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ABSTRACT

The knowledge and an accurate representation of the spatial distribution of groundwater depth
of an area are very important to realize sustainable use of groundwater resource, protection of
ecosystem and for the development of adaptation policies in the changing climate. The present
study has, thus, developed a groundwater depth distribution map of southern low-lands of the
Sunsari District at the horizontal grid resolution of 3 km x 3 km. The groundwater depths were
surveyed at predefined 82 numbers of geo-referenced grid points scattered over the region
during the post monsoon season of the year 2019. Referencing the sampled depths, spatial
distribution of the groundwater depth over the area has been predicted using the Ordinary
Kriging Method. Three widely used Semivariogram modules such as Spherical, Exponential,
and Gaussian were implemented. The Gaussian model of Semivariogram outperformed the
other methods with R? of 0.336, RMSE of 2.591, and MAE of 1.946. The predicted spatial
distribution of groundwater depth reasonably well correlated with the observed distribution.
The spatial distribution of groundwater level suggests that 12.36% the total area, particularly,
over the western, southwestern and northern parts hold groundwater at much shallower depth
(< 5 m). Over 51.59 % of the total area in the southeastern and northeastern parts, the
groundwater level remained below 8 m from the ground and the rest of the total area holds the

groundwater deeper than 8 m.
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1. INTRODUCTION

Adequate information on spatial variation of
groundwater depths is prerequisite to the proper
planning, risk assessment and decision making for
the sustainable development of groundwater
resources. A regional scale assessment of
groundwater distribution with the conventional
method of direct measurements to generate densely
populated data may not be viable as they are
inherently expensive and time consuming [1].

However, recent advancement in the numerical
interpolation techniques has made it possible to
realize a realistic assessment of groundwater
distribution at desired spatial resolution with
sparsely available observation data. Several studies
[e.g., 2, 3, and 4] have demonstrated efficient and
reasonably accurate assessments of regional scale
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spatial distribution of groundwater depth using the
limited number of observed data from the area.
Geographic Information System (GIS) is among the
widely used computer-built tools to estimate and
map the groundwater surface over an area of
interest [5]. The numerical interpolation technigques
that it incorporates are considered highly efficient
and fairly accurate. Furthermore, the Geostatistical
analysis module in GIS is the reliable way to reveal
the spatial correlation [6] and is used extensively
for incorporating and analyzing spatial data. This
particular module of GIS can greatly help simplify
arrangement of resource expansion, ecological
safety and logical investigation [7]. In recent
years, the use of GIS has grown rapidly in various
studies related to groundwater assessment and
development.
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For mapping of groundwater depth, the most
traditional and routinely used interpolation
techniques includes deterministic and stochastic
approach. Kriging, a set of methods, completely
based on the statistical properties of the sample data
points is the most commonly used stochastic
approach of interpolation. Derived from the name,
D. G. Krige, one who introduced the use of moving
averages to avoid systematic errors in interpolation,
is known as the best linear unbiased estimate [8].
Numerous papers have been published related to
the applicability of Kriging Interpolation methods
[6, 9, 10, 2, 11, and 12]. Ordinary Kriging is most
commonly used as a interpolation technique to
assess the groundwater status in various areas [4, 9,
10, 11, 12]. Theodossiou and Latinopoulous studied
the spatial variability of ground water level in a
peninsula of northern Greece to evaluate and
optimize ground water observation networks by
using OK [9]. Varouchakis and Hristopulos in their
research article compared OK with the other
interpolation techniques in Greece and found that
OK is better than the other counterparts used in the
study [4]. Ahmadi and Sedghmiz [10] adopted the
OK analysis to reveal the spatial and temporal
structure of groundwater level fluctuation. They
carried out the spatial and temporal analysis of
monthly groundwater level fluctuations of 39
peizometric wells in Darab plain of southern Iran
that was monitored for 12 years and found that
there exists a strong spatial and temporal structure
for groundwater level fluctuations. Nikroo et al.
(2010) conducted the OK analysis of the non-
uniformly spaced observation in Iran and found a
strong spatial relationship between the water table
elevations of the wells [11]. Dash et al. compared
the Kriging interpolators and showed that OK is a
useful tool to elucidate those areas lacking enough
data for developing a water table management
network [12].

Although, no prior studies on the regional scale
distribution of groundwater level using the Kriging
Interpolation techniques are available, studies
around the world in diverse landscapes as discussed
above suggest that the same method can be
expected to provide a realistic estimation of
groundwater distribution over the low land areas of
Sunsari District of Eastern Nepal at local scale. To
our best knowledge, Ordinary Kriging interpolation
technique has not been used in Nepal for
groundwater distribution mapping. However,
several GIS tools have been used extensively for
studying the groundwater quality [13] and

33

groundwater exploitation [14] in different regions
in Nepal. Thus, present study is conceived to
understand the spatial distribution of groundwater
surfaces over the low-lands of Sunsari District of
Eastern Nepal. The study is expected to address the
research gap in the field of groundwater spatial
distribution in the study area and thus provide the
adequate information for the scientific management
of groundwater resources for its sustainable
development.

2. MATERIALS AND METHODS

2.1 Study area and data collection

The study area is the low-land region of the Sunsari
District of Eastern Nepal (Fig. 1). The district lies
between 26° 24° 6 N to 26° 52 52" N and 86° 54
12" E to 87° 21 13" E, with a total area of 1275
km?. However, the present study covers the area of
about 820 km? which is about 65% of the total area
of the Sunsari District. The area is characterized by
the subtropical monsoon climate. Summers are hot
and wet and winters are mild and dry. Average air
surface temperature ranges from a minimum of
about 9° C in winter to the maximum of about 40°
C in summer. The mean annual precipitation in the
Sunsari district is 1794.30 mm and 85% of the
rainfall occurs during June to September.
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Fig. 1: The location and geographic coverage of the
Sunsari district in the map of Nepal
as prepared using the ArcGIS 10.7.1.

To gather the water table data, the field survey was
conducted. This data was collected in the post
monsoon season of year 2019. The survey was done
in the 82 locations at the horizontal grid resolution
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of 3 km x 3 km and the coordinates of the locations
were identified with the help of Global Positioning
System (GPS). This data was input for the
interpolation and estimation of groundwater surface
distribution over the low-lands of Sunsari District.
2.2 Ordinary Kriging

In this method, the mean of the variable value in
observation points, m, is assumed to be unknown.
Z"(Xo), the interpolated variable at location X, is
determined by using the equation:

Z"(xo) = LA Z(x;)

where, n is the number of observation points, x; is
the location of the i observation, 4; is the weight
chosen for x; so as to satisfy unbiasedness and
minimum variance, and Z(x;) is the value of
variable at i*" observation point.

Semivariogram  analysis aids the Kriging
interpolators such as Ordinary Kriging to quantify
the spatial dependence of measured sample [3]. It is
a diagram in which half of the variance of the
difference between the variables with distance h
from each other i.e., y(h) is plotted against h. The
y(h) is calculated as,

—_1 ynm
v(h) =5 i

[Z(x +h) — Z(x)]?
Where n(h) denotes the number of pairs of samples
used in the calculation for each distance h, Z(x) is
the observed variable, and Z (x + h) is the observed
variable situated in the distance h from Z(x) [15].
Theoretically, at h = 0, the value of y(h) is zero. But
empirically, it has been found that, even at h = 0,
Semivariogram has a small value called nugget as
shown in Figure 3 [11, 16]. Then, with an increase
in h, y(h) also increases till it approaches a constant
value called sill. The value of h at which y(h)
approaches a constant value is called range. Spatial
dependence of the variables (groundwater depth in
our case) is directly reflected by the nugget effect
and the nugget to sill ratio [17]. A variable is said
to have strong spatial dependence if the nugget to
sill ratio is less than 0.25, and has a moderate
spatial dependence if the ratio is in between 0.25
and 0.75; otherwise, the variable has a weak spatial
dependence [3]. Based on the pattern of plotted
points, different kinds of functions can be fitted to
the Semivariogram. The most common functions
for modeling the Semivariogram are Spherical,
Exponential and Gaussian models. These models
are determined by the following equations [11, 18,
19, 20].
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Spherical model of Semivariogram:

(h) =C (3h) P\ 4 ¢y <
yinw = 2a 2a3 0;ft=@a
=C+ CO ,h S A i (3)
Exponential model of Semivariogram:
h
— —_ —_— . <
y(h) C[l exp( Za)] +Cy;h<a
=C+ CO ,h S A i s (4)
Gaussian model of Semivariogram:
hZ
v(h) = C[1—exp(=5)] + Co5 Vh e ()

These models were adjusted to the experimental
Semivariogram by the Geostatistical Analyst tool of
GIS, and the following parameters were defined;
nugget (Cy), sill (Cy + €) with C as the partial sill
and range (a). As soon as the best fit model for the
interpolation method were determined, the
parameters of the best fit model (Nugget, Sill and
Range) were calculated.

Variogram interpretation
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Fig. 2: Semivariogram model [16].

To identify the best-fit Semivariogram model, the
cross-validation process was employed.
Interpolated maps were created using each of the
spherical, exponential, and Gaussian models of
Semivariogram and were compared to find the
Semivariogram model yielding the best results. In
the present study, the most commonly used
statistical parameters (coefficient of determination
(R?), root mean square error (RMSE), and mean
absolute error (MAE)) were used to evaluate the
interpolation techniques [2, 3, 21, and 22].
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Where, Z;is the predicted value, Z is the observed
value, and n is the number of observations. The
Semivariogram model yielding the highest R? and
the lowest MAE, RMSE is selected as the best-fit
model.

3. RESULTS AND DISCUSSIONS
3.1 Spatial distribution of groundwater level

Figure 3a represents the location map of 82 samples
together. The general trend of the surveyed

(a)

26.9

26.8

26.7

Latitude
e®goe

26.6

26.5

26.4

869 870 871

Longitude

87.2 873

groundwater level is shown in Figure 3b. In the
figure, X and Y represent the spatial location and Z
represents the depth to the groundwater from the
surface. Figure 3b illustrates that the depth to
groundwater surface increases, in non-linear
fashion, as we move from west to east and
decreases linearly while moving from south to
north. In the figure, blue line represents the trend of
the groundwater depth as we move towards north of
the study area and green curve represents the trend
of depth as we move towards east of the study area.

Descriptive statistics for ground water level
measurements are provided in Table 1. Stochastic
methods are usually reliable when the data
exhibit a normal distribution. Thus, the data were
checked for the normal distribution prior to the
Ordinary Kriging interpolation by the use of
Kolmogorov — Smirnov test (K-S test). K-S test

revealed the normal distribution of the
groundwater data set.
(b)
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Fig. 3: (a) Location map of 82 groundwater level sample sites colored with depth level and (b) Trend analysis of
groundwater level; OZ represents the depth of ground water from the surface.

Table 1: Descriptive statistics of groundwater depth dataset.

Sample size, Minimum Maximum Mean Standard Deviation Skewness  KUrtosis
n (m) (m) (m) (m)
82 2.1336 15.748 7.6066 3.1997 0.43502  -0.1693

3.2 Spatial structure of groundwater depth

The groundwater depths are interpolated by using
Ordinary  Kriging method. Three different
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predefined theoretical Semivariogram models were
fitted to the datasets. With maximum R? (0.336),
and the lowest RMSE (2.591) and MAE (1.946),
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Gaussian model of the Semivariogram was foundto  dependence. Thus, in this study, OK method shows
be the best-fit model for OK method. The  that the water table depths were moderately spatially
parameters of the best-fit Gaussian model are given correlated. The range was found as 34.808 km from
in the Table 2. Nugget value was 6.852 and sill which it can be inferred that the pair of points that are
value was 14.403. Nugget to sill ratio was thus  this distance or greater apart are not spatially
approximately 0.47 which shows that the correlated. The Semivariogram modeling of the best-
groundwater depth has a moderate spatial fit Gaussian model is presented in Figure 3.

Table 2: Comparison of Semivariogram parameters of OK method for the selection of best-fitted
theoretical model

Range,a  Nugget/

Se;;:llr\/;rggtgeurrzm Nugf,] o sine (km) Sill R*  RMSE  MAE
Spherical 5381 13447 34808 0400 0313 2639  1.984
Exponential 4671 7596 6708 0608 0309 2650 1965
Gaussian 6852 14403 34808 0476 0336 2501 1946

R? Coefficient of determination; RMSE root mean square error; MAE mean absolute error

y-1071 Predicted 1071

(a) . (b) y=032x+5.21

0 0.475 0.949 1424 1.898 2373 23848 3323 3787 4272 747 5.221 0213 0337 0.461 0585 0708 0.832 0.956 108 1203 1327 1.451 1575
_ == Model + Binned < Averaged Distance (Meter), h-10°% Measured 101

Fig. 4: The best-fit Gaussian model of Semivariogram (a) and Scatter plot of the observed versus predicted
groundwater depth (b). The grey line in the right figure represents the 1:1 line and the blue line
represents the fitted line (equation is given in the figure).

The scatter plot of predicted values versus the Semivariogram has given the best prediction, the
observed values of groundwater depth is shown predicted groundwater depths were visualized
in Figure 4. Some of the points were lying below  from the interpolated surface map using this
the 1:1 line and others above it from which it can method.

be inferred that the Ordinary Kriging method  The interpolated map (figure 5) indicated that

underestimated  the larger  values and comparatively greater depths (> 8 m) were
overestimated the smaller values of water table predicted in central, eastern, northeastern and

depths. southeastern parts of the study area and the
3.2.1 Spatial distribution of predicted shallower depths (<5 m) were predicted in
groundwater level southwestern, western and northern parts of the

As the OK method with Gaussian model of low-elevated regions of the Sunsari district.
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Fig. 5: Predicted spatial distribution of groundwater
depth over the low-lands areas of Sunsari District.

Table 3 depicts the area wise distribution of the various
groundwater depth ranges. About 12.36 % area is
mainly concentrated in the southwestern and northern
parts of the study region having water table depth less
than 5 m. This might be due to the proximity of
Saptakoshi river basin such that the groundwater
recharge is very high beneath the surface.

Table 3: Predicted areas of groundwater depth
distributions

Groundwater depth (m)  Area (%)
<35 1.86
35-4 5.83
4-45 151
45-5 3.16
5-55 4.05
55-6 4.78
6-6.5 591
6.5-7 5.87
7-75 6.29
75-8 9.15
8-85 8.91
85-9 11.04
9-95 18.62
9.5-10 13.02

4. CONCLUSION

Based on the Arc GIS Geostatistical module to
analyze the spatial variability of the groundwater
depth, this paper compares the simulation
accuracies and prediction effects of Ordinary
Kriging method aided with three Semivariogram
modules: spherical, exponential, and Gaussian
models. Gaussian model of Semivariogram was
found to be significantly superior to other in the OK
interpolation method. Groundwater depths were
found to have moderate spatial dependence in the
low-lying regions of Sunsari district as indicated by
the Nugget/Sill ratio of the optimal model. Major
cities like Itahari, Inaruwa, and Duhabi are assessed
to have faced severe scarce to the groundwater
(groundwater depth >8 m) even during the post
monsoon season when the groundwater level is
expected to be at much higher compared to the dry
season. However, the places nearby the Saptakoshi
lying to the southwestern part of the study region
have comparatively easier access to the
groundwater. Though the scenario of groundwater
accessibility in remaining areas as in Central,
Northern and Southern are moderate (>5 km and <8
km), it might face unprecedented risk in the near
future if the proper groundwater management and
control system are not implemented.
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