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Abstract
Many developing countries experience widespread groundwater declination. Sustainable management actions include gen-
eration of an accurate groundwater distribution based on an extensive groundwater monitoring network which is often cost 
prohibiting in the context of a developing country such as Bangladesh. Further, such knowledge is lacking for the Sylhet 
region where groundwater was documented to be under tremendous pressure. Specifically, the gap in the current literature 
exists regarding groundwater trends and its areal extent for this region. This paper bridges the gap in research by focusing 
on trends and spatial and temporal variation of groundwater level changes for this area. This study addresses this problem 
by creating groundwater level predictions at the ungauged areas using geostatistical methods applied to a detailed set of 
data. In this study, the spatial variability of annual-average depth to the water table at 46 observation wells in the Sylhet 
division in Bangladesh is analyzed for 2000, 2005, 2010, and 2015. The geostatistical analysis applies the ordinary kriging 
method with cross-validation to create the water table maps for the study area. The results indicate a substantial increase 
in groundwater depths during the studied period from 2000 to 2015 in some locations in the study area. Importantly, this 
work identifies the vulnerable zones in the area due to the groundwater lowering trend. The study adds to the groundwater 
management research in developing countries and focuses on the spatial and temporal groundwater variation. The findings 
from the modeling exercise contribute to identification of the vulnerable areas and therefore help policymakers in making 
informed decisions to manage groundwater resources in this sensitive region sustainably.
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Introduction

The groundwater system, which is very dynamic by nature, 
constitutes about 98% percent of the Earth’s freshwater 
(Zaporozec 2004). The increasing demand due to population 
growth and rapid industrialization has rendered it vulner-
able which especially concerning in developing countries 
where resources for sustainable groundwater management 
are scarce. Over-abstraction, poor irrigation management, 

and reduced groundwater recharge are the primary causes of 
groundwater lowering (Bellingeri et al. 2017). The decline 
of groundwater also has significant environmental impacts 
that include groundwater quality degradation (Foster et al. 
2018). Consequently, the combined effect of groundwater 
depletion along with water quality degradation results in 
the uncertainty of future water availability (Tabari et al. 
2012). Other environmental effects include the increased 
risk of land subsidence (Cui et al. 2018), reduction in the 
amount of water in streams and lakes (Perkins et al. 2017), 
and increased production costs due to greater energy needs 
for pumping (Turner et al. 2019).

Groundwater declination is a common and widespread 
problem in developing countries; Bangladesh is no excep-
tion. Irrigation and household water supply in the country 
primarily depend on groundwater. It is declining at a rate 
of 0.1 to 0.5 cubic-meter per year  (m3/yr) in the country 
(Dey et al. 2017). Consequently, the country’s groundwater 
resource needs proper management actions for sustainability. 
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For effective groundwater management, the knowledge of 
the spatial and temporal variation of groundwater condi-
tions over the concerned area is essential (Varouchakis 
et al. 2012). However, generating an accurate groundwater 
distribution over an area needs an extensive groundwater 
monitoring network. In reality, the monitoring networks are 
not always uniformly distributed due to inaccessibility, high 
installation and maintenance costs. Therefore, groundwater 
level predictions at the ungauged areas are warranted while 
making informed management decisions.

In hydrogeology, the environmental quality assessment 
analysis is commonly conducted to evaluate the total pollu-
tion level in a water body including Nemerow pollution index 
and risk assessment index (Mishra et al. 2016), and a scoring 
methodology is used to assess the performance of freshwater 
conservation plan (Singh et al. 2021). Groundwater research 
commonly relies on geostatistics as it produces the accurate 
estimates (Ma et al. 1999). For example, geostatistical interpo-
lation methods are extensively used for generating data for the 
ungauged areas (Theodossiou and Latinopoulos 2006), and to 
derive the groundwater trends over the long term (Reghunath 
et al. 2005). Similarly, Kumar (2007) used geostatistics to inter-
polate the groundwater levels by applying universal kriging for 
optimal contour mapping of groundwater levels. Besides, geo-
statistical techniques are used in hydrogeochemistry to identify 
the contaminant sources and control or mitigate them (Elumalai 
et al. 2017). It is also applied in agricultural management to 
assess the spatiotemporal variability of groundwater quality 
parameters for irrigation (Yazdanpanah 2016).

Apart from groundwater quality evaluation, geostatistics 
is used for assessing aquifer vulnerability (Machiwal et al. 
2018). Machiwal et al. (2012) used kriging to analyze the 
groundwater level data from 50 sites in Western India to 
find the spatial autocorrelation and variances in groundwater 
levels. The study found the kriging advantageous to spot 
critical locations where groundwater resource management 
strategies are required. Xiao et al. (2016) used seven discrete 
interpolation methods to interpolate the groundwater level in 
Beijing, China, and found that the simple kriging provides 
the best fit for the model. Furthermore, Nikroo et al. (2010) 
applied different kriging methods to identify the best geo-
statistical interpolation technique and predicted groundwater 
depth and elevation in Southwest Iran.

Understanding the groundwater variability and trend in 
the Sylhet division of Bangladesh is the primary motivation 
of this work. Although the area is vulnerable to groundwater 
lowering, understanding its trend and areal extent has mostly 
been ignored in the previous works (Zafor, 2017). To fill 
the gap, we explore the spatial and temporal groundwater 

variation using the collected data from 46 observation wells 
in the Sylhet division for 2000, 2005, 2010, and 2015. The 
specific aim of the study is creation of groundwater level 
predictions at the ungauged areas using geostatistical meth-
ods and identification of vulnerable areas in the Sylhet 
region of Bangladesh. The results of this study will help 
authorities to make informed decisions for efficient manage-
ment of the groundwater resource in the study area.

Study area and data collection

The study area is the Sylhet division (24°30′N, 91°40′E), 
which is located at the northeast region of Bangladesh (Fig. 1) 
and also addresses as the tea capital of Bangladesh (Nury et al. 
2017). It is also known as the tea capital of Bangladesh (Nury 
et al. 2017). It borders the Chittagong and Dhaka divisions to 
the southwest and west, respectively, as well as Meghalaya, 
Assam, and Tripura states of India to the north, east, and south, 
respectively. The study area is vulnerable to groundwater low-
ering as it is the primary source for domestic and irrigation 
water supplies (Zafor et al. 2017). This study investigates the 
depth to the water table throughout the study area.

The study area, the Sylhet division, is subdivided into four 
major districts, namely Habiganj, Moulvibazar, Sunamganj, 
and Sylhet. These four districts are subdivided into 36 sub-
districts called Upazila (Nury et al. 2017; Zafor et al. 2017). 
Its climate is humid subtropical, with a predominantly hot 
and humid summer and a relatively cold winter. The aver-
age annual highest and lowest temperature recorded as 23 °C 
(Aug–Oct) and 7 °C (Jan), respectively (Zafor et al. 2017).

The aquifer of the study area is semi-confined to confined 
in nature. It is made of weathered alluvial sands of the Dupi 
Tila formation (Zafor et al. 2017). Its thickness varies from 
20 to 98 m in some areas (Ahmed et al. 2019). Groundwater 
is the primary drinking water source in the area because the 
study area does not have a central water distribution net-
work. Most of the houses have deep tube wells for ground-
water extraction. For this reason, a continuous monitoring 
of groundwater depth and quality is necessary.

The Bangladesh Water Development Board (BWDB) 
(www. bwdb. gov. bd) is one of the main responsible authori-
ties to monitor the groundwater throughout the year. The 
organization maintains a distributed network of monitoring 
wells across the country. The BWDB staffs take water table 
reading weekly from the monitoring wells and send the data 

Fig. 1  a Map of the administrative division of Bangladesh b adminis-
trative district of the Sylhet division c Map of the study area with the 
piezometric observation well location. Source: DIVA-GIS, 2021

◂

Table 1  Types of data transformation

Depth to the water table (m)

2000 2005 2010 2015

Transformation None Log Box-Cox Log

http://www.bwdb.gov.bd
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to a central processing unit for storing. For this work, the 
observed water table data for 2000, 2005, 2010, and 2015 
at the 46 observation wells distributed across the study area 
were collected from the BWBD website. Figure S-1 illus-
trates how a depth to water table is measured from the top 
of the observation well to the water table using a measuring 
tape.

Methodology

Kriging is the best linear optimum unbiased interpolation 
method of estimating unknown values of spatial and tem-
poral variables with a minimum mean interpolation error 
(Chung et al. 2019). Generally, several types of kriging 
methods are available: ordinary, simple, universal, Pois-
son probability, and more (Böhner & Bechtel 2017). The 
selection of the method depends on the characteristics of 

the available data. For instance, universal kriging is appro-
priate for nonstationary data, and cokriging suits better for 
a group of correlated data (Chung et al. 2019).

The ordinary kriging (OK) is a standardized type of 
kriging and known as the best linear unbiased estimator 
(BLUE) (Cressie 2015). This method assumes that the 
data sets are stationary and exploits semivariogram, which 
approximates the values without bias and least variance, 
to determine the best fit for the spatial relationship model 
(Cressie 2015). Considering the precedence of ordinary 
kriging and the characteristics of the available data, this 
study adopted the ordinary kriging method.

After the acquisition, the water table data (i.e., depth 
to the water table measured in meters) were checked for 
normality by observing histograms and normal Quan-
tile–Quantile (QQ) plots. To fit the spatial map and to get a 
better prediction result in the map, the data should exhibit 
a normal distribution either in a histogram or a normal 

Fig. 2  Semivariogram plot for the depth to water table for 2000
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QQ plot. If the data show a skewed pattern revealed in the 
histogram, then the data need to be transformed.

The histogram of the mean annual groundwater depth 
data of 2000 (Figure S-2) is skewed right, meaning that 
a small number of samples with high groundwater depths 
lie on the right tail. Although 2000 data appear to be posi-
tively skewed, the skewness is not severe. This is also sup-
ported by the similarity of mean and median values, and 
most of the points falling on the straight line seen in the 
Normal QQ plot (Figure S-3). Therefore, no transforma-
tion is needed for the 2000 data.

However, the skewed pattern is observed for the water 
table data for 2005, 2010 and 2015 (Figure S-2). Con-
trasting to 2000, the mean and median values for 2005, 
2010, and 2015 are more dissimilar, indicating that the 
water table data are not normally distributed. Additionally, 
most points deviate from the straight line on the normal 

QQ-plots for 2005, 2010, and 2015 providing additional 
evidence of a non-normal distribution (Figure S-3). 
Accordingly, to meet the assumption of normality, 2005, 
2010, and 2015 data are transformed using the log, Box-
Cox, and log transformation, respectively. Table 1 shows 
the required transformations for the mean annual water 
table data of 2000, 2005, 2010, and 2015.

Following the data transformation, global trends of ground-
water (i.e., a rising or deepening trend of water table along 
with the spatial directions) were evaluated. The semivari-
ogram �(h) is the primary tool in geostatistics that expresses 
the spatial dependence between the neighboring observations 
(Ahmadi and Sedghamiz 2008). It is defined as one-half of the 
variance of the difference between the attribute values at all 
points separated by h as given in Eq. 1.

Fig. 3  Directional influence for the groundwater level of 2000
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where z(xi) and z(xi + h) are the magnitudes of the variable 
(e.g., depth to the water table measured from the ground sur-
face in meter as shown in Fig. 2) at the point xi and a point of 
distance h from the point xi. N(h) is the total number of fea-
ture pairs (i.e., pair of wells) separated by the distance of h.

For examining and quantifying spatial autocorrelation, 
empirical semivariogram models were developed for 2000, 
2005, 2010, and 2015 using Eq. 2. Each model was fitted to 
the points which were used for its development. The semivari-
ogram modeling is identical to fitting a least-squares line in the 
regression analysis.

(1)�(h) =
1

2N(h)

N
∑

i=1

[

z
(

xi
)

− z
(

xi + h
)]2

where value at location i and j is a depth to the water table 
in meters.

Following the model fitting, the differences between estimated 
and observed values were summarized using the cross-validation 
statistics described by Ahmed and De Marsily (1987). The cross-
validation statistics include the estimates of root-mean-square 
error (RMSE) and average standard error (SE) (Chung et al. 
2019; Taye et al. 2018). A smaller RMSE and SE indicate a 
closer observed and predicted groundwater depths by the empiri-
cal semivariogram models. Besides, the value of RMSE close 
to zero suggests an unbiased prediction. Finally, the residual for 
the prediction map were checked for normality using a QQ plot.

Result and discussion

The trend analysis identifies the presence of trends, if any, 
existing in the data and the order of polynomial that fits the 
data. Figure S-4 shows the global trend of groundwater for 
2000, 2005, 2010, and 2015. Here, the green line indicates 

(2)

Semivariogram (distance h)

= 0.5 ∗ average
[

(value at location i − value at location j)2
]

Fig. 4  Results of the semivariogram modeling for depth to the water table data for 2000

Table 2  Cross-validation for the predictive models

Criteria Depth to the water table (m)

2000 2005 2010 2015

Root-mean-square error 1.198 1.915 2.479 2.538
Average standard error 1.269 1.862 2.415 2.565
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a lowering trend toward the center along the east–west 
direction (X-axis), and the blue line demonstrates a rising 
trend toward the center along the north–south direction 
(Y-axis). Similar patterns are observed for the water table 
data for 2000, 2005, 2010 and 2015. Besides, Figure S-4 
shows that the best fit lines using data points projected 
on the perpendicular planes (North–South or East–West) 
are curvilinear. Therefore, a second-order polynomial 
(quadratic) can capture the groundwater trend for 2000, 
2005, 2010, and 2015. These trends need to be removed 
beforehand to capture the short-range local variation. After 

modeling the residuals, the global trends are added to the 
analysis to obtain a better prediction surface.

Before semivariogram modeling, the spatial autocor-
relation and a directional influence among the collected 
water table data were checked. Four pairs of locations are 
selected in the semivariogram within the close range of 0 to 
450 m distance indicating different adjacent points (Fig. 2). 
Besides, the lines linking the locations fall in the area within 
different colors. Consequently, the spatial autocorrelation 
exists in the data for 2000. Similarly, results show that spa-
tial autocorrelation exists for 2005, 2010, and 2015.

Fig. 5  Quantile–Quantile (QQ) plot for the residual of the prediction map of 2000, 2005, 2010, and 2015
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The semivariogram modeling was implemented to deter-
mine the best fit for the spatial relationship models. Some 
values were grouped according to the separation distance 
(bin) to obtain the semivariogram curve. Figure 3 illustrates 
the directional influence on water table data for 2000. It 
shows pairs of the semivariogram value within an approxi-
mately same distance. Since most of the lines are scattered, 
there is no directional influence exists in the 2000 data. 
Similarly, no directional influence is detected for 2005, 
2010, and 2015 data. Finally, the values of the parameters, 
including nugget, range, sill, and shape, were obtained. To 
illustrate, Fig. 4 shows the obtained parameters for 2000.

Cross-validation checks for the predictive models were 
performed to identify the model’s accuracy before generat-
ing the prediction maps. As stated earlier, both the RMSE 
and average SE should be as small as possible. The results 
of the checks for the water table data are shown in Table 2. 
Besides, Fig. 5 shows the QQ plot for the residuals of the 
prediction model for 2000, 2005, 2010, and 2015. The 
results suggest that the residuals are normally distributed, 
with most of the points falling on the straight line of the 
QQ plot.

The study area is divided into six zones to analyze 
the groundwater variability– east, west, south, central, 

Fig. 6  Temporal plots showing 
mean annual-average depth to 
the water tables in the six zones 
formulated under the study
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northeast, and northwest. Figure 6 shows the groundwater 
trend corresponding to each zone. Specifically, the tempo-
ral plots show the mean annual-average depths to the water 
tables in the six zones (Fig. 6). In addition, Table 3 lists all 
the Upazilas inside the study area with the corresponding 
zone and provides the mean annual depth to water table 
along with the temporal percent change for each Upazila. 
The major findings of the trend analysis are as follows:

• The average water table depth at the Central zone was 
3.50 m in 2000. It rose to a shallower depth (3.18 m) in 
2005. However, the water table dropped by 0.12 m to a 
deeper depth in 2010 and remains the same in 2015.

• The east zone also showed a rising trend during 2000–
2005 and then a lowering trend during 2005–2010. 
Again, it showed a rising trend again during 2010–
2015.

• The water table in the west region deepened by 0.49 m 
during 2000–2005 which was regained during 2005–
2015 and reached to a shallower depth (3.42 m).

• A rising trend is observed in the northwest zone dur-
ing 2000 to 2010. The mean depth to the water table 
was 6.64 m in 2000 and reached to a shallower depth of 
2.47 m in 2010. The water table showed a lowering trend 
during 2010–2015.

Table 3  The table shows the mean annual groundwater levels and 
their temporal percent change by Upazila under the study area. A 
positive percent change indicates a decrease in depth to water table 
(a water table is closer to the ground) while a negative percent change 

indicates a lowering (a water table is deeper from the ground). 
Besides, it lists the corresponding zones of the studied Upazilas 
defined in this work

Mean depth to the water table (m) Percent Change (%)

Upazila Zone 2000 2005 2010 2015 2000–2005 2005–2010 2010–2015 2000–2010 2005–2015 2000–2015

Barlekha East 3.65 3.72 3.59 3.41 − 1.92 3.49 5.01 1.64 8.33 6.58
Fenchuganj East 3.21 3.23 3.3 3.05 − 0.62 − 2.17 7.58 − 2.80 5.57 4.98
Kulaura East 4.13 2.97 3.26 3.36 28.09 − 9.76 − 3.07 21.07 − 13.13 18.64
Rajnagar East 2.86 2.97 2.93 3.08 − 3.85 1.35 − 5.12 − 2.45 − 3.70 − 7.69
Ajmiriganj West 3.58 4.8 3.67 3.06 − 34.08 23.54 16.62 − 2.51 36.25 14.53
Baniachong West 3.36 4.21 3.72 3.37 − 25.30 11.64 9.41 − 10.71 19.95 − 0.30
Derai West 4.17 4.4 3.27 2.99 − 5.52 25.68 8.56 21.58 32.05 28.30
Lakhai West 3.9 4.33 4.32 3.74 − 11.03 0.23 13.43 − 10.77 13.63 4.10
Madhabpur West 3.93 3.04 4.59 4.39 22.65 − 50.99 4.36 − 16.79 − 44.41 − 11.70
Sullah West 4.12 5.17 3.61 2.99 − 25.49 30.17 17.17 12.38 42.17 27.43
Bahubal South 2.93 3.28 3.41 3.53 − 11.95 − 3.96 − 3.52 − 16.38 − 7.62 − 20.48
Chunarughat South 3.43 2.58 3.49 3.76 24.78 − 35.27 − 7.74 − 1.75 − 45.74 − 9.62
Jamalganj South 6.02 4.66 2.82 2.83 22.59 39.48 − 0.35 53.16 39.27 52.99
Sreemangal South 2.76 2.55 2.9 3.17 7.61 − 13.73 − 9.31 − 5.07 − 24.31 − 14.86
Balaganj Central 3.45 3.02 3.25 3.32 12.46 − 7.62 − 2.15 5.80 − 9.93 3.77
Bishwanath Central 3.62 3.07 3.09 2.93 15.19 − 0.65 5.18 14.64 4.56 19.06
Chhatak Central 3.95 3.14 2.94 2.86 20.51 6.37 2.72 25.57 8.92 27.59
Jagannathpur Central 3.7 3.54 3.58 3.63 4.32 − 1.13 − 1.40 3.24 − 2.54 1.89
Maulvibazar Sadar Central 2.73 2.93 3.09 3.31 − 7.33 − 5.46 − 7.12 − 13.19 − 12.97 − 21.25
Nabiganj Central 3.57 3.35 3.85 3.76 6.16 − 14.93 2.34 − 7.84 − 12.24 − 5.32
Companiganj Northeast 2.64 2.25 2.89 2.63 14.77 − 28.44 9.00 − 9.47 − 16.89 0.38
Golabganj Northeast 3.32 3.2 3.27 2.67 3.61 − 2.19 18.35 1.51 16.56 19.58
Gowainghat Northeast 2.06 2.31 3.2 2.82 − 12.14 − 38.53 11.88 − 55.34 − 22.08 − 36.89
Jaintiapur Northeast 1.63 2.59 3.26 3.15 − 58.90 − 25.87 3.37 − 100.0 − 21.62 − 93.25
Kanaighat Northeast 2.7 3.22 3.65 3.27 − 19.26 − 13.35 10.41 − 35.19 − 1.55 − 21.11
Sylhet Sadar Northeast 3.05 2.83 3.42 2.73 7.21 − 20.85 20.18 − 12.13 3.53 10.49
Zakiganj Northeast 3.85 4.34 4.59 3.97 − 12.73 − 5.76 13.51 − 19.22 8.53 − 3.12
Bishwamvarpur Northwest 6.57 3.28 2.06 2.45 50.08 37.20 − 18.93 68.65 25.30 62.71
Dharampasha Northwest 7.58 6.1 2.89 2.82 19.53 52.62 2.42 61.87 53.77 62.80
Jamalganj Northwest 6.02 4.66 2.82 2.83 22.59 39.48 − 0.35 53.16 39.27 52.99
Sunamganj Sadar Northwest 4.82 3.41 2.56 2.72 29.25 24.93 − 6.25 46.89 20.23 43.57
Tahirpur Northwest 8.19 3.75 2.03 2.39 54.21 45.87 − 17.73 75.21 36.27 70.82
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• The south zone of the study area shows an increasing 
trend from 2000 to 2010. According to the result, the 
water table rose to a shallower depth of 3.15 m in 2010 
compared to a deeper depth of 3.78 m in 2000. Then, 
water table showed a lowering trend again.

• The water table at the northeast zone fall continuously 
from 2.75 m (in 2000) to 3.47 m in 2010 followed by a 
rising trend during 2010–2015.

Groundwater showed a declining trend in some of the 
past study areas (Zafor et al. 2017). The present study has 
also found a water table declining trend in the northeast 
zone, which is in consistent with Zafor et al. (2017). In 
contrast, for the other five zones, results show an over-
all rising trend of groundwater depth in recent years 
(2010–2015). In 2015, Upazilas like Kanaighat, Syl-
het Sadar, Derai, Sunamgonj, Hobigonj were flooded 
above their respective danger level from mid-June to 

2000 2005

2010 2015
Depth to the water table (m)

0.50 - 1.00

1.01 - 1.50

1.51 - 2.00

2.01 - 2.50

2.51 - 3.00

3.01 - 3.50

3.51 - 4.00

4.01 - 4.50

4.51 - 6.00

6.01 - 7.50

7.51 - 9.00

9.01 - 10.50

Ordinary Kriging (m)
0.5 – 1

1 – 1.5

1.5 – 2

2 – 2.5

2.5 – 3

3 – 3.5

3.5 – 4

4 – 4.5

4.5 – 6

6 – 7.5

7.5 – 9

9 – 10.5

Fig. 7  Spatial distribution map of water table for 2000, 2005, 2010, and 2015
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mid-September, reported by the Bangladesh water devel-
opment board (BWDB, 2015). Also, 32% percent of the 
total area of Bangladesh affected by flood in the year 
2015, whereas total percentage was 18% in the year of 
2010 (BWDB, 2015). This might be the reason of rising 
groundwater trend in the year of 2015 compared to 2010.

However, local declination is also observed in some 
Upazilas like Madhabpur in west, Rajnagar in east, Bahu-
bal, Chunarughat, and Sreemangal in south zones as shown 
in Fig. 7 and Table 3. The change in rainfall and local irri-
gation practices could be the primary reason behind the 
groundwater table fluctuation which is beyond the scope 
of this current study and requires further investigation.

Conclusion

The study compared the groundwater spatial distribution 
map of 2000, 2005, 2010, and 2015 to assess the ground-
water trend in the study area. It was found that the water 
table rose to a shallower depth in 62.5 percent of the 32 
Upazilas studied under the study during 2000–2015. In 
contrast, water table deepened in 37.5 percent Upazilas. 
Upazilas like Jaintapur, Gowainghat, Maulvibazar Sadar, 
Kanaighat, and Bahubal are the susceptible zones due to 
groundwater lowering. Indiscriminate groundwater with-
drawals and reduced recharge due to industrialization and 
urbanization could be the probable causes of groundwater 
lowering in the study area. A relatively small sample size 
was the primary limitation of the study. Additional piezo-
metric wells with higher resolution data for a long dura-
tion might generate a better prediction map and capture 
the trend with seasonal variation. Therefore, the future 
works should focus on the application of various geosta-
tistical techniques and inclusion of seasonality into the 
data analysis.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s13201- 021- 01454-w.

Funding This research did not receive any specific grant from funding 
agencies in the public, commercial, or not-for-profit sectors.

Data availability Data can be provided upon request.

Code availability ArcGIS and SPSS.

Declarations 

Conflict of interest There is no potential conflict of interest reported 
by the authors.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 

as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Ahmadi SH, Sedghamiz A (2008) Application and evaluation of 
kriging and cokriging methods on groundwater depth map-
ping. Environ Monit 138(1–3):357–368. https:// doi. org/ 10. 1007/ 
s10661- 007- 9803-2

Ahmed S, De Marsily G (1987) Comparison of geostatistical methods 
for estimating transmissivity using data on transmissivity and spe-
cific capacity. Water Resour Res 23(9):1717–1737. https:// doi. org/ 
10. 1029/ WR023 i009p 01717

Ahmed N, Bodrud-Doza M, Islam SMDU, Choudhry MA, Muhib MI, 
Zahid A, Hossain S, Moniruzzaman M, Deb N, Bhuiyan MAQ 
(2019) Hydrogeochemical evaluation and statistical analysis of 
groundwater of Sylhet, north-eastern Bangladesh. Acta Geochim 
38(3):440–455. https:// doi. org/ 10. 1007/ s11631- 018- 0303-6

Bellingeri D, Bernaert P, Crisan M, Demetriou C, Marletto V, Schem-
bri M, Zini E (2017) Water Over-abstraction and Illegal Water 
Abstraction Detection and Assessment (WODA) –phase 2

Böhner J, Bechtel B (2017) GIS in climatology and meteorology. Com-
prehensive Geographic Information Systems. Elsevier Inc, pp 
196–235. https:// doi. org/ 10. 1016/ B978-0- 12- 409548- 9. 09633-0

BWDB (2015) Annual Flood Report 2015. http:// ffwc. gov. bd/ images/ 
annua l15. pdf

Chung SY, Venkatramanan S, Elzain HE, Selvam S, Prasanna MV 
(2019) Supplement of missing data in groundwater-level varia-
tions of peak type using geostatistical methods. GIS and Geosta-
tistical Techniques for Groundwater Science. Elsevier, pp 33–41

Cressie N (2015) Statistics for spatial data. Wiley
Cui X, Liu Q, Zhang C, Huang Y, Fan Y, Wang H (2018) Land sub-

sidence due to groundwater pumping and recharge: considering 
the particle-deposition effect in ground-source heat-pump engi-
neering. Hydrogeol J 26(3):789–802. https:// doi. org/ 10. 1007/ 
s10040- 018- 1723-4

Dey NC, Saha R, Parvez M, Bala SK, Islam AS, Paul JK, Hossain 
M (2017) Sustainability of groundwater use for irrigation of dry 
season crops in northwest Bangladesh. Groundw Sustain Dev 
4:66–77. https:// doi. org/ 10. 1016/j. gsd. 2017. 02. 001

DIVA-GIS (2021) Administrative areas of Bangladesh. https:// www. 
diva- gis. org/ datad own. Retrieved from DIVA-GIS

Elumalai V, Brindha K, Sithole B, Lakshmanan E (2017) Spatial inter-
polation methods and geostatistics for mapping groundwater con-
tamination in a coastal area. Environ Sci Pollut Res 24(12):1601–
11617. https:// doi. org/ 10. 1007/ s11356- 017- 8681-6

Foster S, Pulido-Bosch A, Vallejos Á, Molina L, Llop A, MacDon-
ald AM (2018) Impact of irrigated agriculture on groundwater-
recharge salinity: a major sustainability concern in semi-arid 
regions. Hydrogeol J 26(8):2781–2791. https:// doi. org/ 10. 1007/ 
s10040- 018- 1830-2

Kumar V (2007) Optimal contour mapping of groundwater levels using 
universal kriging - a case study. Hydrol Sci J 52(5):1038–1050. 
https:// doi. org/ 10. 1623/ hysj. 52.5. 1038

Ma TS, Sophocleous M, Yu YS (1999) Geostatistical applications in 
ground water modeling in south-central Kansas. J Hydrol Eng 

https://doi.org/10.1007/s13201-021-01454-w
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s10661-007-9803-2
https://doi.org/10.1007/s10661-007-9803-2
https://doi.org/10.1029/WR023i009p01717
https://doi.org/10.1029/WR023i009p01717
https://doi.org/10.1007/s11631-018-0303-6
https://doi.org/10.1016/B978-0-12-409548-9.09633-0
http://ffwc.gov.bd/images/annual15.pdf
http://ffwc.gov.bd/images/annual15.pdf
https://doi.org/10.1007/s10040-018-1723-4
https://doi.org/10.1007/s10040-018-1723-4
https://doi.org/10.1016/j.gsd.2017.02.001
https://www.diva-gis.org/datadown
https://www.diva-gis.org/datadown
https://doi.org/10.1007/s11356-017-8681-6
https://doi.org/10.1007/s10040-018-1830-2
https://doi.org/10.1007/s10040-018-1830-2
https://doi.org/10.1623/hysj.52.5.1038


 Applied Water Science (2021) 11:120

1 3

120 Page 12 of 12

4(1):57–64. https:// doi. org/ 10. 1061/ (asce) 1084- 0699(1999)4: 
1(57)

Machiwal D, Mishra A, Jha MK, Sharma A, Sisodia SS (2012) Mod-
eling short-term spatial and temporal variability of groundwater 
level using geostatistics and GIS. Nat Resour Res 21(1):117–
136. https:// doi. org/ 10. 1007/ s11053- 011- 9167-8

Machiwal D, Cloutier V, Güler C, Kazakis N (2018) A review of 
GIS-integrated statistical techniques for groundwater quality 
evaluation and protection. Environ Earth Sci 77(19):681. https:// 
doi. org/ 10. 1007/ s12665- 018- 7872-x

Mishra S, Sharma MP, Kumar A (2016) Pollution characteristic and 
health risk assessment of toxic chemicals of surface water in Surha 
Lake, India. J Mater Environ Sci 7(3):799–807

Nikroo L, Kompani-Zare M, Sepaskhah AR, Fallah Shamsi SR (2010) 
Groundwater depth and elevation interpolation by kriging meth-
ods in Mohr Basin of Fars province in Iran. Environ Monit 166(1–
4):387–407. https:// doi. org/ 10. 1007/ s10661- 009- 1010-x

Nury AH, Hasan K, Alam MJBin, (2017) Comparative study of wave-
let-ARIMA and wavelet-ANN models for temperature time series 
data in northeastern Bangladesh. J King Saud Univ Sci 29(1):47–
61. https:// doi. org/ 10. 1016/j. jksus. 2015. 12. 002

Perkin JS, Gido KB, Falk JA, Fausch KD, Crockett H, Johnson ER, 
Sanderson J, Turner BL (2017) Groundwater declines are linked 
to changes in Great Plains stream fish assemblages. Proc Natl 
Acad Sci USA 114(28):7373–7378. https:// doi. org/ 10. 1073/ pnas. 
16189 36114a

Reghunath R, Murthy TRS, Raghavan BR (2005) Time series analysis 
to monitor and assess water resources: a moving average approach. 
Environ Monit Assess 109(1–3):65–72. https:// doi. org/ 10. 1007/ 
s10661- 005- 5838-4

Singh P, Kumar A, Mishra S (2021) Performance evaluation of conser-
vation plan for freshwater lakes in India through a scoring meth-
odology. Environ Dev Sustain 23(3):3787–3810. https:// doi. org/ 
10. 1007/ s10668- 020- 00744-8

Tabari H, Nikbakht J, Some’e B, S (2012) Investigation of ground-
water level fluctuations in the north of Iran. Environ Earth Sci 
66(1):231–243. https:// doi. org/ 10. 1007/ s12665- 011- 1229-z

Taye M, Simane B, Zaitchik B, Setegn S, Selassie Y (2018) Analysis 
of the spatial patterns of rainfall across the agro-climatic zones 

of jema watershed in the Northwestern Highlands of Ethiopia. 
Geosci J 9(1):22. https:// doi. org/ 10. 3390/ geosc ience s9010 022

Theodossiou N, Latinopoulos P (2006) Evaluation and optimisation 
of groundwater observation networks using the Kriging method-
ology. Environ Model Softw 21(7):991–1000. https:// doi. org/ 10. 
1016/j. envso ft. 2005. 05. 001

Turner SWD, Hejazi M, Yonkofski C, Kim SH, Kyle P (2019) Influ-
ence of groundwater extraction costs and resource depletion lim-
its on simulated global nonrenewable water withdrawals over the 
twenty-first century. Earths Future 7(2):123–135. https:// doi. org/ 
10. 1029/ 2018E F0011 05a

Varouchakis EA, Hristopulos DT, Karatzas GP (2012) Improving krig-
ing of groundwater level data using nonlinear normalizing trans-
formations—a field application. Hydrol Sci J 57(7):1404–1419. 
https:// doi. org/ 10. 1080/ 02626 667. 2012. 717174

Xiao Y, Gu X, Yin S, Shao J, Cui Y, Zhang Q, Niu Y (2016) Geosta-
tistical interpolation model selection based on ArcGIS and spa-
tio-temporal variability analysis of groundwater level I piedmont 
plains, Northwest China. Springer Plus. https:// doi. org/ 10. 1186/ 
s40064- 016- 2073-0

Yazdanpanah N (2016) Spatiotemporal mapping of groundwater qual-
ity for irrigation using geostatistical analysis combined with a lin-
ear regression method. Model Earth Syst Environ 2(1):18. https:// 
doi. org/ 10. 1007/ s40808- 015- 0071-9

Zafor MA, Alam MJBin, Rahman MA, Amin MN, (2017) The analy-
sis of groundwater table variations in Sylhet region. Bangladesh 
Environ Eng Res 22(4):369–376. https:// doi. org/ 10. 4491/ eer. 2016. 
152

Zaporozec A (ed) (2004) Groundwater contamination inventory: a 
methodological guide; [with a model legend for groundwater 
contamination inventory and risk maps]; prepared for the Inter-
national Hydrological Programme within Project 3.1 (IHP-V). 
UNESCO

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1061/(asce)1084-0699(1999)4:1(57)
https://doi.org/10.1061/(asce)1084-0699(1999)4:1(57)
https://doi.org/10.1007/s11053-011-9167-8
https://doi.org/10.1007/s12665-018-7872-x
https://doi.org/10.1007/s12665-018-7872-x
https://doi.org/10.1007/s10661-009-1010-x
https://doi.org/10.1016/j.jksus.2015.12.002
https://doi.org/10.1073/pnas.1618936114a
https://doi.org/10.1073/pnas.1618936114a
https://doi.org/10.1007/s10661-005-5838-4
https://doi.org/10.1007/s10661-005-5838-4
https://doi.org/10.1007/s10668-020-00744-8
https://doi.org/10.1007/s10668-020-00744-8
https://doi.org/10.1007/s12665-011-1229-z
https://doi.org/10.3390/geosciences9010022
https://doi.org/10.1016/j.envsoft.2005.05.001
https://doi.org/10.1016/j.envsoft.2005.05.001
https://doi.org/10.1029/2018EF001105a
https://doi.org/10.1029/2018EF001105a
https://doi.org/10.1080/02626667.2012.717174
https://doi.org/10.1186/s40064-016-2073-0
https://doi.org/10.1186/s40064-016-2073-0
https://doi.org/10.1007/s40808-015-0071-9
https://doi.org/10.1007/s40808-015-0071-9
https://doi.org/10.4491/eer.2016.152
https://doi.org/10.4491/eer.2016.152

	Analysis of groundwater table variability and trend using ordinary kriging: the case study of Sylhet, Bangladesh
	Abstract
	Introduction
	Study area and data collection
	Methodology
	Result and discussion
	Conclusion
	References




