Electricity Supply Company Limited, 587
wells are located in the area with a total abstraction volume of 12,774 m3 /day, 10,950 m3 /day and
9122 m3 /day based on the water requirement of
crops, i.e., evapotranspiration of 7, 6 and 5 mm/day
during the pre-monsoon (February–May), monsoon
(June–September) and post-monsoon (October–
January) periods, respectively as estimated by
Kumar (2010). The wells which withdraw water
from the aquifer at a speciﬁed rate during a given
stress period are simulated using the well (WEL)
package in MODFLOW.
The model domain exhibiting the MODFLOW
and MT3MDS boundary conditions are displayed
in ﬁgure 4. The X and Y axes are represented
by metres UTM (Universal Transverse Mercator)
coordinate system. The MT3D boundary displays
point source and sinks, the general deﬁnition of
which are cells where certain conditions are set for

Figure 4. Model domain discretization.
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the inﬂow/outﬂow of water through the cell, which
in the present case is the TDS concentration. An
enlarged view of Z-axis and that of a section is
shown which reveals the cells assigned with both
ﬂow and transport boundary conditions (river and
the sea).

simulation; hence the validation run was carried
out for an year period (2013–2014) subsequent to the
calibration run. The model simulated water table is
compared with that of the observed water table
maintained by the Central Groundwater Board and
the Department of Mines and Geology, Govt. of
Karnataka.

3.5 Calibration and validation

Table 1. Zone-wise aquifer properties used
after model calibration.

Initially, steady state calibration is carried out to
choose the initial parameters. Then, the model
was run in a transient mode for a 2-year period
(2011–2013) with a daily time step, applying all
the hydrogeologic conditions of the same period.
In the present study, PEST version 12.2 (Doherty
2004) was used to calibrate the model. The model
was then evaluated by comparing the simulated
water table and TDS concentration with that of
the observed (Honnanagoudar 2015).
It is important to check the authenticity of the
model, before applying it for predictive scenario

Zone

Hydraulic
conductivity (m/day)

Speciﬁc
yield

2.12
3.5
5.01
6.096
9.656
11.192
14.89
25.12
32.18

0.006
0.010
0.012
0.013
0.029
0.073
0.095
0.097
0.105

1
2
3
4
5
6
7
8
9

Figure 5. Transmissivity distribution map.
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3.6 Scenario simulation

The variations considered for recharge and abstraction are based on water demand for the next 20
years (2014–2034). As per the studies conducted
(Unnikrishnan et al. 2006) on the Indian coast, a
sea level rise of about 1–1.3 mm/year is estimated.
Hence, the present study is intended to assess the
response of the coastal aquifer under the following
scenarios:
Scenario 1: Existing abstraction rate, calibrated
recharge rate and no sea level rise.
Scenario 2: 50% decrease in recharge rate.
Scenario 3: 200% increase in abstraction rate.
Scenario 4: Scenario 2+ scenario 3.
Scenario 5: Scenario 4+ 1 mm/year sea level rise.
4. Results and discussions
4.1 Model performance
The values of statistical parameters obtained
during steady state calibration as an indication of
Table 2. Groundwater ﬂow model eﬃciency values on
monthly basis during 2011–2013.
Sub-basin 1
Month
October
November
December
January
February
March
April
May
June
July
August
September

R2

RMSE (m)

NSE

0.967
0.953
0.985
0.988
0.973
0.976
0.988
0.972
0.544
0.867
0.935
0.771

0.700
1.047
1.001
0.904
0.911
1.025
0.998
1.005
2.447
1.097
1.110
1.440

0.927
0.823
0.852
0.865
0.876
0.834
0.845
0.816
0.077
0.865
0.830
0.755

model performance are: coeﬃcient of correlation
(r )=0.947, coeﬃcient of determination (R2 )=
0.896, root mean square error (RMSE)=0.984 m
and Nash–Sutcliﬀe eﬃciency (NSE)=0.807. The
transmissivity values for the model are interpolated
by inverse distance weighting (IDW) method to
arrive at a spatial distribution map, based on which
the area is categorised into nine zones (ﬁgure 5).
The zone-wise calibrated aquifer parameters for the
transient condition is presented in table 1. The R2 ,
RMSE and NSE values for all months of the calibration period for the ﬂow output are listed in
table 2. The NSE is recommended for model evaluation by the ASCE (1993) which is most commonly
used in hydrological applications. The NSE values
between 0 and 1 are generally viewed as acceptable
for model performance and values ≤0.0 indicated
unacceptable performance. During the calibration,
the monthly NSE ranged from 0.816 to 0.927
except for the month of June. Zone 1 represents the
low transmissivity zone and zone 9 represents the
high transmissivity. The transmissivity and speciﬁc yield values range from 10 to 810 m2 /day and
0.08% to 10.92% respectively.
The simulated and observed water table and
TDS are in good agreement with R2 =0.87 (ﬁgure 6a
and b). The observed and simulated water table for
well nos. 26 and 28 are shown in ﬁgure 7(a and b)
with good agreement except for the month of June
2013 in well no. 28. After successful transient calibration, recharge coeﬃcient of 20% of rainfall, a
porosity of 30%, riverbed conductance of 10 m/day
and longitudinal dispersivity of 35 m are adopted.
The estimated zone-wise hydraulic conductivity
and speciﬁc yield used are listed in table 1. The R2 ,
NSE and RMSE values obtained after analysing
the observed and calibrated groundwater head at
various observation points during validation are
0.749, 0.608 and 1.38 m respectively. However,

Figure 6. Scatter plot of observed and simulated (a) groundwater head and (b) TDS.
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Figure 7. Observed and simulated water table for (a) well 26 and (b) well 28 during the calibration (2011–2013).
Table 3. Volumetric water budget (m3 /day) from MODFLOW.
Monsoon
Water balance components
Storage
Constant head
Wells
Drains
River leakage
Recharge
Total
In – out
% discrepancy

Summer

In

Out

In

Out

244.02
0.29
0
0
4,204.71
130,521.98
134,970.99

8521.25
4841.11
10,950.28
45,345.84
65,361.49
0
135,019.97

10,288.75
1170.27
0
0
10,621.87
0
22,080.89

0.78
0
12,774.72
0
8965.88
0
21,741.37

48.98
0.04

339.53
1.55

Figure 8. River ﬂow rates from ﬂow budget of MODFLOW during the calibration period (2011–2013).
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TDS concentration data was not available for the
validation period.
4.1.1 Water balance
The groundwater mass balance simulation package,
‘ZONEBUDGET’ estimates the budget of volumetric ﬂow rate of water in the whole system
using the results from the MODFLOW. It uses
cell-by-cell ﬂow data in order to calculate the net
inﬂows and outﬂows for a cell. The recharge, contribution from the rivers and sea, and storage due to
aquifer properties form the inﬂow into the aquifer.
The aquifer loses water due to pumping, discharge
to the sea, river and drains. Table 3 presents the
volumetric water budget during the monsoon and
summer seasons. In both cases, the water movement into and out of the aquifer system can be
considered dynamically stable, with the percentage discrepancy between the two being negligibly
small.

Table 3 also indicates that the major input
into the aquifer is through rainfall recharge.
The major quantity of inﬂow into the aquifer is
discharged into the sea/river during the wet season
compared to that during the dry season throughout the coastline. During the dry periods, the volume of water ﬂowing out of the aquifer along the
coastline is much lesser than the ﬂow into the
aquifer indicating a higher probability of seawater
intrusion. Since the rivers are tidal in nature, they
contaminate aquifer system considerably during
the non-monsoon months.
4.1.2 Aquifer–river interaction
The river–aquifer interaction plays an important
role in sustainably managing water resources. In
MODFLOW (McDonald and Harbaugh 1988), the
river package simulates the eﬀects of ﬂow between
surface water features and groundwater systems.

Figure 9. Estimated spatial distribution of water table for diﬀerent scenarios at the end of 20 years (August 2034).

Groundwater sustainability assessment in coastal aquifers
The bar chart of river–aquifer interaction during
the calibration period (2011–13) is presented in
ﬁgure 8. The bar charts show a considerable
amount of ﬂow getting discharged out of the aquifer
system into the sea. The ﬂow rate out of the aquifer
during June–September is up to 85,000 m3 /day
compared to ﬂow into the aquifer of 5000 m3 /day.
This indicates that the recharged aquifer during
the monsoon is draining into the sea without
much deep percolation into the groundwater system. However, during the non-monsoon season,
river inﬂow and outﬂow rates are almost equal to a
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ﬁgure of about 10,000 m3 /day. During this period,
rivers carry saline water from the sea seeping into
the adjoining aquifer.
4.2 Spatial impacts of scenario simulation
on the aquifer
The calibrated model was used to predict the
spatial and temporal impacts of all the ﬁve scenarios on the aquifer’s vulnerability to saltwater intrusion for a 20 years period. The simulated heads
and salinity distribution show signiﬁcant spatial

Figure 10. Estimated spatial distribution of salinity for diﬀerent scenarios at the end of 20 years (August 2034).
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variability over the period (ﬁgures 9 and 10). The
water table elevation decreases by an average 1 m
in the case of scenario 2 whereas, it decreases
by an average 3 m in scenario 3. In the case of
scenario 4, the water table goes below mean sea
level throughout the area which is not desirable.
There was no diﬀerence in the end eﬀect between
scenario 4 and scenario 5. The water table elevation and groundwater salinity at the observation wells for the scenarios considered are listed in
table 4.
The upper limit of TDS for potable water is 1
kg/m3 (World Health Organisation, WHO 2011).
Similarly, the salt tolerance limits for the plants
and vegetable range from TDS=3 to 10 kg/m3
(Comte et al. 2014). From the simulations, it
was found that there is no considerable saltwater
ingress into the midland areas (well nos. 26 and
27) for scenarios 1, 2 and 3 (TDS<1 kg/m3 ). However, with increased freshwater draft (scenario 4),
the TDS value increases to 16.30 and 11.80 kg/m3
respectively. In the areas close to river Shambhavi
(well nos. 28 and 29) water remains to be safe
for potable use (TDS<1 kg/m3 ) up to scenario 2.
For other scenarios, water was found to be aﬀected
by salinity (TDS>3 kg/m3 ). In contrast to this,
groundwater in the area close to river Pavanje
as well to the sea (well no. 25), remains aﬀected
(TDS>3 kg/m3 ) by salinity in the beginning itself
and the simulation for the scenarios aggravates the
situation further (TDS up to 27.29 kg/m3 ).
The sensitivity analysis is performed in the
present study for the hydraulic conductivity, speciﬁc
yield, recharge/pumpage and river-bed conductance. Out of these, the hydraulic conductivity,

groundwater drafts were found to be aﬀecting the
seawater intrusion signiﬁcantly. The water table
elevation, groundwater salinity and percentage
area aﬀected by saltwater intrusion due to diﬀerent anticipated scenarios are presented in table 4.
The saltwater intrusion is more sensitive to groundwater draft when compared to recharge rate in
this region. This is evident from table 4 with the
aﬀected area signiﬁcantly increasing for scenario
3 compared to scenario 1. However, scenario 4
and 5 are considered to be the most unfavourable
conditions, with the area of the aquifer available
for drinking water (TDS<1 kg/m3 ) reducing to
32.20%. Also, as concluded by many researchers,
this study also shows a negligible eﬀect of sea-level
rise on groundwater with scenario 4 and 5 showing
fairly similar results.
4.3 Temporal impacts of scenario simulation
on the aquifer
The estimated water table elevations and groundwater salinity during the 20-year simulation for
the scenarios considered are plotted at three key
locations and are shown in ﬁgures 11–13 and
ﬁgures 14–16, respectively. The decline in water
table elevations for scenarios 3 and 4 are evident
compared to scenarios 1 and 2. Due to the 50%
decrease in recharge rate (scenario 2), the maximum water table elevation (during the wet period)
falls by about 1 m whereas the minimum water
table elevation (during dry period) coincides with
that of scenario 1. This is because recharge due to
rainfall is not applicable during the non-monsoon
period. Interestingly, for scenario 2, when the

Table 4. The water table elevation, groundwater salinity and percentage area aﬀected by saltwater ingress due to diﬀerent
scenario simulations.
Scenario 1
Description

Scenario 2

Scenario 3

Scenario 4

May’
2034

Aug’
2034

May’
2034

Aug’
2034

May’
2034

Aug’
2034

May’
2034

Aug’
2034

Scenario 5
May’
2034

Aug’
2034

0.85
−2.14
−5.88
−9.95
−8.45 −10.47
−1.20
−7.76
0.30
−1.22

0.85
−5.88
−8.45
−1.20
0.30

Resulting
water table
elevation
(m msl)

Well
Well
Well
Well
Well

no.
no.
no.
no.
no.

25
26
27
28
29

−0.42
1.63
2.51
−0.70
−0.91

3.98
8.76
7.97
6.31
1.02

−0.51
−0.25
0.17
−1.56
−0.93

2.24
4.03
2.71
3.50
0.58

−1.88
−4.75
−4.18
−5.68
−0.94

2.63
3.49
0.59
4.26
0.86

−2.14
−9.95
−10.47
−7.76
−1.22

Resulting
groundwater
salinity
(kg/m3 )

Well
Well
Well
Well
Well

no.
no.
no.
no.
no.

25
26
27
28
29

3.96
0.03
0.03
0.04
0.45

3.57
0.03
0.03
0.04
0.40

10.98
0.05
0.04
0.06
0.44

10.60
0.05
0.04
0.06
0.43

21.59
0.02
0.02
3.01
3.88

20.55
0.02
0.02
2.93
3.27

27.29
16.30
11.80
22.82
12.46

26.75
16.04
11.74
22.39
11.73

27.29
16.30
11.80
22.82
12.46

26.75
16.04
11.74
22.39
11.73

78.62
81.87
85.70

86.86
89.87
93.74

74.72
78.39
82.53

82.64
86.16
90.38

60.80
65.98
74.37

68.49
74.06
82.18

32.20
37.03
46.93

39.43
44.34
54.46

32.20
37.03
46.93

39.43
44.34
54.46

Resulting percentage TDS<1 kg/m3
area aﬀected
TDS<3 kg/m3
by salinity
TDS<10 kg/m3

Groundwater sustainability assessment in coastal aquifers
pumping rate is increased by 200%, the maximum
water table elevation coincides with that of scenario 2 (1 m decrease from scenario 1), but the
minimum water table elevation falls by about
1.5 m. This indicates that the increased pumping rate during the wet period is compensated by
recharge due to rainfall. However, in the case of
scenario 4, the maximum water table falls further by about 1.3 m. Due to greater withdrawal
and reduced recharge, the groundwater salinity
increases sharply to TDS>15 kg/m3 within 4 to 5
years of operation for the cases 3 and 4 (ﬁgure 12).
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However, it was found that the system reaches
steady state by about 20 years. For the scenarios 1
and 2, the salinity increase is much less compared
to other cases but the attainment of steady state
is slower as observed from ﬁgure 12.
4.4 Model limitations
In the present work, the domain extends vertically
down to 30 m below the mean sea level, representing the single layered unconﬁned aquifer based
on the characterization of the aquifer reported

Figure 11. Variation of water table elevation over 20-year period near well no. 25.

Figure 12. Variation of water table elevation over 20-year period at a grid 700 m from the coastline and 300 m from river
Shambhavi.

Figure 13. Variation of water table elevation over 20-year period at a grid 800 m from the coastline midway between river
Shambhavi and river Pavanje.
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Figure 14. Variation of groundwater salinity over 20-year
period near well no. 25.

Figure 16. Variation of groundwater salinity over 20-year
period at a grid 800 m from the coastline midway between
river Shambhavi and river Pavanje.

by the model. The recharge considered in the
model is during the period of monsoon (June–
September). Any additional recharge due to early
onset/delayed monsoon is not accounted in the
model. The RMSE values are usually ≤1 m, except
that for the monsoon season. This is satisfactory
for the kind of model developed with the execution
of scarcely available input data in the most logical
approach.
5. Conclusions

Figure 15. Variation of groundwater salinity over 20-year
period at a grid 700 m from the coastline and 300 m from
river Shambhavi.

earlier. The model performance during the monsoon (June–September) is not up to the mark,
with all the three evaluation techniques showing
deviation from the desired levels. The deviation
between simulated and observed values may be
because of the complexity of the substrata which
is not accounted for by the model and is simulated as a single layered unconﬁned aquifer due to
data scarcity. Also, there could be greater interaction/increased inﬂow of river water with seawater
during these months, which is not well addressed

In the present study, an attempt was made to
simulate the unconﬁned aquifer response to future
anticipated scenarios arising out of increasing
freshwater demand and climate change. The simulation was carried out using MODFLOW and SEAWAT. The basin was divided into 2587 elements
having single layer over the depth with an element
size of 100 m × 100 m. The aquifer parameters were
selected based on earlier investigations which were
subjected to transient calibrations. The basin was
found to be having moderate groundwater potential with transmissivity and speciﬁc yield values
of 10–810 m2 /day and 0.08% –10.92% respectively.
The zone-wise aquifer parameters after calibration
were used for the simulation. During the calibration, the performance of the model was found to
be satisfactory with monthly Nash–Sutcliﬀe eﬃciency range of 0.816–0.927. During the application of MODFLOW, the mass budget shows an
egligible discrepancy between inﬂow and outﬂow
ensuring the eﬃcacy of the model. The model
also estimates huge ﬂow out of the aquifer into

Groundwater sustainability assessment in coastal aquifers
the sea/river during the monsoon highlighting the
perviousness of the aquifer. The river–aquifer interaction indicates constant inﬂow into the system
during January–May indicating a potential threat
of saltwater contamination into the aquifers. The
spatial and temporal variation of the water table
and groundwater salinity were estimated for ﬁve
future anticipated scenarios over a period of 20
years. The major criteria considered are increased
freshwater draft, decreased recharge and sea level
rise. From the results, it was evident that the freshwater draft was the most sensitive parameter causing saltwater intrusion. The scenario simulations
indicate negative water table and total dissolved
solids beyond the permissible limit with twice the
freshwater draft from the present condition and
half of present recharge. There was no eﬀect of
sea level rise of 1 mm on saltwater intrusion. The
scenarios 3–5 resulted in increased salinity of 15
kg/m3 within a period of 5 years of operation and
attain steady state by 20 years. The simulation of
present condition indicates that the salinity would
be attaining a steady limit of 2 kg/m3 over a period
of 20 years. Thus, the outcome of the investigation gives an insight into the response of tropical,
coastal aquifer to overdraft and climate change
scenarios.
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