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Abstract

Groundwater is the dominant source of water supply in Kabul city in Afghanistan, but water levels in the region are steadily
declining. This study was undertaken to assess groundwater level trends and examine its drought dynamics in Kabul city.
The observation wells were classified using cluster analysis to categorize long-term trends of groundwater water level data.
The seasonal and annual variations in groundwater depth have been determined utilizing the Mann—Kendall statistical test.
To measure groundwater drought, the Standardized Groundwater Level Index (SGI) was utilized. Based on trend analysis,
the water levels in 82% of the observation wells were significantly decreasing. From 2014 to 2020, most of the wells in the
study area suffered increasingly severe and persistent drought, as per the SGI results. The analysis of land use and land cover
(LULC) indicates that the built-up area is increased from about 15% in 2005 to 32% in 2020 in the study area. Bare land had
decreased from about 67% in 2005 to 52% in 2020. The severe decline in groundwater level can be attributed to changes in
LULC, overexploitation of groundwater, and declining annual precipitation. The findings of this study indicate that long-term

groundwater management measures are required in the city area to maintain groundwater availability.
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Introduction

The ready availability of water resources is important for
human development. In particular, the availability of ground-
water resources is essential in many parts of the world for
agriculture, industrial use, and drinking water source. The
dependence on groundwater for water supply has also been
rapidly increasing, especially in arid and semiarid areas, due
to the variability and unequal distribution of precipitation
and reduced surface flows (Pathak and Dodamani 2019;
Shan et al. 2020; Raghav and Singh 2021). Groundwater is
primarily being used for municipal water supply and agricul-
ture in many places around the globe. Therefore, its response
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and operation in drought conditions are becoming increas-
ingly relevant (Peters et al. 2005).

In many regions, groundwater resources are rapidly
depleting due to overexploitation, the effects of urbanization,
increased farming production, population growth, and indus-
trial development (Malik et al. 2010; Jain and Singh 2014;
Kanakiya et al. 2015; Kumar and Singh 2015; Sharma et al.
2015). Climate change, along with widespread excessive
abstraction from aquifers for different purposes, is one of
the primary causes of groundwater shortages and water level
declines. In addition to anthropogenic activities, drought on
aregular basis can impede groundwater recharge and control
its extraction, resulting in a reduction in the groundwater
table. The drying of the riverbed causes inadequate infiltra-
tion or penetration into the subsurface soil, making it diffi-
cult to maintain the river's stage and health. And the effects
of climate change have recently resulted in a rainfall decline
in many regions and an increase in evapotranspiration, which
can directly impact the groundwater recharge mechanisms
(Halder et al. 2020).

The approach for trend evaluation of groundwater level
is an effective tool for groundwater conservation prac-
tices. It supports the fundamental concept of groundwater
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hydrographs. Groundwater trend assessment uses time-series
analysis to provide a deeper understanding of long-term
changes in groundwater levels. It can help determine whether
groundwater storage in an aquifer is stable, increasing, or
decreasing. Several researchers have used trend analysis
techniques to assess how groundwater levels have changed
over time (Peters et al. 2005; Yi and Ahn 2006; Danesh-
var Vousoughi et al. 2013; Patle et al. 2015; Singh et al.
2015; Anand et al. 2020). Drought is stated as a transient
reduction in water resources over an extended period. The
term "groundwater drought" refers to a form of hydrological
drought that impacts groundwater resources (Mustafa et al.
2017). Groundwater drought is another significant issue for
engineers and policymakers of water resources, which has
often been addressed in recent years(Li and Rodell 2015;
Goodarzi et al. 2016; Mustafa et al. 2017; Thomas et al.
2017; Shah and Mishra 2020).

Kabul city has a population of more than four million
(CIA 2020; NSIA 2020). The city is highly dependent on
groundwater resources and groundwater supplies almost
all of the water demands of the inhabitants. Some studies
have been done on the groundwater source of Kabul city
(Broshears et al. 2005; Tiinnermeier and Houben 2005; Saffi
2007; Mack et al. 2009, 2013, 2014; USGS 2010; DACAAR
2011, 2019; JICA 2011; Taher et al. 2013; Zaryab et al.
2017; Mack 2018; Brati et al. 2019; Noori and Nasimi 2019;
Jawadi et al. 2020; Noori and Singh 2021). An analysis by
Mack et al. (2013) indicates that the depth of groundwater
decreased on average (1.5 m/year) from 2008 to 2012, as
well as (0-0.7 m/year) from 2004 to 2008. According to a
study by Zaryab et al. (2017), groundwater levels in Kabul
have dropped by more than 10 m in the foothills and 5-6 m
in the city. Between 2003 and 2016, water levels in the upper
Kabul basin dropped by more than 15 m. Investigating the
annual and seasonal trend of groundwater and its magnitude,
groundwater drought, and the factors affecting the degrada-
tion of groundwater levels are the cases that have been less
addressed.

Thus, the main focuses of this study include: (1) to use
cluster analysis to group observation wells relying on vari-
ability scenarios using agglomerated hierarchical cluster
analysis (HCA); (2) to analyze and identify the variability
and magnitude of groundwater level variations by the appli-
cation of annual and seasonal (spring, summer, autumn,
winter) trend analysis utilizing the nonparametric statisti-
cal approach of Mann—Kendall test and Sen's slope estima-
tors for 66 observational wells in the research area; (3) to
investigate the condition of land use and land cover (LULC)
change in the research area to visualize the driving mecha-
nism for groundwater recharge; and (4) to identify the effect
of climatic fluctuations on the water table and groundwa-
ter drought utilizing standard groundwater level index
(SGI). Such studies can yield valuable insights and provide
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stakeholders and policymakers with a reflection groundwa-
ter scenario in the study area to develop sustainable water
resources management measures for the city.

Methodology
Physical characteristics of the study area

Kabul is the most important city in Afghanistan. The city is
divided into 22 municipality districts and is geographically
located between latitudes 34°3920" N to 34°17'40" N and
longitudes 69°31'40" E to 69°52'40" E (Fig. 1). Its total area
is 1030 km”. Kabul has a semiarid climate. Precipitation
in Kabul is seasonal and mostly occurs as rain and snow
during winter (December, January, February) and in early
spring (March, April). The annual average precipitation is
about 330 mm per year (Source: Afghanistan meteorological
department, data recorded 2008-2018). The mean monthly
temperature ranges from a maximum of 32 °C in July and a
minimum of — 7 °C in January (Zaryab et al. 2017). Much of
the study area is covered by urban development, and ground-
water is the dominant water source. It is the leading national
commercial base in the country. The population of the city
area has dramatically increased due to the return of many
refugees. Also, a considerable number of people from other
provinces have come to Kabul to find a career.

Three waterways flow through the city of Kabul. Pagh-
man stream flows in a westerly direction through the city.
The Maidan River (Kabul River) enters the city from the
south and joins the Paghman river 21 km downstream. The
Logar river, a large tributary of the Kabul River, flows in a
northerly direction and enters the Kabul River around 17 km
downstream of the Paghman waterway's mouth (Fig. 1). In
recent years, flows in the Kabul and Paghman rivers have
only occurred during rainfall events in late winter and the
spring due to snow melting and rainfall. Infiltration of water
riverbeds has seemed to be the primary medium of ground-
water recharge in Kabul. Regional groundwater recharge
from precipitation through infiltration accounts for a small
percentage of the overall recharge due to the low precipita-
tion rate, the high rate of evapotranspiration, and the large
proportion of the area covered by urban land use clayey soils
(Ttinnermeier and Houben 2005).

The research area covers part of the Kabul basin, which
is surrounded by metamorphic mountain ranges. The Kabul
basin was formed as a result of Paleocene tectonic activity.
The Herat-Bamyan-Panjsher main fault bounds the basin
in the west and north-west, the Sorobi fault in the east, and
the Chaman fault in the southeast that has cut through the
rocks, which are part of the Kabul block. Bedrock in the
area consists of gneisses, amphibolites, quartzites, slates,
schists, granites, metasandstones of the Precambrian age,
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Fig. 1 Location map of the research area

and carbonates (limestones, dolomites) of the Permian—Tri-
assic age. The Kabul basin is filled with an assemblage of
terrigenous and lacustrine sediments mostly of Quaternary
and Neogene age and unconsolidated and semi-consoli-
dated lacustrine, fluvial, and aeolian sediments (Saffi 2007;
Lashkaripour and Hussaini 2008; Zaryab et al. 2017). The
Holocene River valley and intermountain basin dominate the
geomorphological study region, followed by high-mountain
relief, mountain relief, high-mountain glacial relief, and

piedmont diluvial relief. Most soils in the area are classified
as either well-drained or partially drained(Ahmadzai and
Omuto 2019). Kabul is now one of the top 100 biggest cit-
ies in the world due to its rapid urbanization (City Mayors
2020; Wikipedia contributors 2020). Its LULC indicators
were classified as bare land, waterbody, marshland, agricul-
tural area, trees, and built-up.

Based on JICA (2011), there are three principal groups
of aquifers in the Kabul basin: shallow aquifers in alluvial
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sediments, a deeper aquifer in sediments of Neogene age
(the upper Neogen aquifer), and a deep aquifer (the lower
Neogene Aquifer). Water in the deep aquifer is referred to as
“Fossil Water” since it is separated from regular circulation.
According to Mack et al. (2010), shallow groundwater (i.e.,
less than 100 m deep) is generally 20 to 30 years old, while
groundwater in deeper aquifers is estimated to be thousands
of years old. Most of the public water supply wells are estab-
lished near rivers where much of the recharge takes place.
Some existing literature emphasizes that Kabul has four
interconnected Quaternary aquifers (Uhl and Tahiri 2003;
Pell Frischmann 2012; Zaryab et al. 2017). However, in the
Kabul Basin, the shallow aquifers, which is the same as the
"Alluvial Aquifer or Quaternary Aquifer," is found in nearly
all parts of the basin, but the sediments that contain these
aquifers are thicker and have a greater groundwater potential
along current and historical river channels.

For most parts of the basin, the water table surface
reflects surface topography, and generally, groundwater
flows in the surface-water discharge direction (Broshears
et al. 2005). The mean thickness of the Logar aquifer is esti-
mated between 30 and 40 m, with a limit of 70 m. According
to pump test findings, the hydraulic conductivities of this
aquifer are high, although they are subject to some heteroge-
neity (12-112 m/day). The thickness of the aquifer alongside
the Kabul River ranges between 40—-80 m. The permeability
of this aquifer zone ranges between 4.32 and 64.8 m/day.
The mean thickness of the Paghman aquifer is around 45 m.
The hydraulic conductivity ranges from 1.73 to 25.92 m/
day (Houben et al. 2009). As the altitude increases from the
center to the sides of the basin, the depth to the groundwater
level also increases from the middle of the basin to its sides.
The depth of the observation wells reaching to Quaternary
sediments. This study analyses groundwater level and its
drought condition using static water level data of the shallow
aquifer in the basin.

Data collection

The National Water Affairs Regulation Authority (NWARA)
of Afghanistan provided monthly groundwater-level data for
128 wells in the research region used in this study. Observa-
tions and records of groundwater levels are available from
November 2006 to May 2009. No figures were available
from June 2009 to October 2013. Observational data are
again available from November 2013 to April 2020. To com-
pensate for this shortcoming and eliminate the data gaps,
the process of data imputation has been done. During the
observations, some wells, for various reasons such as drying,
destruction, and collapse, have been replaced by alternative
wells in their vicinity, which is mentioned in the available
figures. The obtained data were checked for the maximum
length of observations with continuous records. Many wells
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have been excluded from the present study for the follow-
ing reasons: (a) wells with observations for a period of less
than 45 months were removed; (b) wells with unknown
geographical coordinates; (c) wells without measurements
before 2013; and (d) wells with incomplete data after the
data imputation step. Finally, after the exclusion and the data
imputation process, the observations of 66 wells (Fig. 1) for
15 years have been considered for the analysis.

Precipitation data for six stations in Kabul province were
also collected from NWARA. Collected data were in the
form of daily records from 2008 to 2020, which have been
converted into monthly and annual total figures for analy-
sis. Out of six stations, only two stations (Payin-i-Qargha
and Tang-i- Sayedan) are located within the study area. The
data for 2008 and 2020 are not complete. Therefore, it was
intended to analyze the records from 2009 to 2019. Landsat
imagery was downloaded to create LULC identity maps for
4 different years: 2005, 2010, 2015, and 2020. The required
satellite data were obtained from USGS Portal (https://
earthexplorer.usgs.gov/) using the address "path 153 and
rows 36." (Table 1). Gap filling was done by ENVI 5.3 by
downloading the Landsat Gap-fill IDL model for data down-
loaded from Landsat 7 satellite. "Supervised classification
approach with maximum likelihood algorithm" in ENVI 5.3.
environment was applied to create LULCs of the study area
(Table 3).

Data imputation

The lack of consistent evidence or a gap between obser-
vations is a common problem in statistical analysis. As a
consequence, imputation is necessary to provide sufficient
measurements. The data imputation approach is widely
used to fill the observational gap between monitoring fig-
ures with substituted values (Efron 1994; Zhang et al. 2017;
Manago et al. 2019; Evans et al. 2020). A univariate time
series imputation approach was utilized in this study to
impute missing values aided by the "imputeTS" package
in "R Studio" environment (Moritz et al. 2015; Moritz and
Bartz-Beielstein 2017). The function "na_seasplit" with the
algorithm of "Kalman" was used to consider both seasonal-
ity and trends in the imputation process. The primary status
of observed records on well #16 and imputed figures results
are depicted in (Fig. 2).

Table 1 Satellite data acquisition details

Acquisition date Address (path & row) Spacecraft ID

01/06/2005 153/36 “L7_ETM”
23/06/2010 153/36 “L5_TM”
05/06/2015 153/36 “LANDSAT_8”
18/06/2020 153/36 “LANDSAT_8”
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Fig.2 Well #16 observational
data illustration pre and post
imputation
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Hierarchical cluster analysis

Groundwater levels used in trend analysis differ dramati-
cally across the wells. Clustering is a method of classifying
observations based on their similar observed variables (Sin-
haray 2010). The observational wells in the present study
were classified based on their water table characteristics.
Monthly observation of groundwater over a long period of
time (15 years) was used as a clustering variable. Hierar-
chical clustering is a fundamental method for groundwater
studies that is widely used among the various clustering
methods (El-Hames et al. 2013; Pathak and Dodamani 2019;
Halder et al. 2020; Rahbar et al. 2020). The "Ward's link-
age method" of hierarchical clustering was utilized to locate
homogeneous wells using static water tables in this analysis
(Yidana et al. 2010; Vijaya et al. 2019). The square "Euclid-
ean Distance" measure was applied to assess the degree of
correlation across the observational water level data (Yidana
et al. 2010; Pathak and Dodamani 2019). The distance
matrix based on the groundwater table is determined first
in a hierarchical cluster analysis, and each well is assigned
to a separate category. The "Ward's linkage mechanism" is
then used to merge each group with the groups nearest to

Aug-10

Jul-13

Dec-13
May-14
Jun-16

Jan-11
Jun-11
Nov-11
Apr-12
Sep-12
Feb-13
Oct-14
Mar-15
Aug-15
Jan-16
Nov-16
Apr-17
Sep-17
Feb-18
Jul-18
Dec-18
May-19
Oct-19
Mar-20

Months

it. Cluster analysis has been conducted using the "hclust"
package in the "RStudio” statistical framework.

Groundwater levels and groundwater drought:
a nonparametric trend test

The "Mann—Kendall (MK)" test is mainly utilized to whether
there is a significant upward or downward trend in a group
of time-series data. (Ribeiro et al. 2015; Kumar et al. 2018;
Venegas-Quifiones et al. 2019). Mann first suggested the
MK test as a nonparametric trend detection test, which Ken-
dall later adopted as a test statistic (Pathak and Dodamani
2019). Statistically, the null hypothesis (Ho) suggests that
the variable has no trends, while the alternative hypothesis
(H,) indicates trends. The value of Z indicates the state of
the statistic test in the MK test. Positive trends are shown by
Z>0, negative trends are demonstrated by Z<0, and Z=0
signals no trend. The lag 1 autocorrelation of data at 95%
level of confidence interval should be checked before utiliz-
ing the MK test. The annual and seasonal groundwater levels
in Kabul city have been studied in this analysis utilizing the
nonparametric MK statistical test. All observational wells
were subjected to a trend test with a 95% confidence interval,
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and Sen's slope (Sen 1968) approach had been utilized to
evaluate the amplitude of trend.

In this study, the SGI was used to quantify the degree and
significance of groundwater drought that was indicated by
water level data. The SGI was suggested by Bloomfield and
Marchant (2013) to evaluate groundwater droughts utilizing
groundwater depths. The SGI is a nonparametric approach in
which typical monthly groundwater information values are
converted with a reciprocal ordinary cumulative distribu-
tion function, and scores are organized simultaneously, as
per months to provide an SGI time series. The identifica-
tion through SGI was performed similarly to the "Standard-
ized Precipitation Index" as given by Rahman et al. (2017).
This was done taking into account a given threshold (- 1
throughout this research) for SGI to describe groundwater
drought features, including frequency, period, and strength.
When the SGI value is less than zero, it indicates ground-
water drought, but a value lower than the threshold indicates
a moderate drought. The methodological flowchart of the
present study is illustrated in Fig. 3.

Results and discussion

Cluster analyzing of the wells

The observational wells were characterized using cluster
analysis based on the similarity of their water level meas-

urements. The dendrogram that resulted from hierarchical
clustering with Ward's linkage approach is shown in Fig. 4.
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The dendrogram must be split at a certain amount of linkage
gap called threshold to achieve various clusters. Threshold
selection is a personal decision that differs from one person
to the next. For example, a threshold of 40 results in 3 clus-
ters, while a threshold of 20 results in 4 clusters.

A specific approach is required to prevent confusion when
selecting a threshold. The optimal clustering algorithm
became determined using the "Elbow method" (Kodinariya
and Makwana 2013; Yuan and Yang 2019). The aim of clus-
ter grouping techniques, also known as "total within-clus-
ter sum of square (WSS)," is to find clusters with the least
amount of intra-cluster variation. The "Elbow method" cal-
culates the cumulative WSS as a function of cluster size: The
cluster numbers should be chosen such that adding another
cluster would not increase the total WSS significantly.

A WSS plot is constructed based on the number of clus-
ters "k" (Fig. 5). The position of a bend (knee) in the plot
determines the number of clusters needed. From (Fig. 5),
it is seen that the hook is located at k=3, and it indicates
that the optimal clustering algorithm throughout all wells is
three. Based on the wells' geographical heterogeneity in the
various cluster (Fig. 6), a group of seven wells in the east,
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Fig.5 Elbow method for hierarchical cluster analysis

west, and north parts of the study area shaped cluster 3.
Cluster 2 consists of 22 wells with the same geographic dis-
tribution of east, west, and north. Cluster 1 is made up of
the remaining 37 wells that are scattered across the region.

The average annual static water level in cluster 1 var-
ies from 9 to 28 m below ground level, with a median
of 17 m and a mean of 18 m (Fig. 7). Cluster 2 has a
mean and median yearly averaged static water depth of
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Fig.7 Variability of groundwa-
ter levels in various clusters
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6 m below ground level, with a least of 5 m and utmost
of 9 m. The static water level in cluster 3 is slightly dif-
ferent. It has a minimum (33 m) variation and maximum
(56 m) yearly averaged static water table below ground
level. The mean and median value in clusters 3 is 42 and
39 m, respectively.

Trends of groundwater table on an annual
and seasonal basis

Seasonal; spring (March—May), summer (June—August),
fall (September—November), winter (December—Febru-
ary), and annual trends of groundwater- table for all obser-
vational points in the study area were evaluated using the
nonparametric Mann—Kendall test with a significance level
of 0.05. The seasonal and yearly groundwater level data
were subjected to an autocorrelation test before including
in the Mann—Kendall trend-test. Most of the wells had a
significant lag 1 serial correlation with both seasonal and
annual groundwater levels. The "Modified Mann—Kendall
(MMK)" test was utilized to integrate serial correlation
effects on trend assessment of groundwater level variabil-
ity. As there is no alter in variance and p value of test
using "mkttest” and "bcpw” test, therefore "mkttest” trend
analysis is run on the initial time series of the groundwater
table for all stations in each cluster.

Table 2 displays the findings of groundwater level trends
and their magnitudes based on Sen's slope procedure. Both
annual and seasonal groundwater level measurements
showed significant trends. According to the trend report, just
6 wells out of 66 observational wells with annual groundwa-
ter levels show increasing trends. In comparison, according
to the trend report, the remaining 60 wells show decreas-
ing trends, often with significant trends (Fig. 8).

A total of 32 observational wells included in cluster 1 had
a significant decrease with an average magnitude of 1.38 m
yearly. Additionally, 2 other clusters (2 and 3) both have 15
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and 8 wells. Cluster 2 has a significant negative trend value
of 0.31 m per year, while cluster 3 has a significant negative
trend value of 2.84 m per year. Conversely, four wells in
the region showed a significant increase in annual ground-
water depth, with an annual average of 0.7 m. The results
of trend assessments indicate that the majority of wells in
both clusters are declining. The wells of clusters 1 and 3
have more significant trends than cluster 2. With an average
decline of 4.26 m per year for all seasons, the well 53rd in
cluster 3 recorded the greatest decrease in groundwater level
among all observation points. Similarly, the highest increas-
ing groundwater level is recorded in the well 42nd of cluster
1 with an average value of 1.68 m per year. The water level
in 89% of cluster 1 wells and 82% of the overall wells in
the research region is significantly decreasing annually and,
in all seasons, based on a trend evaluation of groundwater
depth in different clusters.

In general, the depth of groundwater in more than 90% of
the monitoring wells is decreasing, with an average annual
decline of 1.18 m, which may be attributed to a variety of
factors, including heavy groundwater use, changes in LULC,
low precipitation, and poor water resource management. The
depth of groundwater level in few wells in both clusters of
1 and 2 shown increasing conditions. Wells with positive
groundwater levels are located near riverbeds in the Kabul
area, most likely due to the important role these features play
in providing groundwater recharge.

Extent and severity of groundwater drought
conditions

Groundwater drought index (SGI) values were calculated
for all of the 66 observational points of the research area to
determine the severity and spatial distribution of ground-
water drought conditions in the region. It is complicated
and impossible to illustrate the groundwater drought
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Table 2 Annual and seasonal trend analysis results based on the MK statistics and Sen's slope values

Wells Spring Summer Autumn Winter Yearly
V4 Sen's slope z Sen's slope VA Sen's slope V4 Sen's slope z Sen's slope

1 438 2.48 4.70 1.61 493 1.53 4.49 1.77 4.65 1.79
2 1.64 1.57 1.16 1.23 0.88 0.83 1.42 1.23 1.09 1.00
3 -3.61 -0.25 -3.11 -0.30 -2.52 -0.29 -3.18 -0.31 -4.35 -0.34
4 4.71 2.80 4.70 2.47 4.71 2.34 4.93 2.54 5.05 2.52
5 4.60 2.20 4.70 1.74 4.71 1.60 4.38 1.97 4.45 1.85
6 2.74 1.39 3.48 1.43 2.85 1.23 2.96 1.17 3.27 1.26
7 4.93 1.89 4.70 1.58 4.49 1.62 4.66 1.39 4.75 1.56
8 4.71 1.75 4.70 2.49 4.82 221 4.60 1.96 4.85 2.10
9 427 0.81 445 0.73 4.60 0.67 4.71 0.67 4.75 0.69
10 4.93 0.74 4.52 0.71 4.55 0.68 4.49 0.62 4.95 0.66
11 1.20 0.08 3.49 0.32 3.50 0.20 3.61 0.28 3.46 0.15
12 -1.42 -0.08 421 0.28 3.61 0.21 2.30 0.10 2.67 0.11
13 3.94 0.23 428 0.26 3.56 0.16 3.34 0.10 3.17 0.15
14 -2.74 -0.30 -1.96 -0.37 -2.41 -0.53 -2.63 -0.42 -297 -0.32
15 4.49 0.40 3.32 0.26 4.05 0.35 4.49 0.44 4.45 0.32
16 3.23 0.36 4.58 0.39 4.11 0.39 3.61 0.35 4.06 0.34
17 3.28 0.18 3.72 0.19 3.07 0.13 4.17 0.13 2.87 0.13
18 -1.04 -0.03 2.83 0.08 1.43 0.10 1.09 0.06 0.79 0.03
19 4.16 0.35 421 0.57 3.72 0.50 3.07 0.37 4.16 0.40
20 3.14 0.13 3.79 0.28 3.34 0.16 1.33 0.09 3.27 0.15
21 4.77 0.70 4.33 0.55 3.94 0.76 2.69 0.33 4.16 0.54
22 4.71 1.29 4.33 1.20 3.61 1.03 4.60 1.00 4.65 1.11
23 3.45 0.20 3.11 0.28 4.05 0.33 4.16 0.29 3.56 0.25
24 4.60 3.63 4.70 3.74 4.93 3.41 471 3.40 5.05 3.43
25 4.93 2.05 4.45 2.08 4.82 2.07 4.93 2.28 4.95 2.05
26 4.27 0.72 433 0.55 4.60 0.49 4.49 0.55 4.55 0.56
27 4.88 2.40 4.70 2.39 4.93 1.98 4.82 2.25 4.95 2.18
28 4.28 0.37 4.70 0.52 4.55 0.45 4.49 0.51 4.75 0.42
29 4.49 1.89 4.70 1.57 493 1.28 4.49 1.67 4.85 1.54
30 493 1.98 4.33 1.62 4.93 1.44 493 1.41 5.05 1.62
31 4.71 1.61 3.97 1.29 3.61 1.15 4.60 0.95 4.55 1.19

results for all monitoring wells in this paper so that only
key trends will be outlined here. According to Fig. 8, all
observational wells are divided into four main groups
based on trend similarities, and a representative well
within each category was chosen to reflect the groundwater
drought outcomes. These are: the well identified as ID 1,
which is typical of the group of wells that have significant
decreasing trends; the well identified as ID 60, which also
has a significant decreasing trend; the wells ID 50 and ID
14 that have significant increasing trends. According to
the SGI results, drought in groundwater has developed in
the study area in recent years and is progressively worsen-
ing. Negative SGI values marked in red (Fig. 9) indicate
drought months, while values above zero indicate normal
conditions, as shown in blue.

The drought conditions in well 1 started in 2014 and
continued to 2020. The SGI value increased gradually.
During recent years (2019-2020), this well experienced
extreme drought conditions. As represented in this well,
the drought conditions in most wells started in 2014
and continued to deteriorate until 2020. This well illus-
trates the drought condition in most of the wells of the
study area. Extreme drought conditions in the well were
recorded in 2019 with an SGI value of 2.2. The situation
for well 60, which represents the wells with decreasing
trends, is similar to well 1. The drought conditions in this
well commenced in 2016 and continued to intensify until
2020. During 2019-2020, this well experienced extreme
drought conditions with an SGI value of 2.2. The condition
for well 50 is different. It has undergone several months
of drought conditions during its operation. The drought
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Table 2 (continued)

Wells Spring Summer Autumn Winter Yearly
V4 Sen's slope V4 Sen's slope VA Sen's slope V4 Sen's slope V4 Sen's slope

32 3.61 1.42 3.30 0.98 493 0.69 3.34 1.20 4.26 1.05
33 4.60 2.46 4.70 2.92 4.82 2.65 4.82 2.33 5.05 2.54
34 471 0.78 4.45 0.79 4.38 0.84 4.71 0.84 4.65 0.77
35 4.66 0.58 4.45 0.63 4.49 0.58 471 0.57 4.85 0.60
36 2.08 1.17 2.50 0.89 1.76 0.45 2.08 0.83 1.98 0.79
37 3.83 0.31 3.60 0.41 3.50 0.42 4.38 0.29 4.26 0.35
38 2.19 0.75 2.50 0.96 1.64 0.67 1.86 0.61 1.98 0.68
39 3.07 0.19 2.26 0.41 0.11 0.04 -0.11 -0.01 0.89 0.06
40 438 1.77 4.58 2.02 4.38 1.84 4.05 2.05 4.35 1.86
41 4.05 4.04 4.58 2.85 427 3.48 3.94 3.67 4.16 3.29
42 -3.50 -1.80 -4.21 -1.81 —-4.05 -1.75 -3.94 -1.53 -4.45 -1.68
43 0.66 0.08 0.24 0.02 -1.75 -0.19 -2.30 -0.36 -1.39 -0.15
44 -2.80 -0.33 -2.87 -0.54 -3.61 -0.55 -2.74 -0.42 -2.77 -0.48
45 2.36 0.11 3.55 0.12 1.04 0.05 297 0.06 2.57 0.09
46 4.16 1.73 3.60 1.54 3.39 1.29 3.61 1.48 3.76 1.33
47 4.38 1.51 4.58 2.05 1.97 2.73 1.70 1.31 3.17 1.63
48 3.18 1.11 3.42 0.70 2.63 0.69 4.05 1.13 3.17 0.91
49 1.53 0.17 3.97 0.21 1.87 0.09 2.58 0.17 297 0.15
50 -1.59 -0.11 2.75 0.19 0.00 0.00 2.36 0.06 -0.55 -0.01
51 -1.20 -0.14 -1.47 -0.22 2.08 0.28 -0.60 -0.07 0.20 0.02
52 4.82 3.52 4.45 3.92 4.82 3.32 4.27 2.96 4.85 3.29
53 4.82 3.80 4.58 451 4.93 4.61 4.82 4.28 5.15 4.26
54 4.44 1.00 3.97 2.87 4.38 2.00 4.71 2.30 4.85 2.03
55 4.71 2.49 4.58 2.23 4.93 2.75 4.93 2.43 5.05 2.42
56 3.23 0.76 421 0.50 3.50 0.76 2.19 0.73 4.11 0.62
57 4.82 0.67 4.58 0.52 4.38 0.53 477 0.49 4.55 0.55
58 3.67 1.61 3.97 1.64 3.89 1.62 4.11 1.93 4.55 1.59
59 4.60 2.06 4.58 2.41 4.38 2.38 4.49 2.68 4.65 2.35
60 2.25 1.16 1.77 0.96 1.31 0.87 1.65 1.07 1.68 0.95
61 2.69 1.57 4.58 1.54 3.83 1.51 2.30 1.19 3.56 1.28
62 3.15 0.07 1.65 0.09 3.72 0.15 1.98 0.03 1.93 0.06
63 493 1.15 3.18 1.02 4.16 1.13 4.11 0.98 4.65 0.91
64 -2.85 -0.21 1.83 0.17 4.77 0.45 2.96 0.12 2.38 0.11
65 3.18 2.08 4.70 1.69 4.82 1.87 4.82 1.51 5.15 1.88
66 4.05 2.43 4.45 2.23 4.82 2.34 4.88 2.42 5.05 2.30

Values that are bolded illustrate significant trend at 95% confidence interval

conditions appeared in this well alternatively from 2006
to 2011 and 2014 to 2020. A particularly high SGI value
of 3 occurred in 2008 in this well.

The condition for well 14 is entirely different because
it shows the positive trends in its group of wells. Drought
in this well started in 2006 and ended in 2014. Again, it

@ Springer

appeared in 2018 and continued to 2020 but generally with
much lower SGI values than in the previous group of wells,
although this well experienced extreme drought had an SGI
value of 2 in 2014. There are only a limited number of wells
in the study area that show positive water level trends.
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Fig.8 Annual groundwater level trends

The SGI evaluation revealed that most of the wells in
the city have been experiencing severe and ongoing drought
since 2014. However, from a climate change perspec-
tive, rainfall in one of the meteorological stations shows
a decreasing trend. It cannot be said that the decrease in
groundwater level and drought in groundwater is due only
to the reduction of rainfall. Consequently, analyzes linking
meteorological factors to groundwater drought are needed to
understand the dynamic nature of groundwater drought by
considering LULC changes and groundwater aquifer struc-
tures. This helps reduce the effects of groundwater drought
vulnerability in a given area.

It can be inferred that the wells with IDs of 1 and 60,
which have significant declining water levels, have been
experiencing severe and continuous drought since 2014 and
2016. The groundwater drought is similar to all other wells
of these two groups. The condition in well 50 is different.
This well belongs to a group of wells that showed an increas-
ing water level trend. Therefore, the well 50 experienced
several short periods of drought conditions which can be
very intense. Well 14, which belongs to a group of wells

showing significant increasing water levels, experienced
continuous drought conditions before 2014. Subsequently,
water levels increased in the well up to 2017. The signs of
drought again appeared in 2018 and continued to 2020.

The observation of persistent and frequent drought con-
ditions that have been observed in representative wells in
each group is of concern for the ongoing management of
groundwater resources in Kabul. The calculated SGI values
in well numbers 1 and 60, which represent a large part of
the study wells in the city, are indicative of the extent and
severity of groundwater depletion in the region and indicate
that management measures are urgently needed to address
the situation.

Rainfall conditions and groundwater levels

Groundwater levels in the region are likely to be influ-
enced by variations in the magnitude, duration, and inten-
sity of rainfall events. Daily precipitation data from 2009
to 2019 have been collected from NWARA. Among six
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Fig. 9 SGI time series for representative wells

meteorological stations in the Kabul province, two stations
(Payin-i-Qargha & Tangi-i-Sayedan) are located within the
study area. The annual total precipitation and annual mean
groundwater levels of all the wells have been plotted to vis-
ualize their relationships. As illustrated in (Fig. 10), total
yearly rainfall has been plotted with annual mean ground-
water level separately for both meteorological stations where
the continuous lines present the groundwater depth; bar
charts indicate precipitation, and dotted lines show linear
trends.

Precipitation and groundwater depth have been graphi-
cally illustrated from 2009 to 2019. The chart displays the
spatiotemporal distribution of two variables. From the chart,
it can be seen that there is a correlation between precipitation
and groundwater depth. The Payin-i-Qargha meteorological
station shows a slightly increasing trend in precipitation, but
the station in Tang-i-Sayedan indicates a decreasing trend in
rainfall. The mean depth of groundwater, from the other side,
is going deeper and shows a gradual trend. As seen from the
graph, the annual rise in rainfall does not positively impact
groundwater levels. For instance, the total precipitation in
2012 and 2014 has risen, but the average depth to groundwater
still shows the same linear trend. Even the slightly increasing
trend that appeared in the western part of the city (Payin-i-
Qargha station) does not positively affect groundwater depth.
As already illustrated in the trend evaluation of groundwater,
some wells in the study area show positive trends. Such tem-
poral variance can include a rough estimate of groundwater
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recharge, although it will also be influenced by the LULC
features, which can be measured concurrently.

Influence of land use/land cover on groundwater
recharge

The extent to which groundwater recharge can take place in
a rainfall event may also be influenced by land use and land
cover (LULC). Human interactions such as the construction
of roads and residential areas can increase the area of imper-
meable surfaces that may reduce groundwater recharge.
Consequently, the process of urbanizing of agricultural land
may reduce groundwater recharge.

Due to these factors, LULC patterns in the Kabul area
were examined for 2005, 2010, 2015, and 2020 (Fig. 11).
Six separate classes of LULC have been developed, and
their accuracy has been measured using overall accuracy
assessment and the Kappa index. The overall accuracy index
for LULC classification in the study area for the years of
2005, 2010, 2015, and 2020 was determined to be 94%,
90%,90%, and 90%, while the Kappa accuracy index was
91%, 86%,86%, and 86%, respectively. The summary of
LULC analysis of the study area is illustrated in (Table 3).

The urbanized area is a critical component of LULC, as
it has a significant negative effect on groundwater recharge.
The proportion of the study area that was covered by urban
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development was determined to be about 15% in 2005, 20%
in 2010, 27% in 2015, and about 32% in 2020.

The agricultural area is an important LULC component
that can have a key role in groundwater recharge. A decrease
in agricultural areas can be due to increased urbanization
or decreased rainfall and desertification of agricultural land
(conversion of agricultural areas to bare land). However,
from 2005 to 2020, the area of agricultural land in Kabul
decreased by only about 2%. On the other hand, the bare
land is more permeable than built-up areas. Water melted
by snow can cause the gradual feeding of groundwater in
the bare land area. The area covered by bare land in the
study area has decreased from about 67% in 2005 to 52% in
2020. The percentage of water bodies (Qargha Lake) has not
changed over time. The marshland area also has decreased.
The LULC analysis indicated that the number of trees in the
study area has increased.

To sum up, the development of the city and built-up area
will cause the reduction of agricultural and bare land area.
City development would result in increased region cover-
age by impermeable surfaces and a decrease in groundwater
recharge. Most monitoring wells are located in urban areas
where artificial groundwater recharge measures would be
required to increase groundwater availability.

Summary and conclusions

An extended period of seasonal and annual groundwater
level trends has been assessed at 66 observational wells in
Kabul city. Groundwater drought index (SGI) values were
also calculated to measure the severity of drought in ground-
water. After data imputation processing was performed, the
trends were undertaken to fill the measurement gaps in water
level records. Cluster classification was used to label the
wells based on correlations with groundwater table varia-
tions. Evidence from the elbow approach indicated that three
clusters are necessary to classify the water level variability
into distinct groups. Cluster 1 consists of 32 wells with an
average annual rate of groundwater decline of 1.38 m. Clus-
ters 2 and 3 contain 15 and 8 monitoring wells, respectively,
with significant negative average groundwater level trends
of 0.31 m and 2.84 m per annum. A substantial increase in
annual groundwater level was found in four observational
wells, with an overall gain of 0.7 m/year.

According to the results of annual and seasonal trend
assessments, most of the groundwater levels in wells in the
area are declining. Based on the trend analysis of wells in
the various clusters, the water levels in 89% of cluster 1
wells and 82% of all study area wells consistently declined.
The calculation of SGI values has indicated that most wells
in the research region have been experiencing severe and
ongoing drought since 2014. The drought conditions in most
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Fig. 10 Rainfall and groundwater level time series

wells started in 2014 and have generally intensified to 2020.
Most of the wells experienced extreme drought conditions
during 2019-2020. Additionally, some wells in different
clusters have shown the effects of groundwater drought. For
instance, well 50 has experienced several months of drought
conditions during its operation. The SGI values for this well
indicated that drought conditions appeared in this well alter-
natively from 2006 to 2011 and 2014 to 2020. The extreme
drought in this well was recorded in 2008 with a magnitude
of greater than 3 SGIL.

Wells with positive water level trends show different
behavior. For instance, in well 14, drought conditions started
in 2006 and ended in 2014. They reappeared in 2018 and
continued to 2020, but the SGI values were generally low
compared to many other wells. However, this well-experi-
enced extreme drought conditions in 2014 when the SGI
value was greater than 2. Only a few wells in the study area
exhibited this type of water level behavior.

Land use and land cover (LULC) patterns for the Kabul
area were investigated for 2005, 2010, 2015, and 2020. The
built-up area, which has a significant negative impact on
groundwater recharge, increased from about 15% in 2005
to 32% in 2020 in the study area. From 2005 to 2020, the
area of agricultural land use decreased from about 17% to
15%. The area covered by bare land in the study area has
decreased from 67% in 2005 to 52% in 2020. Precipitation
records, especially in the southern region of the study area,
show a decline in the annual rainfall amount. Changes in
LULC and decrease in precipitation are the two influential
factors in reducing groundwater levels.

Overexploitation of groundwater due to population
increase, the dryness of the riverbeds, the extent of urban
development, the reduction of rainfall, and the mismanage-
ment of groundwater resources are likely to be the leading
causes of groundwater level declines in the area. To avoid
further deterioration of valuable groundwater resources, this
report suggests artificial groundwater recharge and advanced
groundwater resource management, as well as the parallel
utilization of surface and groundwater. This study would
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Fig. 11 LULC maps of the study area
Table 3 Areal specification of LULC class
Classes 2005 2010 2015 2020
Area (km?) Area (%) Area (km?) Area (%) Area (km?) Area (%) Area (km?) Area (%)
Water body 0.76 0.07 0.70 0.07 0.9621 0.09 0.70 0.07
Marshland 1.09 0.11 1.02 0.10 1.3833 0.13 0.79 0.08
Built up 157.90 15.33 209.79 20.36 275.0058 26.70 328.45 31.88
Bare land 687.52 66.73 691.66 67.14 589.8357 57.26 538.17 52.24
Agricultural area 175.73 17.06 117.09 11.37 160.4259 15.57 151.50 14.71
Trees 7.32 0.71 9.98 0.97 2.5479 0.25 10.51 1.02
Total 1030.32 100.00 1030.22 100.00 1030.16 100.00 1030.13 100.00

help implement regional groundwater policies for long-term  Funding No funding was received for conducting this study.

water supply development in the Kabul Basin.

Declarations
Acknowledgements The authors would like to appreciate from General
Directorate of Water Resources of the National Water Affairs Regula-
tion Authority of Afghanistan for providing monthly groundwater-level
records and daily precipitation data for the study.

Conflict of interest Authors do not have any conflict of interest.

@ Springer



Environmental Earth Sciences (2021) 80:698

Page 150f 16 698

Availability of data and material The data that support the findings of
this study are available from the corresponding author upon reason-
able request.

Code availability Not applicable.

References

Ahmadzai H, Omuto C (2019) Afghanistan soil catalogue. FAO, Kabul

Anand B, Karunanidhi D, Subramani T et al (2020) Long-term trend
detection and spatiotemporal analysis of groundwater levels using
GIS techniques in Lower Bhavani River basin, Tamil Nadu, India.
Environ Dev Sustain 22:2779-2800. https://doi.org/10.1007/
$10668-019-00318-3

Bloomfield JP, Marchant BP (2013) Analysis of groundwater drought
building on the standardised precipitation index approach.
Hydrol Earth Syst Sci 17:4769-4787. https://doi.org/10.5194/
hess-17-4769-2013

Brati MQ, Ishihara M1, Higashi O (2019) Groundwater level reduc-
tion and pollution in relation to household water management in
Kabul, Afghanistan. Sustain Water Resour Manag 5:1315-1325.
https://doi.org/10.1007/s40899-019-00312-7

Broshears RE, Akbari MA, Chornack MP, et al (2005) Inventory of
groundwater resources in the Kabul Basin, Afghanistan. USGS

CIA (2020) The World Fact Book. https://www.cia.gov/library/
publications/the-world-factbook/geos/af.html. Accessed 30
May 2020

City Mayors (2020) Largest cities in the world and their mayors — 1
to 150. http://www.citymayors.com/statistics/largest-cities-may-
ors-1.html. Accessed 1 Sep 2020

DACAAR (2011) National Groundwater Monitoring Wells Network
in Afghanistan. DACAAR, Kabul, Afghanistan

DACAAR (2019) Hydro-geological Booklet Kabul Province.
DACAAR, Kabul, Afghanistan

Daneshvar Vousoughi F, Dinpashoh Y, Aalami MT, Jhajharia D
(2013) Trend analysis of groundwater using nonparametric
methods (case study: Ardabil plain). Stoch Environ Res Risk
Assess 27:547-559. https://doi.org/10.1007/s00477-012-0599-4

Efron B (1994) Missing data, imputation, and the bootstrap. ] Am
Stat Assoc 89:463-475. https://doi.org/10.1080/01621459.1994.
10476768

El-Hames AS, Hannachi A, Al-Ahmadi M, Al-Amri N (2013)
Groundwater quality zonation assessment using GIS, EOFs and
hierarchical clustering. Water Resour Manag 27:2465-248]1.
https://doi.org/10.1007/s11269-013-0297-0

Evans SW, Jones NL, Williams GP et al (2020) Groundwater level
mapping tool: an open source web application for assessing
groundwater sustainability. Environ Model Softw 131:104782.
https://doi.org/10.1016/j.envsoft.2020.104782

Goodarzi M, Abedi-Koupai J, Heidarpour M, Safavi HR (2016)
Development of a new drought index for groundwater and its
application in sustainable groundwater extraction. J Water
Resour Plan Manag 142:04016032. https://doi.org/10.1061/
(asce)wr.1943-5452.0000673

Halder S, Roy MB, Roy PK (2020) Analysis of groundwater level
trend and groundwater drought using Standard Groundwater
Level Index: a case study of an eastern river basin of West
Bengal, India. SN Appl Sci 2:1-24. https://doi.org/10.1007/
$42452-020-2302-6

Houben G, Niard N, Tiinnermeier T, Himmelsbach T (2009) Hydro-
geology of the Kabul Basin (Afghanistan), part I: aquifers and

hydrology. Hydrogeol J 17:665-677. https://doi.org/10.1007/
$10040-008-0377-z

Jain A, Singh SK (2014) Prevalence of fluoride in ground water in
Rajasthan State: extent, contamination levels and mitigation. Open
J Water Pollut Treat 2014:50-57. https://doi.org/10.15764/wpt.
2014.02006

Jawadi HA, Sagin J, Snow DD (2020) A Detailed assessment of
groundwater quality in future development. Water 1-19

JICA (2011) The study on groundwater resources potential in Kabul
basin in the Islamic republic of Afghanistan final report. JICA

Kanakiya RS, Singh SK, Shah U (2015) GIS Application for Spatial
and Temporal Analysis of the Air Pollutants in Urban Area. Int
J Adv Remote Sens GIS 4:1120-1129. https://doi.org/10.23953/
cloud.ijarsg.102

Kodinariya TM, Makwana PR (2013) Review on determining num-
ber of Cluster in K-Means Clustering. Int J] Adv Res Comput Sci
Manag Stud 1:2321-7782

Kumar P, Chandniha SK, Lohani AK, et al (2018) Trend Analysis of
Groundwater Level Using Nonparametric Tests in Alluvial Aqui-
fers of Uttar Pradesh, India. Curr World Environ 13:44-54. https://
doi.org/10.12944/cwe.13.1.05

Kumar L, Singh SK (2015) Removal of chloride from ground water by
bio adsorption. Int J Adv Res 3:140-154

Lashkaripour GR, Hussaini SA (2008) Water resource management in
Kabul river basin, eastern Afghanistan. Environmentalist 28:253—
260. https://doi.org/10.1007/s10669-007-9136-2

Li B, Rodell M (2015) Evaluation of a model-based groundwater
drought indicator in the conterminous US. J Hydrol 526:78-88.
https://doi.org/10.1016/j.jhydrol.2014.09.027

Mack TJ, Chornack MP, Taher MR (2013) Groundwater-level trends
and implications for sustainable water use in the Kabul Basin,
Afghanistan. Environ Syst Decis 33:457-467. https://doi.org/10.
1007/s10669-013-9455-4

Mack TJ, Akbari MA, Ashoor MH, et al (2009) Conceptual Model of
Water Resources in the Kabul Basin, Afghanistan. USGS

Mack TJ, Chornack MP, Coplen TB, et al (2010) Availability of Water
in the Kabul Basin, Afghanistan. USGS

Mack TJ, Chornack MP, Verstraeten IM (2014) Chapter 11 Sustain-
ability of Water Supply at Military Installations, Kabul Basin,
Afghanistan. pp 199-226

Mack TJ (2018) chapter 2 Groundwater Availability in the Kabul Basin,
Afghanistan. In Mukherjee A. (eds) Groundwater of South Asia.
Singapore: Springer, Singapore. Springer Nature Singapore Pte
Ltd., pp 247-255

Malik VK, Singh RK, Singh SK (2010) Impact of Urbanization on
Groundwater of Gurgaon District, Haryana, India. Int J Rural Dev
Manag Stud 5:45-57

Manago KF, Hogue TS, Porter A, Hering AS (2019) A Bayesian hier-
archical model for multiple imputation of urban spatio-temporal
groundwater levels. Stat Probab Lett 144:44-51. https://doi.org/
10.1016/j.spl.2018.07.023

Moritz S, Bartz-Beielstein T (2017) imputeTS: time series missing
value imputation in R. R J 9:207-218. https://doi.org/10.32614/
1j-2017-009

Moritz S, Sarda A, Bartz-Beielstein T et al (2015) Comparison of dif-
ferent methods for univariate time series imputation in R. Col
Univ Appl Sci

Mustafa SMT, Abdollahi K, Verbeiren B, Huysmans M (2017) Iden-
tification des facteurs influencant la sécheresse et le rabattement
des eaux souterraines au nord-ouest du Bangladesh. Hydrogeol J
25:1357-1375. https://doi.org/10.1007/s10040-017-1547-7

Noori KMA, Nasimi MN (2019) Kabul City groundwater and need for
artificial recharge. Proc 4th Int Conf Civil, Struct Transp Eng 1-7.
https://doi.org/10.11159/iccste19.215

@ Springer


https://doi.org/10.1007/s10668-019-00318-3
https://doi.org/10.1007/s10668-019-00318-3
https://doi.org/10.5194/hess-17-4769-2013
https://doi.org/10.5194/hess-17-4769-2013
https://doi.org/10.1007/s40899-019-00312-7
https://www.cia.gov/library/publications/the-world-factbook/geos/af.html
https://www.cia.gov/library/publications/the-world-factbook/geos/af.html
http://www.citymayors.com/statistics/largest-cities-mayors-1.html
http://www.citymayors.com/statistics/largest-cities-mayors-1.html
https://doi.org/10.1007/s00477-012-0599-4
https://doi.org/10.1080/01621459.1994.10476768
https://doi.org/10.1080/01621459.1994.10476768
https://doi.org/10.1007/s11269-013-0297-0
https://doi.org/10.1016/j.envsoft.2020.104782
https://doi.org/10.1061/(asce)wr.1943-5452.0000673
https://doi.org/10.1061/(asce)wr.1943-5452.0000673
https://doi.org/10.1007/s42452-020-2302-6
https://doi.org/10.1007/s42452-020-2302-6
https://doi.org/10.1007/s10040-008-0377-z
https://doi.org/10.1007/s10040-008-0377-z
https://doi.org/10.15764/wpt.2014.02006
https://doi.org/10.15764/wpt.2014.02006
https://doi.org/10.23953/cloud.ijarsg.102
https://doi.org/10.23953/cloud.ijarsg.102
https://doi.org/10.12944/cwe.13.1.05
https://doi.org/10.12944/cwe.13.1.05
https://doi.org/10.1007/s10669-007-9136-2
https://doi.org/10.1016/j.jhydrol.2014.09.027
https://doi.org/10.1007/s10669-013-9455-4
https://doi.org/10.1007/s10669-013-9455-4
https://doi.org/10.1016/j.spl.2018.07.023
https://doi.org/10.1016/j.spl.2018.07.023
https://doi.org/10.32614/rj-2017-009
https://doi.org/10.32614/rj-2017-009
https://doi.org/10.1007/s10040-017-1547-7
https://doi.org/10.11159/iccste19.215

698 Page 16 0f 16

Environmental Earth Sciences (2021) 80:698

Noori AR, Singh SK (2021) Status of groundwater resource potential
and its quality at Kabul, Afghanistan : a review. Environ Earth Sci
80:1-13. https://doi.org/10.1007/s12665-021-09954-3

NSIA (2020) Estimation-Population-Final-Year 2020

Pathak AA, Dodamani BM (2019) Trend analysis of groundwater levels
and assessment of regional groundwater drought: Ghataprabha
River Basin, India. Nat Resour Res 28:631-643. https://doi.org/
10.1007/s11053-018-9417-0

Patle GT, Singh DK, Sarangi A et al (2015) Time series analysis of
groundwater levels and projection of future trend. J Geol Soc India
85:232-242. https://doi.org/10.1007/s12594-015-0209-4

Pell Frischmann (2012) Afghanistan Resource Corridor Development:
Water Strategy Final Kabul River Basin Report Version 4.0

Peters E, Van Lanen HAJ, Torfs PJJF, Bier G (2005) Drought in
groundwater - drought distribution and performance indicators. J
Hydrol 306:302-317. https://doi.org/10.1016/j.jhydrol.2004.09.
014

Raghav A, Singh SK (2021) Drinking water quality evaluation for
groundwater of Delhi, India using GIS techniques. Eco Envinron
Cons 27

Rahbar A, Vadiati M, Talkhabi M et al (2020) A hydrogeochemical
analysis of groundwater using hierarchical clustering analysis
and fuzzy C-mean clustering methods in Arak plain. Iran Environ
Earth Sci 79:1-17. https://doi.org/10.1007/s12665-020-09064-6

Rahman ATMS, Jahan CS, Mazumder QH et al (2017) Drought analy-
sis and its implication in sustainable water resource management
in Barind area, Bangladesh. J Geol Soc India 89:47-56. https://
doi.org/10.1007/s12594-017-0557-3

Ribeiro L, Kretschmer N, Nascimento J et al (2015) Utilisation du test
de Mann-Kendall a I’évaluation des tendances piézométriques
des aquiferes alluviaux du bassin de I’Elqui, Chili. Hydrol Sci
J60:1840-1852. https://doi.org/10.1080/02626667.2014.945936

Saffi MH (2007) Ground water resources at risk in Afghanistan.
DACAAR

Sen PK (1968) Estimates of the Regression Coefficient Based on Kend-
all’s Tau. J Am Stat Assoc 63:1379-1389. https://doi.org/10.1080/
01621459.1968.10480934

Shah D, Mishra V (2020) Integrated Drought Index (IDI) for drought
monitoring and assessment in India. Water Resour Res. https://
doi.org/10.1029/2019WR026284

Shan V, Singh SK, Haritash AK (2020) Water Crisis in the Asian coun-
tries: status and future trends. In: Resilience, response, and risk in
water systems. Springer

Sharma JN, Kanakiya RS, Singh SK (2015) Limnological study of
water quality parameters of Dal Lake, India. Int J Innov Res Sci
Eng Technol 4:380-386. https://doi.org/10.15680/IJIRSET.2015.
0402078

Singh A, Sharma CS, Jeyaseelan AT, Chowdary VM (2015) Spatio—
temporal analysis of groundwater resources in Jalandhar district
of Punjab state, India. Sustain Water Resour Manag 1:293-304.
https://doi.org/10.1007/s40899-015-0022-7

@ Springer

Sinharay S (2010) An overview of statistics in education. In: Interna-
tional Encyclopedia of Education. pp 1-11

Taher MR, Chornack MP, Mack TJ (2013) Groundwater levels in the
Kabul Basin, Afghanistan,2004-2013. USGS

Thomas BF, Famiglietti JS, Landerer FW et al (2017) GRACE ground-
water drought index: evaluation of California central valley
groundwater drought. Remote Sens Environ 198:384-392. https://
doi.org/10.1016/j.rse.2017.06.026

Tiinnermeier T, Houben DG (2005) Hydrogeology of the Kabul Basin
Part I : Geology , aquifer characteristics , climate and hydrogra-
phy. BGR

Uhl WYV, Tahiri MQ (2003) An overview of groundwater resources and
challenges. Uhl Uhl, Baron, Rana Associates, Inc., Washington
Crossing, PA, USA, Vincent W

Venegas-Quifiones HL, Thomasson M, Garcia-Chevesich PA (2019)
Trend analysis of precipitation, groundwater level and flow rate
data by using Mann-Kendall and Sen’s slope estimator statistical
tests in the Petorca Communer. Am J Environ Sci 15:180-187.
https://doi.org/10.3844/ajessp.2019.180.187

Vijaya V, Sharma S, Batra N (2019) Comparative study of single link-
age, complete linkage, and ward method of agglomerative cluster-
ing. Proc Int Conf Mach Learn Big Data Cloud Parallel Comput
Trends Prespect Prospect Com 2019:568-573. https://doi.org/10.
1109/COMITCon.2019.8862232

Wikipedia contributors (2020) Kabul. In: Wikipedia, Free Encycl.
https://en.wikipedia.org/w/index.php?title=Kabul&oldid=97603
9159. Accessed 31 Aug 2020

YiJLM, Ahn JLK (2006) Parametric and non-parametric trend analysis
of groundwater data obtained from national groundwater monitor-
ing stations. $t = K| of & & & ¥ 2 & §| K| 11:56-67

Yidana SM, Banoeng-Yakubo B, Akabzaa TM (2010) Analysis of
groundwater quality using multivariate and spatial analyses in
the Keta basin, Ghana. J African Earth Sci 58:220-234. https://
doi.org/10.1016/j.jafrearsci.2010.03.003

Yuan C, Yang H (2019) Research on K-value selection method of
K-means clustering algorithm. Multidiscip Sci J 2:226-235.
https://doi.org/10.3390/j2020016

Zaryab A, Noori AR, Wegerich K, Klgve B (2017) Assessment of
water quality and quantity trends in Kabul aquifers with an outline
for future drinking water supplies. Cent Asian J] Water Res 3:3-11

Zhang Z, Yang X, Li H et al (2017) Application of a novel hybrid
method for spatiotemporal data imputation: a case study of the
Mingin County groundwater level. J Hydrol 553:384-397. https://
doi.org/10.1016/j.jhydrol.2017.07.053

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


https://doi.org/10.1007/s12665-021-09954-3
https://doi.org/10.1007/s11053-018-9417-0
https://doi.org/10.1007/s11053-018-9417-0
https://doi.org/10.1007/s12594-015-0209-4
https://doi.org/10.1016/j.jhydrol.2004.09.014
https://doi.org/10.1016/j.jhydrol.2004.09.014
https://doi.org/10.1007/s12665-020-09064-6
https://doi.org/10.1007/s12594-017-0557-3
https://doi.org/10.1007/s12594-017-0557-3
https://doi.org/10.1080/02626667.2014.945936
https://doi.org/10.1080/01621459.1968.10480934
https://doi.org/10.1080/01621459.1968.10480934
https://doi.org/10.1029/2019WR026284
https://doi.org/10.1029/2019WR026284
https://doi.org/10.15680/IJIRSET.2015.0402078
https://doi.org/10.15680/IJIRSET.2015.0402078
https://doi.org/10.1007/s40899-015-0022-7
https://doi.org/10.1016/j.rse.2017.06.026
https://doi.org/10.1016/j.rse.2017.06.026
https://doi.org/10.3844/ajessp.2019.180.187
https://doi.org/10.1109/COMITCon.2019.8862232
https://doi.org/10.1109/COMITCon.2019.8862232
https://en.wikipedia.org/w/index.php?title=Kabul&oldid=976039159
https://en.wikipedia.org/w/index.php?title=Kabul&oldid=976039159
https://doi.org/10.1016/j.jafrearsci.2010.03.003
https://doi.org/10.1016/j.jafrearsci.2010.03.003
https://doi.org/10.3390/j2020016
https://doi.org/10.1016/j.jhydrol.2017.07.053
https://doi.org/10.1016/j.jhydrol.2017.07.053

	Spatial and temporal trend analysis of groundwater levels and regional groundwater drought assessment of Kabul, Afghanistan
	Abstract
	Introduction
	Methodology
	Physical characteristics of the study area
	Data collection
	Data imputation
	Hierarchical cluster analysis
	Groundwater levels and groundwater drought: a nonparametric trend test

	Results and discussion
	Cluster analyzing of the wells
	Trends of groundwater table on an annual and seasonal basis

	Extent and severity of groundwater drought conditions
	Rainfall conditions and groundwater levels
	Influence of land useland cover on groundwater recharge

	Summary and conclusions
	Acknowledgements 
	References




