
hydrology

Article

Highlighting the Role of Groundwater in Lake–
Aquifer Interaction to Reduce Vulnerability and
Enhance Resilience to Climate Change

Yohannes Yihdego 1,2,*, John A Webb 2 and Babak Vaheddoost 3

1 Snowy Mountains Engineering Corporation (SMEC), Sydney, New South Wales 2060, Australia
2 Environmental Geoscience, La Trobe University, Melbourne, Victoria 3086, Australia;

john.webb@latrobe.edu.au
3 Hydraulic Lab., Istanbul Technical University, Istanbul 34467, Turkey; babakwa@gmail.com
* Correspondence: yohannesyihdego@gmail.com

Academic Editor: Abdon Atangana
Received: 22 December 2016; Accepted: 8 February 2017; Published: 13 February 2017

Abstract: A method is presented to analyze the interaction between groundwater and Lake Linlithgow
(Australia) as a case study. A simplistic approach based on a “node” representing the groundwater
component is employed in a spreadsheet of water balance modeling to analyze and highlight the
effect of groundwater on the lake level over time. A comparison is made between the simulated
and observed lake levels over a period of time by switching the groundwater “node “on and off.
A bucket model is assumed to represent the lake behavior. Although this study demonstrates the
understanding of Lake Linlithgow’s groundwater system, the current model reflects the contemporary
understanding of the local groundwater system, illustrates how to go about modeling in data-scarce
environments, and provides a means to assess focal areas for future data collection and model
improvements. Results show that this approach is convenient for getting first-hand information
on the effect of groundwater on wetland or lake levels through lake water budget computation
via a node representing the groundwater component. The method can be used anywhere and the
applicability of such a method is useful to put in place relevant adaptation mechanisms for future
water resources management, reducing vulnerability and enhancing resilience to climate change
within the lake basin.

Keywords: lake–groundwater interaction; water balance; wetland; ecosystem; hydrology; climate
change; adaptation

1. Introduction

When water demand exceeds water availability, water scarcity is inevitable. Climate change,
population growth, and economic development add to water scarcity risks mainly in arid regions [1–6].
Concerted data collection efforts are usually lacking in developing countries, especially when it comes to
groundwater systems. Many lake studies encountered difficulties in estimating groundwater or defining
a plausible, appropriate conceptual model of the aquifer system at hand [7–11]. Prudent understanding
of the (ground) water system forms a major inhibiting factor for effective water management.
Water management based on such models may have unintended or even detrimental consequences.

Wetland’s importance has been recognized by the Ramsar convention due to the possible impacts
it may have on people in the next decades and how its conservation can ameliorate poverty conditions.
Recent research has been done to assess the relationship between groundwater and surface water, due
to the dependability of ecosystems on groundwater contributions [12–16]. The pressure on groundwater
resources by these activities has alerted the interest of environmental authorities, who need to assess the
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hydrodynamic between wetlands, adjacent groundwater, and surface water [17–64]. Many activities
have been carried out to validate the hydrogeological conceptual model in the wetland vicinity. A group
of observation wells installed around the wetland has enabled the assessment through non-linear
Darcy’s expression to approximate volumes of recharge and discharge from the aquifer to the wetland.

Groundwater is important for understanding lake systems due to its influence on a lake’s water
budget, nutrient budget, and acid buffering capacity [21,22]. As a result, groundwater flows to and from
lakes have often been estimated using simple flow grids and one-dimensional Darcian calculations.
Groundwater interaction with lakes can be spatially and temporally variable, however. Other water
balance approaches have also been used that employed a representative groundwater head underneath
the lake for calculating the flux over the entire lake area. The most sophisticated way of investigating
lake–groundwater interactions is by explicitly including lakes in groundwater flow models [10,28–30].
Water resources managers rely on tools that assist with streamlining supply and demand [25–27,31,49].

Modeling lake–aquifer interaction is an essential milestone in limnological studies [32].
Groundwater is one of the most important hydrological variables of the water budget in lakes; however,
this variable, due to its nature, cannot be addressed without uncertainties [32,33]. Many scientists,
however, have tried to model the interaction between groundwater and surface water using various
statistical, conceptual, or empirical models (e.g., Lohman [34]; Edelman [2]; Lewis et al. [35]; Post et al. [36];
Jakovovic et al. [37]; Yihdego et al. [38]).

The role of groundwater in wetland water budget is of great concern to ecologists, water managers,
and environmental scientists [39]. Groundwater is critical for understanding most lake systems because
it influences a lake’s water budget and nutrient budget [40]. Several studies have reported on the use
of a mass balance approach to simulate lake levels from hydrological and meteorological data [41,42].
There have been many different empirical, analytical, and numerical approaches for simulating
lake–groundwater interactions (e.g., fixed lake stages, High-K nodes, and LAK3 package through
numerical modeling). The advantages and disadvantages of these approaches have been documented
by many researchers. Many highly sophisticated models like LAK Package are not widely used
due to data and resource constraints [17,35,43]. The limited use of LAK Package is attributable to
the lack of standardization and associated graphical user interfaces, complex three-dimensional
discretization and data needs, and spatial and temporal complexity inherent in including surface
water features in a groundwater model. While sophisticated approaches offer more detail, their
advantages may be offset by associated complexity and even instability of the solution procedure [44].
Consequently, a full-featured LAK package is not an automatic choice for practitioners, regulators,
and the wider community; rather, the chosen method should depend on both the hydrogeological
conditions and the modeling objectives [39,45–48].

Within the Glenelg Hopkins Catchment Management Authority area, Lake Linlithgow and the
nearby shallow lakes are considered to be of environmental importance due to the drainage and/or
degradation of many other wetlands throughout this region [32,52,53]. However, in recent years
Lake Linlithgow has been affected by algal blooms and high lake salinities, and has become dry
over the summer during most years since 2000. The normal seasonal fluctuation for Lake Linlithgow
is 10,000 µS/cm in winter and spring, rising to 16,000 µS/cm in late autumn [60]. However, during
1999, the lowest salinity levels recorded were 27,000 µS/cm and they peaked at 58,000 µS/cm
(seawater) in the autumn, before sharply increasing to 63,000 µS/cm prior to drying out in February
2000. Extensive research was carried out to characterize future changes in groundwater salinization
within the basalt aquifers in the Hamilton area, including Lake Linlithgow, using hydrogeological,
chemical, and isotopic techniques [14,32,50]. The aim of this study is to improve our understanding
of lake–aquifer interaction through analyzing the groundwater component of Lake Linlithgow as
a case study.
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2. Study Area

Lake Linlithgow covers an area of 9.65 km2 and is the largest in a series of highly to moderately
saline wetlands, located approximately 16 km east of Hamilton, western Victoria (Figure 1). The lake
is fed by Boonawah Creek and there is no surface outlet. The catchment area for Lake Linlithgow
is 85 km2. The volcanic plains surrounding Lake Linlithgow are topographically subdued, comprising
a flat to undulating plain with average elevation of ~200 m Australian Height Datum (AHD), gently
increasing in elevation from south to north (Figure 1). The plain is dotted with several prominent
eruption points and a number of smaller low-relief volcanic cones. The volcanic plain is deeply
dissected (up to 80 m) by streams on its western and southwestern margins.
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Figure 1. Digital elevation model showing the relative elevation of the terrain surrounding
Lake Linlithgow.

The pre-European vegetation comprised River Red Gum, Swamp Gum, Manna Gum, Blackwood,
and Lightwood along moderately incised drainage lines, and Tea-tree, Silver Banksia, and Lightwood
on the black self-mulching clays associated with the margins of swamps and lakes (i.e., Buckley
Swamp) [55]. The poorly developed drainage lines associated with the headwaters of Grange Burn,
Violet Creek, and Muddy Creek were often dominated by grasslands. Lake Linlithgow and Lake
Kennedy (Figure 2) were presumably vegetated with salt-tolerant species such as plantain, Australian
salt grass, and streaked arrow grass, and are relatively unaltered since European settlement.

The most significant land use change occurred between 1900 and 1920, with the conversion to
introduced pasture [55].
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Figure 2. Landsat imagery (taken in February 2004) showing the Lake Linlithgow area.

2.1. Hydrology

The average rainfall over the catchment is about 689 mm, recorded at Hamilton Research Centre.
Rainfall records over the last 45 years clearly show that rainfall is highly variable, but over the
last decade there has been a substantial drop, with annual rainfall below the long-term average.
Maximum rainfall is received over winter (the wettest months are July and August) and exceeds or
equals evaporation for May to September, when groundwater recharge is most likely to occur. June to
September rainfall contributes 45% to the mean annual precipitation in the catchment; pan evaporation
is highest from October to April and totals 1053 mm.

2.2. Geology

The basement geology of the area consists of Cambrian volcanics, Early Paleozoic turbidites, and
Silurian sandstone, intruded by Devonian granites (Figure 3). These basement rocks do not outcrop
around Lake Linlithgow.

The disruption of the drainage system by the basalt flows formed the lakes in the center of the
catchment. Lake Linlithgow sits on first phase (~4 Ma) basalts, and is encircled by second phase
(~2 Ma) basalt flows, forming a relatively flat lakebed with steep banks. Lunettes occur on the eastern
and northeastern margin of the lake, ~4 m above the current maximum lake level [50]. There is a local
groundwater flow system around Lake Linlithgow [32,55], and a regional to intermediate groundwater
flow system in the surrounding volcanic plain (Figure 4).
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Hydrology 2017, 4, 10 6 of 18

Potentiometric surface contours for the Newer Volcanics aquifer indicate that Lake Linlithgow is
a groundwater through-flow lake, with groundwater flow entering the lake from the east and leaving
towards the west (Figure 4). Groundwater enters through a series of springs and seeps along the
eastern lake margin, mostly from the second phase basalt aquifer, which terminates here [50,54–56].
Hydrographs from bores in the basalt aquifer surrounding Lake Linlithgow (Figure 5) show a strong
correlation with the lake level. The declining trend of 20 cm/year from 1997 to 2001 is clearly a response
to below-average rainfall [14]. The palaeosols lying between successive basalt phases hinder outflow
from the lake and act as barriers to groundwater flow (Figure 6).Hydrology 2017, 4, 10    6 of 18 
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2.3. Lake Hydrology

Monthly lake level and salinity data are available for Lake Linlithgow from 1964 to 2007, when
the lake dried out, although the salinity measurements are available only sporadically from 1964 to
1974 (Figure 7). Lake Linlithgow has a median depth of 1.45 m, but typically varies seasonally by up
to 1 m (Figure 7). A graph of cumulative deviation of rainfall from the mean for Hamilton Research
Station shows a strong correlation with lake levels; peaks in the lake level generally correspond to
periods of above-average rainfall (Figure 7). In years of below-average rainfall, the lake dries out
during summer, as occurred in January–April of 1983, 2000, and 2001, but after a succession of high
rainfall years, lake levels rise substantially (Figure 7).Hydrology 2017, 4, 10    7 of 18 
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Figure 7. Lake level with variation in rainfall.

Lake Linlithgow is typically saline (median 12400 µS/cm). The large seasonal variation in lake
level is correlated with a substantial range in lake salinity (3300–98,900 µS/cm; Figure 8). There is
a general tendency for Lake Linlithgow to become more saline until the lake dries out (Figure 8).
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3. Methodology

A spreadsheet model was employed to analyze for the current study [32]. An explanation of the
model is given below.

3.1. Water Balance Model

Monthly time-step modeling of the lake water level was carried out using Excel spreadsheets,
and the resulting water budget was used as input for the salt budget. The lake water balance is
calculated by estimating all the lake’s water gains and losses, and the corresponding change in volume
is expressed as:

Volume change = Surface water inflow + Rainfall + Qin − Evaporation − Surface water outflow − Qout, (1)

where Qin is the groundwater inflow and Qout the groundwater outflow.
The net flux of the groundwater flow (Qin − Qout) can be calculated as:

Q = C (Hlake − Haquifer) in m3·month−1, (2)

where C is the conductance of the lakebed sediments (m2·month−1) and H is the water level in the
lake and surrounding aquifer (m). Hydraulic conductivity can be expressed as

C = K×A/L in m2·month−1, (3)

where K is the hydraulic conductivity of the lakebed sediments (m·month−1) and A and L are the lake
area (m2) and lakebed sediment thickness (m), respectively. The formulation is similar to that used in
the river (RIV) and lake packages, which specifies the flux through the riverbed or lakebed as a function
of stage, potentiometric head in the connected cells, and the riverbed or lakebed conductance in which
the lakebed conductance, COND, at each cell is either specified by the user in the lake package input
file, or calculated from the lakebed geometry and hydraulic conductivity. As with the river package,
flow from the lake to the groundwater in the LAK package is limited when the head in a cell falls below
the lakebed bottom. Also, if the stage of the lake is below the top of the lakebed, the lake cell is dry and
seepage into the groundwater is cut off for that cell. In this spreadsheet model, a similar procedure
was applied to formulate the boundary conditions that control the solution of potentiometric head.

The temporal area is estimated from the lake stage–area–volume relationship built in [42], while
the lakebed sediment is estimated using the soil erosion model of the catchment. The water level in the
surrounding aquifer is updated (Haquifer-new) using the inflow and outflow calculated for the previous
month (Haquifer-pre) is

Haquifer-pre = Q/A × Sy (m) (4)

Haquifer-new = Hin-old + Hin (m), (5)

where A is the surface area of the interacting aquifer and Sy is the specific yield of the aquifer.
The model requires known hydrometeorological data (inflow from the rivers, rainfall on the lake
surface, aquifer area, and evaporation from the lake) and estimates the unknown net groundwater flux
due to interaction of the lake with the surrounding aquifer by comparing the simulated and recorded
lake levels and calculating a residual. The model was calibrated using solver and iteration. The net
groundwater component is represented as a node in the equation to switch on and off and assess the
significance of the groundwater in the overall lake water budget, as explained through the fluctuation
and lake level trend over time.
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3.2. Lake Water Budget and Model Parameters

3.2.1. Lake Storage

Bathymetry data are not available for the lake; however, the area–depth relationship was estimated.
The lake area was measured from 12 Landsat images taken between 1972 and 2004 and correlated
with the measured lake depth in the month when the images were taken (Figure 9). The lake area was
estimated using ENVI software (with threshold method and grow button); this is more accurate than
the GIS (vector) method used by [50] because it finds similar pixels selected for the water body and
thereby better identifies the natural boundary. The line of best fit (with r2 = 0.99) to the area/depth
data gives the relationship for Lake Linlithgow as:

A(t) = 1.545(D(t))5 − 23.09(D(t))4 + 135.9(D(t))3 − 393.7(D(t)2 + 561.1(D(t) − 305.8. (6)

The polynomial relationship between lake area (A(t)) and lake depth (D(t)) is due to the lake’s
relatively flat lakebed and steep banks, and gives a better fit for the depth–area relationship than the
logarithm function used by [50], which had a smaller r2 value.

The lake volume at the beginning of a given month can therefore be calculated from the depth and
area at the end of the preceding month. The lake depth must be first adjusted, because the minimum
reading on the base of the lake level gauge is ~1.3 m. Thus, this value is deducted from the recorded
lake level to get the true lake depth. For the modeling, the initial volume in September 1964 was
calculated from the measured water depth in that month (2.79 m).Hydrology 2017, 4, 10    9 of 18 
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3.2.2. Precipitation on Lake

Monthly precipitation is taken from the nearest rainfall station (Hamilton Research Centre), which
lies approximately 13 km southwest of Lake Linlithgow, and is multiplied by the lake area to give the
volume of direct rainfall into the lake. The precipitation data are only available up until 2001; values
for the subsequent time period have been extrapolated from the rainfall at Carinya station (~65 km
from Hamilton Research Centre) using the correlation between rainfall at Hamilton Research Centre
and Carinya.

3.2.3. Surface Flow to the Lake

Surface inflow to Lake Linlithgow is received through Boonawah Creek, for which there are
no gauging data available. Surface inflows can, however, be estimated by the tanh cumulative
surplus rainfall approach [42] using the Grange Burn flow, which is gauged at Morgiana (gauge no.
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238219; Figure 1), because the Grange Burn and Lake Linlithgow catchments are adjacent and have
similar topography, soil type, vegetation, land use, and rainfall. The tanh cumulative surplus rainfall
approach provides a tool with which runoff in Grange Burn can be predicted for any given monthly
precipitation/evaporation (Figure 10). Using area scaling, this can be converted to a flow in Boonawah
Creek; the catchment areas for Boonawah Creek (at Lake Linlithgow) and Grange Burn at Morgiana
are 85 km2 and 997 km2, respectively.
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Figure 10. Stream flow modeling for the Grange Burn at Morgiana (gauge no. 238219). The location of
the gauge station is shown in Figure 1.

3.2.4. Outflow from the Lake

The evaporation from Lake Linlithgow is estimated using monthly evaporation data at Hamilton
Research Station, where pan evaporation was measured from 1968 to June 2000. The evaporation data
from July 2000 has been extrapolated from White Swan Reservoir station by establishing a correlation
between pan evaporation at Hamilton Research Centre and White Swan Reservoir. Evaporation data
from 1964 to 1968 are lacking at White Swan Reservoir, so evaporation for this period was estimated
from the correlation of evaporation at the Hamilton Research Centre with that at the Melbourne
regional office. A local calibration coefficient was used to adjust the seasonal pan evaporation data
from Hamilton Research Centre for the best fit of the model. The optimized local calibration coefficient
is 1.18; this takes into account the spatial variation in position, elevation, and storage effect between
Hamilton Research Centre and Lake Linlithgow.

3.2.5. Groundwater Inflow and Outflow Estimation

Groundwater inflow/outflow was initially estimated using Darcy’s Law. The widths of the
groundwater inflow and outflow zones along the lake perimeter are ~6.1 km and 3.6 km respectively.
The cross-sectional area is calculated by multiplying the width of the groundwater inflow/outflow
zone by the saturated thickness (8 m) of the first phase basalt aquifer in hydraulic contact with the lake.
The average hydraulic conductivity of the basalt aquifer (0.09 m/day) is derived from groundwater
flow rates calculated using groundwater radiocarbon ages by Bennetts [50]. The hydraulic gradient
either side of the lake, derived directly from the potentiometric contours, is 3.7 × 10−3 (Figure 4).
Similar to Lake Burrumbeet, an average value of 0.000864 m/d has been chosen for the permeability
of the lake floor in order to estimate the groundwater outflow through the lakebed. Using these
figures, the monthly groundwater outflow and inflow from/to the lake were estimated as ~0.29 ML
and ~0.48 ML, respectively.
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Model calibration, carried out by adjusting input parameters so that the simulated lake levels
fit the observed lake level, gives the net groundwater flow estimation. In this case the optimized
lake–aquifer conductance (C) value is 2.71 × 103 m2/day, which is equivalent to a hydraulic
conductivity value of lake shore sediments of about 7 m/day; this falls within the range of previous
hydraulic conductivity estimates for these sand beaches. The optimized specific yield and aquifer area
are 0.1 and 45 km2, respectively [32].

The optimized specific yield compares reasonably with previous specific yield estimates of the
basalt aquifer, which range up to 0.18 [51]. The aquifer area in hydraulic contact with the lake (45 km2)
is significant compared with the catchment area of Lake Linlithgow (85 km2), indicating that lake level
fluctuations directly impact about half of the basalt aquifer in the catchment area.

The best possible fit of the water budget model was attained at ~0.37 × 106 L and 3.1 × 106 L
monthly average groundwater outflow and inflow, with the exception of dry periods. The value of
optimized groundwater outflow compares closely with the initial estimate.

4. Results and Discussion

4.1. Lake Water Levels

The predicted lake levels show good agreement with the measured lake level data (Figure 11),
with an r2 value of ~0.85 (Figure 12). The sum of the squared differences did not exceed 0.4 m, except
for a few outliers (Figure 13).

The water balance shows that the major influence on lake levels is evaporation (Table 1),
accounting for an average of 54% of the total water budget. It has the greatest influence in summer,
reaching up to 99% of the total budget, but decreased during dry periods, because it is proportional to
the lake area [32]. Groundwater inflow contributes about 1% of the lake water budget. Even though
groundwater outflow is minor (0.1%), it dominates the lake water losses during early winter (June),
a time when evaporation is very small (Figure 14).

Thus, Lake Linlithgow is a groundwater through-flow lake, and the lake–groundwater interaction
is important since it affects the environmental health of this major wetland.Hydrology 2017, 4, 10    11 of 18 
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Figure 11. Lake Linlithgow measured water levels and a comparison to modeled results for the
period 1964–2007.
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Figure 12. Correlation between observed and calculated lake elevation in AHD m.
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Figure 13. Temporal distribution of square difference between observed and calculated lake levels.

Table 1. Average long-term (1964–2007) monthly contribution (in percent) of each Lake Linlithgow
water budget component to the overall lake water budget.

Evaporation
(%)

Groundwater Outflow
(%)

Precipitation
(%)

Surface Inflow
(%)

Groundwater Inflow
(%)

54 0.1 37 8 1
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Figure 14. Annual water balance of Lake Linlithgow (1965–2006).

4.2. Water Budget Errors and Sensitivity Analysis

A sensitivity analysis shows that the model is most sensitive to evaporation and precipitation
(Figure 15), and surface inflow to a lesser extent. However, the most likely source of error within the
model is estimating the ungauged surface inflow (i.e., Boonawah Creek) by the tanh relationship from
Grange Burn; this could be in error if the threshold value at which cumulative surplus rainfall becomes
runoff in Grange Burn at Morgiana is different to that of the smaller catchment of Boonawah Creek.Hydrology 2017, 4, 10    13 of 18 
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Figure 15. Relative sensitivity of Lake Linlithgow water balance model to changes in the water
budget components.
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4.3. Interpretation

To assess the effect of groundwater component, which is the main objective of this paper,
further analysis was carried out through a second model run without a groundwater component.
The calculated water levels followed the same trend as observed lake levels, but were on average lower
than the observed values. The lower calculated lake level implies that the total observed lake storage
is lower than would be expected if the lake did not have groundwater inflow (Figure 16).
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Figure 16. Observed and simulated lake level (deactivating the groundwater node from the model).

The effect of groundwater is evident from the graph. The simulated volumetric component of
the groundwater of the lake water budget is shown in Figure 17. The base flow is estimated (G = 260)
(Figure 10) using the tanh cumulative surplus rainfall approach. This simplistic model seems a reliable
and modest tool to see the lake–groundwater relationship at a glance and will be useful if constrained
by the mass balance and reliable estimate of parameters [9,32,51]. This approach could be adopted
for much wetland management. This model will give insight into the groundwater–surface water
relationship and guide our future data gathering from sensitive parameters. The parameters used are
small and convenient for management practice.

The need for study of the interaction of lakes and groundwater stems from the fact that
groundwater is commonly ignored or is the residual term in lake water. Because all variables in a lake
water budget are rarely measured, it is impossible to adequately evaluate the errors or the residual.

Even if groundwater is included as part of a lake water balance study, improper placement of
wells can lead to a misunderstanding of the interaction between lakes and groundwater. No matter
how many wells are used to define the water table in the settings, the maps shows a gradient towards
the lake, and there would be no way to detect the out-seepage that occurs. If only one or a few wells
are placed near a lake, the groundwater flow system would not be adequately defined and would be
subject to misinterpretation [16,55,58].

Over a long period of falling lake levels from 1968 up to the drought period 1982/3, the simulated
lake levels are more than one meter lower than the observed levels due to the lack of groundwater
inflow. However, there is a good match between the simulated and actual lake levels during a period
of rising lake levels, indicating that the groundwater outflow from Lake Linlithgow recharging the
aquifer is very small. When the groundwater component is added to the model, it accurately follows
the observed levels (Figure 11).
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Figure 17. Volumetric groundwater component in the Lake Linlithgow water budget.

Groundwater is an important component of the water balance of Lake Linlithgow, and its flow is
influenced by the lake level. If the lake level rises, groundwater outflow and therefore lake recharge
into the surrounding aquifer will increase. If the lake level decreases, groundwater discharge from
the aquifer into the lake will increase. This interaction causes inertia in the lake–groundwater system,
delaying reactions to external (meteorological) stresses (Figure 17). This phenomenon can be shown
using the lake water balance model. If the model is run with no groundwater components, it overshoots
after periods of rise or recession (Figure 16).

5. Conclusions

This paper aims at an understanding of the groundwater system in wetlands, via a case study at
Lake Linlithgow, Australia.

When the model was run based on surface water balance components (via switching the “node”
off, i.e., in the absence of groundwater), there was a progressive separation between observed and
calculated lake levels. The calculated levels imply that the lake should accumulate more storage than
is actually observed. This separation could not be attributed to systematic errors in surface runoff,
precipitation, and evaporation measurements. Rather, it is an indication of subterranean water fluxes
(i.e., groundwater).

The results of such analysis lead to a better understanding of the groundwater system within
a lake/wetland ecosystem.

Uncertainties associated with the groundwater component of the lake water budget increase
unpredictability and unreliability and further complicate the future management of wetlands. No matter
how many wells are used to define the water table in the settings, the groundwater flow system would
not be adequately defined and would be subject to misinterpretation. The present method gives a better
way of studying surface water–groundwater interaction, which is in great demand in the current
strategy for better wetland and integrated water resources management. The result underscores the
need to put in place relevant adaptation mechanisms to reduce vulnerability and enhance resilience to
climate change within the lake basin.
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