
Citation: Sidiqi, M.;

Kasiviswanathan, K.S.; Scheytt, T.;

Devaraj, S. Assessment of

Meteorological Drought under the

Climate Change in the Kabul River

Basin, Afghanistan. Atmosphere 2023,

14, 570. https://doi.org/10.3390/

atmos14030570

Academic Editors: Hao Guo,

Guoxiong Zheng, Liangliang Jiang

and Ognjen Bonacci

Received: 8 February 2023

Revised: 11 March 2023

Accepted: 13 March 2023

Published: 16 March 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

atmosphere

Article

Assessment of Meteorological Drought under the Climate
Change in the Kabul River Basin, Afghanistan
Massouda Sidiqi 1, Kasiapillai S. Kasiviswanathan 1,*, Traugott Scheytt 2 and Suresh Devaraj 1

1 Department of Water Resources Development and Management, Indian Institute of Technology Roorkee,
Roorkee 247667, India

2 Chair of Hydrogeology and Hydrochemistry, Institute of Geology, TU Bergakademie Freiberg,
09599 Freiberg, Germany

* Correspondence: k.kasiviswanathan@wr.iitr.ac.in

Abstract: Kabul River Basin is one of the most significant river basins in Afghanistan from a socio-
economic perspective. Since the country is located in an arid climate zone with drastically varying
climatic behavior, an effective assessment of meteorological drought is very essential to managing
the limited availability of water resources. For this endeavor, the outputs of three general circulation
models under two representative concentration pathways (RCP 4.5 and RCP 8.5) were used against
the baseline period of 1961–1980. Different bias correction methods were applied, and the results
show that the delta change method, quantile mapping method, and empirical quantile mapping all
performed better for the precipitation, maximum temperature, and minimum temperature datasets,
respectively. The ERA5-Land datasets and WorldClim Version 2 are used to validate the bias-corrected
precipitation and temperature datasets, respectively, to determine their dependability, and the results
were found to be promising. Standardized Precipitation Index (SPI), Reconnaissance Drought Index
(RDI), Deciles Index (DI), and New Drought Index (NDI) were used to assess the drought condition
in the past and forecast for the future periods of the 2020s, 2050s, and 2080s. The spatial distribution
of assessed drought indices was mapped using the inverse distance weighting (IDW) method. Our
results revealed that moderate to extreme droughts are consistent across the entire basin. This
might be because the projected annual precipitation in the river basin shows a decline of 53–65%
up to the end of this century (2100), and the average annual temperature is projected to increase by
1.8 ◦C, 3.5 ◦C, and 4.8 ◦C, respectively, for the three future periods of the 2020s, 2050s, and 2080s.
Furthermore, the results show that the drought estimated by SPI and RDI for future climate scenarios
is almost the same, whereas NDI estimates frequent drought events after the 2050s. However, for
moderate drought, RDI, which includes the effects of evapotranspiration, was found to be far greater
than SPI under both scenarios, and NDI considering temperature and precipitation also estimates a
larger number of drought years, strengthening the possibility of its occurrence in the basin. A regional
comparison of drought also indicates a decrease in precipitation in future periods, predominantly in
high altitudes.

Keywords: bias correction; climate change; drought indices; Kabul River Basin

1. Introduction

Drought is a poorly understood and most complex natural hazard, especially in the
Central and South regions of Asia [1]. The effects of drought can be further aggravated
by a changing climate, leading to devastating adverse effects on the economic, social,
cultural, and ecological sectors [1,2]. According to the American Meteorological Association
(1997), drought is classified into four types: meteorological, hydrological, agricultural, and
socioeconomic [3]. The first three categories examine the methods of measuring and
evaluating the period of dehydration as a physical phenomenon, whereas the fourth
one examines the period of water scarcity from the perspective of water supply and
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demand. It is highly evident and commonly agreed that climate change plays a vital
role in causing drought due to the rising and declining of temperature and precipitation,
respectively. Therefore, climate change and the resulting droughts are the biggest challenges
in the present and future around the world. Incidents of this natural phenomenon all
over the world have intensified the impacts since 1970. It was further reported that the
drought in arid areas around the world has increased 1.5 times, and over 11 million
people have lost their lives [4]. Drought further causes significant damage to all sectors;
however, it is difficult to define, determine, and monitor without relating to meteorological
phenomena [5]. Therefore, a comprehensive evaluation of drought, including the climate
change impacts on the assessment of water resources available for long-term sustainability,
is indispensable for the regions located in arid and semi-arid regions.

This study mainly focused on analyzing the meteorological drought in the Kabul River
basin of Afghanistan. Since Afghanistan is in the central part of Asia and is primarily located
in an arid region, droughts have threatened the country relentlessly throughout history.
Overall, the country faces a negative impact on social, ecological, and socioeconomic
developments [1]. Although it is one of the middle countries in greenhouse gas emissions,
it is the most vulnerable country to climate change. It is particularly exposed largely
to drought, floods, and landslides, and among them, the impact of drought is a serious
concern. It has been warming by 0.6 ◦C since 1960 at an average rate of 0.13 ◦C per
decade and is expected to rise from 1.4 to 4 ◦C by the 2060s. It is also estimated that a
temperature rise will be about 2 to 6.2 ◦C by 2090 [6]. Moreover, Afghanistan’s average
precipitation has decreased slightly since 1960 (by as much as 2% per decade). Recent
findings show that a slight decrease in precipitation has been observed, especially in the
spring [6]. Afghanistan is affected by monsoon droughts every year, and thus the effects
of droughts are significant to human societies. The effects are continuing, and significant
time is needed for the country’s water reserves to return to normal. In Afghanistan, where
more than 80% of the population relies on agriculture and livestock, drought threatens
livelihoods, lowers incomes, and challenges poverty alleviation. Drought in Afghanistan
has had return periods of 10 to 15 years, with the 2018 drought being the most severe
one. In the last few years, drought has affected more than two-thirds of the country’s total
population in 34 provinces, of which 10.5 million were severely affected. In December
2018, among the total affected, 13.5 million people were in the most severe stage of food
insecurity, and 300,000 people had been displaced to other locations. These droughts are
marked as one of the most severe in recent decades in the country [7,8].

Several drought indices have been developed to assess different kinds of drought
both spatially and temporally. The most commonly used indices are the Standardized
Precipitation Index (SPI), Deciles Index (DI), Palmer Drought Severity Index (PDSI), Recon-
naissance Drought Index (RDI), and Percent of Normal Precipitation Index (PNPI). Since
each of the above indices has its strengths and weaknesses, the choice of the appropriate
index is based on the data availability, purpose, and region of interest. However, among
the several indices, SPI is the most frequently used index for assessing meteorological
drought [1]. SPI was developed to quantify dryness and wetness and is currently being
used for drought preparedness in more than 40 countries [9]. According to the monthly
periods (3, 6, 9, and 12), SPI calculates the shortage of precipitation and, based on its
values, defines the drought intensity. As SPI is calculated based on different durations, it
can be used for different applications. For instance, the long-term accumulation periods
of SPI are used for water supply and management, while the short-duration SPI is used
for agricultural purposes. Calculated SPI values allow for determining the probability of
precipitation, which is important to characterize the existing drought [10]. DI evaluates the
long-term monthly precipitation from the highest to the lowest values and then determines
the drought classes. The IPCC report indicated that the Earth’s surface temperature had
been raised by 0.74 ◦C worldwide in the twentieth century, and global surface temperature
is predicted to rise by 1.8 ◦C under RCP 4.5 by the end of this century. Therefore, it is very
valuable and important to use drought indices, including temperature, to assess drought



Atmosphere 2023, 14, 570 3 of 33

conditions under climate change scenarios [4]. It was also reported that the drought index
must contain temperature data for analyzing different climate scenarios [11]. Jang, D. [12]
assessed the meteorological drought in the future (2011–2100) using drought indices (SPI
and RDI) under RCP 8.5 in Korea and found that the SPI estimated values show a humid
climate in the future, while the RDI values show a dry climate as it takes the temperature
into account. The results of the projection of drought under climate change scenarios in
the south-west region of Pakistan [13], Nigeria [14], and Asian dryland [15], indicated that
the temperature and evapotranspiration would increase, and a larger percentage of the
region (Asian dryland) would experience significant drought. Assessment and projection
of drought in the Jisha River Basin under climate change scenarios and drought indices by
Yuan et al. [4] mentioned that the total drought area is projected to increase by 43.2% in the
future period of 2021–2050. Moreover, the NDI, which is a new drought index, can also
be used to assess the meteorological drought by considering the standardized values of
precipitation and average air temperature for a certain period [16].

Even though droughts have been extensively studied using several indices for monitor-
ing, only a very few studies have focused on modeling them for assessing future droughts
in Afghanistan. The study by Alami et al. [1] in the Kabul River Basin used different
drought indices such as SPI, DI, PNPI, and the China Z Index (CZI) for drought monitoring
in the years 1979–2016. Results indicated that Gamma-SPI, Log-SPI, and DI could capture
severe and extreme historical droughts successfully. Additionally, Baig et al. [9] performed
research in the Chitral-Kabul River Basin to assess meteorological and hydrological drought
using the Precipitation Condition Index (PCI), Vegetable Condition Index (VCI), Soil Mois-
ture Condition Index (SMCI), Scaled Drought Condition Index (SDCI), and Microwave
Integrated Drought Index (MIDI) for the historical periods of 2000–2018 and the future
periods of 2020–2030. The result of this study indicated that the year 2018 was the driest
year between 2000–2018. Another study by Abbas and Kousar [17] over the Indus River
Basin for the spatial distribution of drought severity and magnitude during 1991–2017
using SPI and SDI drought indices in the Drin C model indicated that La Niña and El Niño
have strongly correlated with drought. Their study also indicated that the SDI drought in
1991 and 2001 was severe. In all these research studies, meteorological and hydrological
droughts have been evaluated using drought indices and hydrological models for the past
few years and the next ten years (2020–2030). However, none of them have considered the
impact of climate change, which is the primary cause of natural hazards.

Therefore, the main objective of this study is to forecast the meteorological drought
in three future time intervals such as the 2020s (2010–2039), 2050s (2040–2069), and 2080s
(2070–2099) by projecting climate change scenarios and focusing on drought indices such
as SPI, RDI, DI, AI, and NDI in the Kabul River Basin, Afghanistan. This study compre-
hensively analyzed different bias correction methods to minimize the uncertainty in the
future projected climate data. From the best knowledge of the authors, this is the first
time that this study has forecasted the meteorological drought in the Kabul River Basin
by considering the climate change scenarios and applying the best and most well-known
methods and drought indices.

2. Study Area and Methodology
2.1. Study Area

This research was conducted in the Kabul River Basin, which is located between 33◦29′

to 36◦6′ N and 67◦43′ to 71◦40′ E in geographical coordinates of Afghanistan (Figure 1).
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Figure 1. Location map of Kabul River Basin with the meteorological stations used in this research.

The total length of the Kabul River Basin is 700 km, of which the majority of the flow
occurs downstream of the catchment (i.e., 560 km) [18]. The total drainage area of this
basin is 67,370 sq. km, which covers 12% of the total area of Afghanistan. The Kabul
River Basin provides 26% of the total water resources in the country, with an average
annual streamflow of 24 billion cubic meters. The flow direction in the basin is west to
east, originating from the Paghman Mountains on the west and the Kohe Safi Mountains
on the east, and is the primary source of freshwater [19]. This is the most important river
basin, with a rate of 4% population increase per year during 2002–2007, and the rate of
increase is expected to be even higher. This river basin contains 35% of the total population
of the country, with a total population of 7,184,974 and a density of 93 people per sq. km.
According to the projections of the United Nations, by 2057, the population of the basin
will reach nine million. The climate of the basin is classified into cold winters (November–
May) with extreme precipitation and hot summers (June–August) with very little or even
no precipitation. Streamflow is generated mostly from the melting of glaciers or snow
(the melting of permanent snow can create 72% of the total runoff). Due to the different
elevations in this river basin, the amount of precipitation also varies considerably. Finally,
the Kabul River Basin joins the Indus River Basin in Pakistan [19].

This paper used the monthly precipitation and temperature data observed from four
weather stations for the years 1961–1980. The data were collected from the meteorological
department of Kabul, Afghanistan. The monthly climate data were converted to a daily
scale using the MODAWEC model. According to the classification by Bannayan and
Hoogenboom (2008), the MODAWEC model is a parametric weather generator because
it uses precipitation as the driving variable. Precipitation occurrence and amount are
generated independently and other variables (e.g., temperature) are then generated based
on the stochastically generated precipitation [20]. Due to the difference in altitude and
different seasons, the temperature and precipitation vary throughout the river basin. The
average annual precipitation, maximum temperature, minimum temperature, and mean
temperature in the KRB are 690.3 mm, 12, 2.6, and 6.5 ◦C, respectively. The basin experiences
its maximum temperature in June, July, and August, while the minimum temperature falls
in November, December, January, and February. April is the wettest month observed in the
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whole area of the river basin. Figure 2 shows the average monthly maximum and minimum
temperature in the KRB at different meteorological stations.

Figure 2. (a,b) Distribution of average monthly maximum and minimum temperatures in Kabul
Basin at different meteorological stations for the baseline period of 1961–1980.

To perform the analysis, the historical (1961–1980) and future (2010–2099) climate
data (precipitation and temperature) of three general circulation models (GCMs) https:
//esgf-data.dkrz.de/projects/esgf-dkrz/ (accessed on 15 May 2022), ref. [21] were used.
More details of the selected GCMs model are presented in Table 1.

Table 1. GCMs and their features.

Model Resolution (Long by Lat) Scenarios Research
Institute References

CCSM4 1.25◦ × 0.9◦

RCP 2.6
National Center
for Atmospheric
Research, USA

[22]
RCP 4.5
RCP 6.0
RCP 8.5

BCC-CSM1.1 2.8◦ × 2.8◦

RCP 2.6 Beijing Climate
Center, China

Meteorological
Administration

[23]
RCP 4.5
RCP 6.0
RCP 8.5

MIROC5 0.40◦ × 0.40◦

RCP 2.6 Atmosphere and
Ocean

Research
Institute, Japan

[23]
RCP 4.5
RCP 6.0
RCP 8.5

2.2. Methodology

As the main focus has been to assess the meteorological drought conditions under
climate change scenarios, the delta change method (DC), quantile mapping (QM), and
empirical quantile mapping (EQM) were used to bias correct the projected climate data,
and the method that performed well was adopted for bias correcting the future climatic
datasets. The reliability of the bias-corrected climatic datasets is examined by correlating the
meteorological parameters with ERA5-Land and WorldClim gridded datasets. Projected
climate data (maximum and minimum temperatures and precipitation) were used as input
data into the Drin C model [24] to compute the drought indices (SPI, RDI, DI, and AI).
Standardized values of precipitation and average maximum and minimum temperatures

https://esgf-data.dkrz.de/projects/esgf-dkrz/
https://esgf-data.dkrz.de/projects/esgf-dkrz/
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for the past and future periods were used to calculate the New Drought Index (NDI). The
details of the drought indices are summarized below.

To analyze the spatial distribution of drought over the river basin, the inverse distance
weighting (IDW) interpolation method was used along with Arc GIS 10.3. Figure 3 shows
the overall framework of the methodology adopted in the paper.
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Figure 3. Flowchart describing the adoption (The drought Indices used are placed in red color box).

2.2.1. Climate Change Scenario

Three GCM models that were built in the Coupled Model Intercomparison Project
Phase 5 (CMIP5) were considered (Table 1). The basis of the selection of these models
lies in having an acceptable level of resolution varying from 0.40◦ × 0.40◦ to 2.8◦ × 2.8◦

with vintages after 2010. Moreover, GCM models have been extensively used for studying
the climate change impact in the region. In this study, two kinds of RCPs (RCP 4.5 and
RCP 8.5) were considered to project the future climate data (2010–2099) with respect to the
baseline (1961–1980). Radiative forcing is stabilized at 4.5 W/m2 in 2100 by RCP 4.5 without
exceeding that value, and a radiative forcing pathway leading to 8.5 W/m2 by 2100 is
raised by RCP 8.5. These RCPs are made from a range of greenhouse gas emission scenarios
with or without climate policies. RCP 2.6 is the low emission scenario, which leads to a
very low forcing level. If the proper mitigation strategies and efforts are made for reducing
greenhouse emissions, then it is possible to achieve RCP 2.6. If proper adaptation strategies
are implemented, then these two RCPs (RCP 4.5 and RCP 6), which are the intermediate
stabilization scenarios, can be achieved. If no effort or little effort is taken to reduce the
emission of greenhouse gases, RCP 8.5 pathways will arise [19]. The climate would change
even if strong measures were taken in the future. Under these statutes, either adaptation
strategies will be formulated and implemented to reduce the impact of climate change or
no efforts will be made to reduce greenhouse emissions in the future. Therefore, to study
the impact of climate change in the future with or without adaptation strategies, RCP 4.5
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and RCP 8.5 were selected for this study. The future periods of the RCPs are divided into
three time intervals: the 2020s (2010–2039), 2050s (2040–2069), and 2080s (2070–2099).

Due to their limited resolution, measured and projected data from general circulation
models cannot be utilized directly to study climate change on a small or local scale [25]. To
circumvent this issue, the output data of the models were downscaled via the delta change
approach, quantile mapping, and empirical quantile mapping. These methods use the
differences between the current simulated and observed data to correct the future climate
data of GCMs. The delta change method can be calculated based on Equations (1)–(4).

Tf = T (GCM simulated)f − T (GCM simulated)p (1)

Pf = PPT (GCM simulated)f − PPT (GCM simulated)p (2)

where P and F show the present and future periods, respectively. The future scenarios are
then generated using Equations (3) and (4).

Fs (T) = T (Baseline) + Tf (3)

Fs (PPT) = PPT (Baseline) × Pf (4)

where Fs (T) refers to future temperature, Fs (PPT) is used for future precipitation, and PPT
is used for precipitation.

Quantile mapping corrects the regional climatic models by considering the quantiles
between the observed and simulated datasets (Equation (5)).

Qm(t) = F−1
0 [Fs[Qs(t)]] (5)

where Qm(t) is the bias-corrected data and Qs(t) is the simulated data at the time interval
‘t’. Fs is the cumulative distribution function, and F−1

0 is the inverse cumulative distribution
function [26].

Empirical quantile mapping is a nonparametric method that employs the empirical
cumulative distribution function (ECDF), obtained by comparing the quantiles of the
simulated datasets with the observed datasets during validation (Equation (6)).

Qm(t) = EF−1
0 [EFs[Qs(t)]] (6)

where EFs is the cumulative distribution function, and EF−1
0 is the inverse cumulative

distribution function obtained during the training period, respectively [27].
The best GCM models were selected based on the statistical analysis (coefficient of

determination, R2, and root mean square error, RMSE). According to this, the average
monthly values of R2 and RMSE were calculated between the meteorological parameters of
the GCM models and the baseline data of 1971–1980. Then, these values are compared to
the bias-corrected weather parameters for the same time period. Further, statistical analysis
is performed between the ERA5-Land precipitation and WorldClim temperature datasets
and the bias-corrected precipitation and temperature datasets to validate the reliability.

2.2.2. Standardized Precipitation Index (SPI)

The SPI index, which was developed by Mckee et al. [28], is one of the most widely
used and easiest methods for estimating the meteorological drought severity. The cal-
culation of this index is based on the long-term precipitation data series for a particular
duration (one, three, six, and twelve months) to facilitate the assessment of the effects of
a precipitation deficit on different water resources components such as groundwater, soil
moisture, reservoir storage, and stream flow. The estimated SPI index is not affected by the
missing values in the data series. Using the data, the parameters of the Pearson Type-III
distribution are estimated, and thus, the calculation of the cumulative probability drought
index is applied to the standard normal distribution. The long-term data are fitted into
the gamma probability distribution, which is converted to the normal distribution with a
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mean of zero and a unit variance. The positive and negative SPI values signify wet and dry
periods, respectively. There are three types of widely used SPI distributions: gamma SPI
distribution, log normal SPI, and normal SPI. SPI is easier to use than some other drought
indices because it only needs a single series of long-term rainfall data as an input. Since it
is based on normalized data, the SPI is spatially invariant, and drought can be assessed
in different regions [28]. Equation (7) can be referred to for the SPI calculation, in which
xi is the precipitation of the selected period during the year i, x is the long-term mean
precipitation, and σ is the standard deviation for the selected period.

SPI = Z =
Xi− x

σ
(7)

The severity of the drought obtained from the drought indices (SPI and RDI) is shown
in Table 2.

Table 2. Classification of drought index based on SPI and RDI [28].

SPI and RDI Values Drought Category

≥2.00 Extremely wet
1.5 to1.99 Very wet
1.00 to1.49 Moderately wet
−0.99 to 0.99 Near normal
−1.0 to −1.49 Moderately dry
−1.5 to −1.99 Severely dry
−2 and less Extremely dry

The definition of drought thus far has included a beginning date, an ending date,
and current drought intensity. Drought duration can be measured from the beginning of
a current drought event or from the beginning to the end of a historical drought event.
Drought duration can also be counted as the number of months in drought conditions. The
SPI index can easily determine the peak intensity of drought. A measure of the accumulated
magnitude of the drought can be included. Equation (8) defines the magnitude of drought
(DM) [13].

DM = −
(

z

∑
j=1

SPIij

)
(8)

where j shows the drought months (1 − x) for any time scale (i). The units of DM are
months and are numerically equivalent to drought if, in each month of the drought, the SPI
value is equal to 1.0 [13]. Many droughts have a DM very similar to the duration in months
since most of the SPI values are between 0 and −2. Additionally, the frequency of drought
can be defined as the number of drought events that occurred.

2.2.3. Reclamation Drought Index (RDI)

This index, which was presented by Weghorst [29], is similar to the surface water
storage index. The RDI is one of the most widely used indices due to its high sensitivity
and flexibility. It is calculated based on climatic and meteorological factors, including river
water level, snowfall, surface currents, water reserves, and temperature, and is used on a
monthly time scale. For illustrative purposes, the yearly expressions are presented first.
The first expression is called the initial value of RDI (α0) and is presented in aggregated
form using a monthly time step. It may be calculated for each month of the hydrological
year or for the complete year [30]. The α0 is usually calculated for the ith year on an annual
basis using the following equation:

α
(i)
0 =

∑12
j=1 Pij

∑12
j=1 PETij

, i = 1 to N and j = 1 to 12 (9)
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where PETij and Pij are the potential evapotranspiration and precipitation of the jth months
of the ith year, usually starting from October, as it is common in Mediterranean countries,
and the total number of years of available data is shown by N [30].

The second expression, the normalized RDI (RDIn), is calculated using the following
equation for each year, in which it is clear that the α0 parameter is the arithmetic mean of
α0 values calculated for the N year of data.

RDI(i)n =
α
(i)
0

α0
− 1 (10)

The below expression, the Standardized RDI (RDIst), is computed following a similar
procedure to the one that is used for the calculation of the SPI. The expression for the
standardized RDI is:

RDI(i)st (k) =
y(i)k − yk

σ̂yk
(11)

In which, yi is the ln(α(i)0 ), yk is the arithmetic mean, and σ̂yk is its standard deviation.
It is noted that the above expression assumes that the α0 values follow a lognormal

distribution. The standardized RDI behaves similarly to the SPI, as does the interpretation
of results. Therefore, the RDI can be compared to the same thresholds as the SPI. The
classification of drought based on RDI values is presented in Table 2.

2.2.4. Deciles Index (DI)

One of the simplest indicators of meteorological drought is the Deciles method, in-
troduced by Gibbs and Maher [31]. This index is very important for quantifying and
monitoring drought as it estimates an accurate statistical measurement of precipitation
provided long climatic data are available, especially monthly historical precipitation data.
Total precipitation for the past three months is compared to climatic records. If this amount
is in the lowest decile of the historical distribution for the whole three months, the region is
considered to be under drought conditions [32].

The drought ends when:

(i) Precipitation measured during previous months has placed the total of three months
in the fourth decile or higher, or

(ii) Total precipitation in the last three months is in the eighth decile or higher.

The advantage of this method is its computational ease. To construct the cumulative
frequency distribution, the long-term monthly precipitation is ranked from highest to
lowest. Based on the equal probabilities, the deciles are divided into ten parts (1–10%). As
shown in Table 3, deciles are classified into five categories [1].

Table 3. Classification of Deciles drought ranking [24].

Deciles Values Drought Category

Deciles 1–2: lowest 20% Much below normal
Deciles 3–4: next lowest 20% Below normal

Deciles 5–6: middle 20% Near normal
Deciles 7–8: next highest 20% Above normal

Deciles 9–10: highest 20% Much above normal

To facilitate and expedite the computational process of drought indices (SPI, RDI,
and DI), Drin C software was used in this paper. This software was developed at the
Laboratory of Reclamation Works and Water Resources Management of the National
Technical University of Athens and aims to provide drought indices suitable for all kinds
of drought analysis [33].
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2.2.5. Aridity Index (AI)

The aridity index is a numerical indicator that is used to measure the degree of dryness
of a place. It is calculated based on the ratio of (P/PET), where P is the average annual
precipitation and PET is the potential evapotranspiration [34]. Table 4 indicates different
types of climates for a place according to the AI index. The formula of the aridity index is:

A =
∑30

i=1

[
Pi

PET

]
30

(12)

Table 4. Classification of climate based on aridity index [25].

Aridity Index Climate

Values Classification

AI < 0.05 Hyper-arid
0.05 < AI < 0.2 Arid
0.2 < AI < 0.5 Semi-arid

0.5 < AI < 0.65 Dry sub-humid
0.65 < AI > 0.75 humid

AI > 0.75 Hyper-humid
Cold PET < 400 mm

2.2.6. New Drought Index (NDI)

A new drought index can be calculated based on standardized values of precipitation
and average maximum and minimum temperatures for a specific period. The standardized
value is calculated by subtracting the average value of each period from each measured
value and dividing the obtained value by the standard deviation of the sample. Then, NDI
is calculated by subtracting the standardized temperature value from the standardized
precipitation value. Temperature and precipitation are the two most important parameters
of the climate, and their values play a vital role in determining all drought characteristics,
such as duration, severity, intensity, and the beginning and end of the drought. The NDI
method gives a very good result for drought estimation [16]. In the precipitation case,
the intensity of the above-mentioned features is influenced by their deficit; in the case of
temperature, it is influenced by temperatures higher than the average of the analysis period.
Equation (13) indicates the method of NDI calculation.

NDIi =
[(

Pi − Pavg
)
/Sp

]
−
[(

Ti − Tavg
)
/St
]

(13)

where Pi is precipitation in the year or month (i). Pavg is the average value of the analyzed
series of precipitation in the analysis period. Sp shows the standard deviation of the
analyzed series of precipitation in the analysis period, and Ti is the mean temperature in a
year or month [16].

2.2.7. Estimation of PET

To assess drought using the RDI index, potential evapotranspiration (PET) should first
be calculated. To calculate PET in the Drin C model, there are three methods (Hargreaves,
Thornthewait, and Blaney—Criddle). In this study, the Hargreaves method was chosen
to calculate PET using climate parameters (maximum and minimum temperature). This
method [34] is ranked as the highest among all methods, which are based on air temperature
only and are widely used for limited climatological data. This method is mostly used for
the predictions of ET0 for different periods and various purposes. Its ease of computation,
minimum data requirement, low impact on air station aridity, and simplicity made it a very
reliable method [35].

Reference evapotranspiration is defined as the potential evapotranspiration that hap-
pens under the hypothetical surface of green grass with a uniform, active growing height
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and is adequately watered [36]. The Hargreaves method is preferred over the Penman-
Monteith method [35] when the availability of various meteorological data is limited.
Equation (14) indicates the 1985 Hargreaves method.

ET0 = 0.0023 Ra ( TC + 17.8 ) TR0.50 (14)

where ET0 is the reference evapotranspiration (mm/d), 0.0023 is the empirical Hargreaves
Coefficient (HC), Ra is the extraterrestrial radiation, TC is the temperature in degrees
Celsius, 17.8 is the empirical temperature Hargreaves Constant (TH), TR is the temperature
range (TR = Tmax − Tmin), and 0.5 is the empirical Hargreaves exponent [35].

2.2.8. Inverse Distance Weighting (IDW)

Spatial interpolation is one of the widely adopted methodologies to determine the
unknown values that lie between a set of known points. In other words, interpolation can
be defined as the method of fitting the data points to the value function. It is achieved by
establishing a relationship between the known values. There are several types of interpo-
lation methods available, and it is necessary to opt for an interpolation technique based
on the terrain and topographical conditions [37]. In the present study, the inverse distance
weighted (IDW) interpolation method was used to prepare the spatial map showing the
variation of drought in the river basin. In the IDW method, the values near the measured
locations will have more influence but diminish with distance. If the two values are closer
to zero distance weighted, the model’s accuracy will be high. While the calculation is
similar to kriging, the inverse distance weighted method follows the assumption that a
value of an attribute at an unsampled location is a weighted average of known data points
within a local neighborhood surrounding the unsampled location. The formula for this
exact interpolator is [38].

Ẑ(x0) =
∑n

i=1 Z (Xi) d −r
ij

∑n
i=1 d−r

ij
(15)

where X0 is the estimation of the point and Xi are the data points within a chosen neighbor-
hood. The weights (r) are related to distance by dij, which is the distance between the data
points and the estimation points.

3. Results
3.1. Assessment of Drought for the Historical Periods

To assess the drought in the historical period, the observed data (1961–1980) of four
meteorological stations in the KRB were used. The PET was calculated using climatic data
from the Drin C model, and then the drought indices were estimated. Figure 4 illustrates
the evapotranspiration results at Kabul, Paghman, South Salang, and North Salang stations.
The results indicate that all stations had the highest amount of PET in 1970–1971, especially
Kabul station (with a PET of 1400 mm), which is located at the lowest altitude. This is
mainly because the temperature is higher at low altitudes than at high altitudes, and
evapotranspiration can be directly related to the temperature. In other words, the lowest
PET was recorded at the North Salang station, which has a high altitude. Analysis of
all stations shows that the amount of PET increased during the 1961–1980 years, which
indicates a rise in temperature in this river basin since both factors are inextricably linked.
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Figure 4. The PET was calculated for the baseline period of 1961–1980 at different stations in the
Kabul River Basin.

According to the annual analysis of the SPI index during twenty years, drought events
occurred with a frequency of twice in the years 1968–1971 and 1973–1979, with a duration
of 48 and 84 months, respectively. As shown in Figure 5, the years 1970 and 1971 were
the driest years with an average value of (−1.35), while the wettest years were 1964 and
1965 with an average value of (1.5). Kabul station experienced moderate droughts in the
years 1961–1962, 1969–1970, and severe droughts in the years 1976–1977 and 1973–1974.
There was a severe drought at Paghman Station in the years 1973–1974. South Salang
also witnessed extreme drought in the years 1976–1977. These two stations (North Salang
and South Salang), which are located at a higher altitude, have experienced less drought
compared to other stations based on SPI calculations.

Figure 5. SPI was estimated for the baseline period of 1961–1980 at different stations in the Kabul
River Basin.

In addition, according to the annual results of the RDI index during the twenty years
in this river basin, drought events occurred with a frequency of twice in the years 1968–1971
and 1973–1979, with a duration of 48 and 84 months, respectively. Since the RDI index takes
into account the temperature, the results show that the duration of drought is longer than
SPI results. Moreover, according to Figure 6, the wet periods are less than the SPI results.
North Salang and South Salang suffered from severe droughts in the years 1970–1971 and
1976–1977, respectively. Additionally, Kabul and Paghman stations also experienced severe
droughts in the years 1973–1974. Based on RDI results, the driest years in this river basin
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are 1976–1977 with an average value of (−1.28), while the wettest year was recorded in the
years 1964–1965 with an average value of (1.23).

Figure 6. RDI was estimated for the baseline period of 1961–1980 at different stations in the Kabul
River Basin.

The results of deciles and threshold ranges for all stations are presented in Table 5.
According to the results, drought has occurred at Kabul, North Salang, South Salang,
and Paghman stations when the precipitation was less than 297 mm/year, 997 mm/year,
972.9 mm/year, and 415 mm/year, respectively. Kabul and Paghman stations suffered
from severe drought in the years 1961–1962, and 1978–1979, and extreme drought during
the years 1973–1974. Additionally, there was an extreme drought at all stations in the
years 1969–1970 and 1976–1977, except at the South Salang and North Salang stations,
respectively. Furthermore, South Salang station experienced severe droughts during the
1967–1968 years, while there was a severe and extreme drought in South Salang and North
Salang stations during the 1973–1974 and 1978–1979 years, respectively. As shown in
Figure 7, the Deciles index indicates more severe and extreme drought conditions than the
SPI and RDI results.

Table 5. Results of Deciles for all stations for the baseline period of 1961–1980.

Station Name Much below
Normal

below
Normal

near
Normal

above
Normal

Much above
Normal

Kabul 174.10–207.00 229.20–268.10 297.80–315.90 340.40–255.60 416.40–436.60
North Salang 527.40–760.10 861.00–947.20 997.70–1065.4 1128.6–1237.7 1253.5–1418.1
South Salang 783.30–855.30 894.70–909.10 972.40–1065.0 1113.9–1221.9 1271.0–1403.3

Paghman 292.70–310.90 340.60–393.50 415.80–473.40 509.00–522.20 583.10–621.10

Based on the NDI analysis performed over the Kabul River Basin from 1961 to 1918, it
is evident that drought events were experienced twice between 1969 –1971 and 1977–1979.
Figure 8 shows the NDI obtained for the four observatories located along the Kabul River
Basin using temperature and precipitation as the primary inputs. Analyzing the NDI
obtained for individual stations, it is identified that all the stations experienced drought
since 1969 for a period of 48 months. Kabul and Paghman, located in the southern part
of the basin, experienced drought conditions in 1962 and 1966, respectively. Similarly, in
1973, South Salang experienced a drought event. Since 1977, all stations have experienced
drought, with North Salang experiencing a severe drought in 1979 with an NDI value of
3.71. The wettest years were 1964, 1965, 1967, and 1972, when all stations recorded NDI
values greater than one.
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Figure 7. Deciles ranking for the baseline period of 1961–1980 at different stations in the Kabul
River Basin.

Figure 8. NDI for the baseline period of 1961–1980 at different stations in the Kabul River Basin.

The results of the occurrences of drought in all meteorological stations based on the
SPI, RDI, and NDI indexes are presented in Table 6. From these values, it is clear that all
stations have experienced moderate drought, notably Paghman station. Although SPI did
not take into account the temperature, it indicated more drought (extreme) in the stations
of Kabul and South Salang. Based on the NDI considering temperature and precipitation, it
is clear that all the stations experience moderate and severe drought, whereas North Salang
and Paghman experience extreme drought conditions.

Table 6. Number of occurrences of drought in each station for the baseline periods of 1961–1980 in
the Kabul River Basin.

N Station Name
Extreme Severe Moderate

SPI RDI NDI SPI RDI NDI SPI RDI NDI

1 Kabul 1 - - 1 1 2 2 2 3
2 North Salang 1 - 1 1 1 2 1 1 1
3 South Salang 1 - - - 1 2 1 1 3
4 Paghman - - 1 1 1 1 4 4 1
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3.2. Bias Correction of Climate Data

Comparing the R2 and RMSE values obtained from different bias correction methods, it
is evident that all the bias correction methods provide similar results with a minor variation.
Analyzing the maximum R2 and minimum RMSE values, the bias correction methods such
as DC, QM, and EQM were identified as the best suitable for precipitation, maximum
temperature, and minimum temperature, respectively. Therefore, the DC-based bias-
corrected precipitation, QM-based bias-corrected maximum temperature, and EQM-based
bias-corrected minimum temperature can be used effectively over the Kabul River Basin.
A comparison of the R2 and RMSE obtained from statistical values of the meteorological
parameters before and after bias correction shows satisfactory results. Table 7 presents the
mean values of R2 and RMSE for maximum and minimum temperature and precipitation
in all three GCMs at each of the four stations in the Kabul River Basin.

Table 7. Summary of the statistics for baseline and simulated temperatures, and precipitation at four
meteorological stations in the Kabul River Basin for the baseline period 1961–1980, before and after
bias correction.

Station Meteorological Data Before Bias
Correction

After Bias Correction

Delta Change Empirical Quantile
Mapping Quantile Mapping

North Salang

Precipitation R2 = 0.07 R2 = 0.966 R2 = 0.959 R2 = 0.963
RMSE = 9.36 mm RMSE = 6.24 mm RMSE = 6.948 mm RMSE = 6.811 mm

Maximum temperature R2 = 0.58 R2 = 0.974 R2 = 0.976 R2 = 0.981
RMSE = 12.3 ◦C RMSE = 0.281 ◦C RMSE = 0.269 ◦C RMSE = 0.239 ◦C

Minimum temperature R2 = 0.58 R2 = 0.978 R2 = 0.985 R2 = 0.98
RMSE = 8.07 ◦C RMSE = 0.26 ◦C RMSE = 0.218 ◦C RMSE = 0.248 ◦C

South Salang

Precipitation R2 = 0.076 R2 = 0.98 R2 = 0.971 R2 = 0.972
RMSE = 11.03 mm RMSE = 4.951 mm RMSE = 5.914 mm RMSE = 5.812 mm

Maximum temperature R2 = 0.66 R2 = 0.993 R2 = 0.992 R2 = 0.995
RMSE = 9.84 ◦C RMSE = 0.22 ◦C RMSE = 0.224 ◦C RMSE = 0.188 ◦C

Minimum temperature R2 = 0.64 R2 = 0.484 R2 = 0.654 R2 = 0.489
RMSE = 5.99 ◦C RMSE = 0.255 ◦C RMSE = 0.201 ◦C RMSE = 0.228 ◦C

Kabul

Precipitation R2 = 0.01 R2 = 0.962 R2 = 0.955 R2 = 0.957
RMSE = 4.64 mm RMSE = 1.979 mm RMSE = 2.435 mm RMSE = 2.318 mm

Maximum temperature R2 = 0.69 R2 = 0.998 R2 = 0.998 R2 = 0.998
RMSE = 6.54 ◦C RMSE = 0.354 ◦C RMSE = 0.371 ◦C RMSE = 0.334 ◦C

Minimum temperature R2 = 0.81 R2 = 0.953 R2 = 0.955 R2 = 0.962
RMSE = 3.7 ◦C RMSE = 0.347 ◦C RMSE = 0.333 ◦C RMSE = 0.311 ◦C

Paghman

Precipitation R2 = 0.11 R2 = 0.962 R2 = 0.956 R2 = 0.958
RMSE = 6.9 mm RMSE = 2.892 mm RMSE = 3.24 mm RMSE = 3.114 mm

Maximum temperature R2 = 0.65 R2 = 0.998 R2 = 0.998 R2 = 0.998
RMSE = 7.54 ◦C RMSE = 0.301 ◦C RMSE = 0.306 ◦C RMSE = 0.264 ◦C

Minimum temperature R2 = 0.69 R2 = 0.895 R2 = 0.907 R2 = 0.918
RMSE = 5.61 ◦C RMSE = 0.375 ◦C RMSE = 0.34 ◦C RMSE = 0.327 ◦C

European Centre for Medium-Range Weather Forecasts (ECMWF) ERA5-Land precipi-
tation data is obtained over the Kabul River Basin to validate the bias-corrected precipitation
datasets. With a mean R2 value of 0.962, 0.964, and 0.967 for the delta change, EQM, and QM
approaches, respectively, the results from comparing the bias-corrected and ERA5-Land
precipitation data seem promising. The datasets also recorded a mean RMSE variation
of 0.143, 0.141, and 0.137 for delta change, EQM, and QM methods, respectively. The
variation of the ERA5-Land datasets in comparison with the bias-corrected precipitation
data is presented in Table 8. Similarly, WorldClim version 2.1 temperature data is utilized
to validate the bias-corrected temperature datasets. The R2 and RMSE of the bias-corrected
minimum and maximum temperature are reported to be within the acceptable limits and
are presented in Table 8. Based on the validation performed using the ELA5 and WorldClim
datasets, it is suggested that the bias-corrected precipitation and temperature data can be
utilized for analysis over the Kabul River basin.
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Table 8. Comparison of bias-corrected data with ERA5-Land precipitation and WorldClim tempera-
ture datasets.

Datasets Meteorological Data

Comparison of ERA5 Precipitation

Delta Change Empirical Quantile
Mapping

Quantile
Mapping

ERA5-Land Precipitation R2

RMSE
0.962
0.143

0.964
0.141

0.967
0.137

WorldClim Maximum temperature R2

RMSE
0.895
0.347

0.896
0.301

0.896
0.292

WorldClim Minimum temperature R2

RMSE
0.866
0.233

0.869
0.232

0.866
0.230

3.3. Projection of Climate Change Scenarios

To assess the changes in maximum and minimum temperature in the future (2010–2099),
the downscaled data of three GCM models under two emission scenarios (RCP 4.5 and
RCP 8.5) were used. Figure 9 represents the average annual temperature in the whole
Kabul River Basin relative to the baseline period of 1961–1980 under RCP 4.5 and RCP 8.5
scenarios. The average annual temperature is expected to rise under both RCPs in the three
future periods of the 2020s (2010–2039), 2050s (2040–2069), and 2080s (2070–2099) by 1.8 ◦C,
3.5 ◦C, and 4.8 ◦C, respectively.
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Figure 9. Simulated average annual temperature for the future periods of 2010–2099 relative to the
baseline period of 1961–1980 under RCP 4.5 and RCP 8.5 scenarios in the Kabul River Basin.

Analysis of precipitation in the future periods of the 2020s, 2050s, and 2080s based on
two scenarios (RCP 4.5 and RCP 8.5) shows that the amount of monthly precipitation is
likely to change significantly. The wettest month of April has shifted to March. Additionally,
under both scenarios, there was a decrease in precipitation of about 60 mm, and 80 mm
for the 2020s and 2080s, respectively. According to the baseline period of 1961–1980, April
was the wettest month with precipitation of 173 mm, and a sharp drop in precipitation
was not noticed in the projected values for the same month. Fewer changes were noted
in January, February, October, and December under both emission scenarios. Results also
indicate that most of the months can be in drought situations. Figure 10 represents the
annual precipitation under both scenarios. Based on this, RCP 4.5 is projected to have
higher precipitation in the years 2091–2099 than RCP 8.5. Overall, there is a decrease in
precipitation in the future periods of 2010–2099, which may cause water stress in the whole
area of the Kabul River Basin in the future.
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Figure 10. Simulated average annual precipitation for the future periods of 2010–2099 relative to the
baseline period of 1961–1980 under RCP 4.5 and RCP 8.5 scenarios in the Kabul River Basin.

3.4. Projection of Drought in the Future

To project the drought into the future, first, the PET needs to be calculated. Figure 11
shows the result of evapotranspiration in the whole area of the Kabul River Basin estimated
by the Hargreaves method using the projected data of RCP 4.5 and RCP 8.5 scenarios in the
three future periods of the 2020s, 2050s, and 2080s. In all three periods, the evapotranspira-
tion rises over time, but with a decline of 159 mm, 69 mm, and 216.8 mm under RCP 4.5 and
160.2 mm, 101.3 mm, and 199 mm under RCP 8.5 during the years 2026–2027, 2044–2045,
and 2080–2081 in the three future periods of the 2020s, 2050s, and 2080s, respectively. Based
on both RCPs, simulated evapotranspiration shows a similar trend in temperature, which
can be interpreted as the rising effect of temperatures.

Table 9 presents the geographical locations of meteorological stations and the statistics
of the aridity index and the amount of average annual evapotranspiration calculated by
RCP 4.5 and RCP 8.5 scenarios for the future periods 2010–2099.

Table 9. Summary statistics of aridity index and projected average annual values of PET under RCP
4.5 and RCP 8.5 for the future periods of 2010–2099.

N Station Name
Latitude

(D)
Longitude

(D)
Altitude

(masl)
Aridity Index (UNEP)

Climate
Average Annual PET (mm)

RCP 4.5 RCP 8.5 RCP 4.5 RCP 8.5

1 Kabul 34◦.33 69◦.13 1791 0.21 0.33 Semi-arid 1433.14 1366.73
2 North Salang 35◦.19 69◦.10 3366 1.61 5.06 Humid 603.300 645.290
3 South Salang 35◦.18 69◦.40 3172 1.57 1.43 Humid 679.200 704.100
4 Paghman 34◦.35 68◦.59 2114 0.35 0.29 Semi-arid 1306.80 1353.70

3.4.1. Calculation and Analysis of SPI, RDI, DI, and NDI

In this section, future drought analysis based on two emission scenarios (RCP 4.5 and
RCP 8.5) using SPI, RDI, and DI on an annual basis was assessed. To discover the SPI,
RDI, and DI, the Drin C model was used with the meteorological data obtained from four
stations consisting of climate factors (temperature and precipitation) and latitude. Figure 12
indicates the results of the average values of SPI from four meteorological stations that used
average monthly precipitation values and latitude coordinates. Analysis of SPI values un-
der two emission scenarios shows that the SPI value decreases gradually, especially at high
altitudes (North Salang and South Salang stations), but increases sharply at low elevations
(Kabul station and Paghman station) at the end of the century. On average, the Kabul River
Basin will experience moderate and severe droughts in three future periods (the 2020s,
2050s, and 2080s) under both scenarios. Under RCP 4.5, moderate drought years will likely
happen in the years 2018–2019, 2019–2020, 2025–2026, 2045–2046, 2058–2059, 2059–2060,
2082–2083, 2085–2086, and 2090–2091 for three future periods, and severe drought years



Atmosphere 2023, 14, 570 18 of 33

will occur in the years 2062–2063. Furthermore, according to the RCP 8.5 scenario, mod-
erate drought will happen in the years 2025–2026, 2045–2046, 2059–2060, 2078–2079, and
2079–2080, while severe drought years under this RCP will occur in 2062–2063, 2082–2083,
and 2085–2086 in three future periods. A comparison of both RCPs shows that RCP 4.5
projected a more moderate drought than RCP 8.5, while RCP 8.5 predicted a more severe
drought than RCP 4.5 in three future periods: the 2020s, 2050s, and 2080s. The average
values of SPI in every three future periods indicate that the 2080s will be the driest period,
with an average value of (−0.14) and (−0.39) under RCP 4.5 and RCP 8.5, respectively.

Figure 11. (a–c) Average annual evapotranspiration calculated with the RCP 4.5 and RCP 8.5 in the
Kabul River Basin.
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Figure 12. (a–c) SPI estimation results under RCP 4.5 and RCP 8.5 for the future periods of the 2020s,
2050s, and 2080s in the Kabul River Basin.

Unlike SPI, the RDI includes evapotranspiration to assess drought conditions. Ac-
cording to the analysis of the average drought index from four meteorological stations at a
one-year scale (12 months), the RDI forecast in the Kabul River Basin showed moderate
and severe droughts under both scenarios (RCP 4.5 and RCP 8.5) for three future periods
in the 2020s, 2050s, and 2080s. Figure 13 indicates the estimated annual RDI values for
the three future periods (the 2020s, 2050s, and 2080s) under two RCPs (RCP 4.5 and RCP
8.5) scenarios. It was found that drought events will occur more than ten times, with the
longest duration of 19 years (228 months) among the 2050s and 2080s periods and inten-
sity of (−1.5) in the years 2065–2066 under both scenarios. Moreover, the second longest
duration of drought is forecasted to be in the 2080s period, with a duration of 12 years
(144 months) from 2081–2092 and an intensity of (−1.8) and (−1.6) under RCP 4.5 and
RCP 8.5, respectively. Additionally, estimated results of RDI show that moderate drought
is likely to happen in the years 2019–2020, 2025–2026, 2045–2046, 2058–2059, 2059–2060,
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2065–2066, 2079–2080, and 2082–2083, while severe drought would occur once in 2090–2091
under RCP 4.5. Under RCP 8.5, moderate drought will happen in the years 2059–2060,
2065–2066, 2079–2080, and 2085–2086, whereas severe drought will happen in 2082–2083.
In the last 2080s periods, RDI shows higher values under both RCPs, showing a tendency
similar to the temperature graph, which is taken as the effect of rising temperatures. The
average values of RDI in every three future periods indicate that the 2080s will be the driest
period, with an average value of (−0.2) and (−0.4) under RCP 4.5 and RCP 8.5, respectively.
Since this index takes evapotranspiration into account, the average values of RDI in the
2080s periods under both RCPs are higher than the SPI index.

Figure 13. (a–c) RDI was estimated under RCP 4.5 and RCP 8.5 for the future periods of the 2020s,
2050s, and 2080s in the Kabul River Basin.

The results of DI and its threshold ranges for all meteorological stations are presented
in Table 10. According to the results, the drought condition will occur when precipitation
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is less than 275.1 mm, 921.2 mm, 110.4 mm, and 430.9 mm at Kabul, North Salang, South
Salang, and Paghman stations under RCP 4.5, respectively. While, under RCP 8.5, drought
conditions will occur when precipitation is less than 256.9 mm, 3003.7 mm, 936.7 mm, and
383 mm at Kabul, North Salang, South Salang, and Paghman stations, respectively. As
shown in Figure 14, under RCP 4.5, an extreme drought will happen in the whole Kabul
River Basin in the years 2025–2026, 2045–2046, 2058–2059, 2059–2060, 2062–2063, 2079–2080,
and 2090–2091, while severe drought years will occur in 2018–2019, 2019–2020, 2022–2023,
2038–2039, 2042–2043, 2065–2066, 2076–2077, 2078–2079, 2082–2083, 2085–2086, 2087–2088,
and 2089–2090. Under RCP 8.5, the extreme drought in the KRB will occur in the years
2062–2063, 2079–2080, 2082–2083, 2085–2086, and 2090–2091, whereas, severe drought
years will happen in 2019–2020, 2025–2026, 2042–2043, 2050–2051, 2058–2059, 2059–2060,
2065–2066, 2070–2071, 2076–2077, 2077–2078, 2078–2079, 2087–2088, 2089–2090, 2091–1092,
2096–2097, and 2097–2098.

Table 10. Deciles results for all stations under RCP 4.5 and RCP 8.5.

Station Name Scenarios

Annual Precipitation Values under RCP 4.5 and RCP 8.5 for the Future Periods of
(2010–2099)

Much below
Normal below Normal near Normal above Normal Much above

Normal

Kabul
RCP 4.5 165.30—205.90 237.60—263.90 275.10—302.20 340.50—365.50 434.80—914.20
RCP 8.5 158.90—196.00 222.80—246.50 256.90—283.20 312.60—336.10 386.10—478.20

North Salang RCP 4.5 518.30—725.20 792.50—856.60 921.20—966.90 1051.3—1103.4 1203.1—1570.5
RCP 8.5 1885.8—2223.8 2476.0—2743.2 3003.7—3157.0 3375.4—3839.2 4358.3—6430.5

South Salang RCP 4.5 778.60—860.60 933.90—980.00 1010.4—1058.1 1129.8—1174.4 1339.4—1981.6
RCP 8.5 693.40—753.10 830.90—888.70 936.70—997.90 1062.3—1148.4 1300.7—2200.2

Paghman RCP 4.5 276.10—324.10 341.40—388.50 430.90—462.30 507.40—540.20 640.10—1326.5
RCP 8.5 248.40—285.00 316.50—336.20 383.00—408.90 449.60—484.40 521.40—789.20

NDI analysis was performed annually at four meteorological stations using tempera-
ture and precipitation datasets from the RCP 4.5 and RCP 8.5 scenarios, respectively. As
per the NDI analysis performed over the Kabul River Basin, it is forecast that the basin
could experience a severe drought after 2058. The NDI values estimated considering RCP
4.5 and 8.5 scenarios for the 2020s, 2050s, and 2080s are presented in Figure 15. Based
on the NDI values obtained from RCP 4.5, it is identified that the basin will experience
severe drought after 2050. The basin is identified as being least affected by drought in the
2020s, with four drought occurrences in the years 2019, 2020, 2038, and 2039, respectively,
and in the 2050s, within a span of 30 years, 20 years are identified to experience drought
events in the years 2040, 2046–2048, 2050–2052, 2055–2056, 2058–2060, and 2062–2069,
respectively. Considering the 4.5 scenarios, the NDI value estimated for the period of the
2050s is −0.39, which indicates that the region is expected to experience a drought event
at a moderate level. Analyzing the NDI values obtained for the 2080s, it is identified that
26 years (2070–2080, 2082–2092, and 2095–2097) are expected to experience drought events.
With an NDI value close to −1, the period is identified as experiencing severe drought.
Similarly, analyzing the RCP 8.5 scenarios projected similar results, indicating that the basin
is prone to drought events after 2050. Analyzing NDI values of the 2020s indicates that the
basin will be wet and a drought event is expected in the years 2038 and 2039, respectively.
The 2050s are expected to experience a disaster with seventeen drought occurrences in the
years 2040, 2046–2047, 2050–2051, 2055, 2058–2060, and 2062–2069 respectively. With the
NDI value estimated to be −0.12, the period is expected to experience a moderate drought
event. With an NDI value of −1.46, the 2080s are expected to experience drought events
from 2070–2080 and 2082–2099 based on the RCP 8.5 scenario.
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Figure 14. (a–c) Deciles raking under RCP 4.5 and RCP 8.5 for the future periods of the 2020s, 2050s,
and 2080s in the Kabul River Basin.
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Figure 15. (a–c) NDI estimation results under RCP 4.5 and RCP 8.5 for the future periods of the 2020s,
2050s, and 2080s in the Kabul River Basin.

3.4.2. Occurrence of Drought at Each Station by SPI, RDI, and NDI

This section evaluates the results of drought analysis based on SPI, RDI, and NDI in-
dexes at four meteorological stations in the KRB. The periods of 2010–2099 were considered
to calculate the number of different kinds of drought estimated by SPI and RDI under both
RCPs (RCP 4.5 and RCP 8.5). As shown in Figure 16, based on SPI values under RCP 4.5, at
Kabul station, extreme drought will occur three times, while severe drought and moderate
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drought will occur twice and nine times, respectively. Additionally, according to RCP 8.5,
at this station, extreme, severe, and moderate drought will happen twice, four times, and
ten times, respectively.

Figure 16. (a,b) Number of occurrences of drought in each station of the Kabul River Basin for the
future periods of 2010–2099 (SPI).

North Salang station has experienced an extreme, severe, and moderate drought six
times, three times, and once under RCP 4.5 based on SPI values, while under RCP 8.5 it
indicates five times of extreme drought, two times of severe drought, and four times of
moderate drought. Moreover, there is no extreme drought at South Salang station under
RCP 4.5 based on SPI values, but under RCP 8.5, it indicates one occurrence of extreme
drought. Severe and moderate drought under RCP 4.5 and RCP 8.5 are based on SPI values
of five and eight times and three and seven times, respectively.

Finally, at the Paghman station, extreme drought will occur one time under both RCPs,
but severe and moderate drought will happen two and nine times under RCP 4.5 and four
and nine times under RCP 8.5, respectively.

Based on RDI results as illustrated in Figure 17, at Kabul station, extreme, severe, and
moderate drought will occur three, once, and eleven times under both RCPs. At North
Salang station, there are five times and three times extreme droughts under RCP 4.5 and
RCP 8.5, respectively. Severe drought and moderate drought at this station will happen
three and two times under RCP 4.5 and three and nine times under RCP 8.5. Under both
RCPs, there is no extreme drought at South Salang station, while RCP 4.5 predicts five- to
ten times more severe and moderate drought. RCP 8.5 indicates four and nine times severe
and moderate drought, respectively. At Paghman station, RCP 8.5 resulted in five times
as much severe drought as RCP 4.5, which shows two times as many occurrences of this
kind of drought. Furthermore, under RCP 4.5, it is projected that there will be one time and
ten times extreme and moderate drought, whereas, under RCP 8.5, there will be one and
nine times extreme and moderate drought, respectively. Overall, the RDI index predicts a
higher number of moderate droughts under both RCPs than SPI, while SPI predicts more
extreme droughts under both RCPs and a severe drought under RCP 4.5 than RDI.
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Figure 17. (a,b) Number of occurrences of drought in each station of the Kabul River Basin for the
future periods of 2010–2099 (RDI).

Based on the NDI results illustrated in Figure 18, Kabul station is identified to ex-
perience three extreme droughts, six severe droughts, and five moderate drought events,
respectively, under RCP 4.5, and RCP 8.5, the station is expected to experience four extreme
droughts, eight severe droughts, and seven moderate drought events, respectively. Under
RCP 8.5 and RCP 4.5, North Salang station will experience extreme drought six and five
times, respectively. Nine and seven severe drought events are expected in North Salang
under RCP 8.5 and RCP 4.5 scenarios. Similarly, nine and six moderate drought events
are expected in North Salang under RCP 8.5 and RCP 4.5 scenarios, respectively. Extreme,
severe, and moderate drought events in South Salang station are expected to hit three,
seven, and ten times under RCP 4.5 and 4 (extreme), and eight times (severe and moderate)
under RCP 8.5 scenarios, respectively. At Paghman station, RCP 8.5 predicted two extreme
drought events, while RCP 4.5 indicates three extreme drought events. Moreover, under
RCP 4.5, it is projected that there will be one and nine times severe and moderate drought,
whereas, under RCP 8.5, there are four and nine times severe and moderate drought, re-
spectively. Based on the analysis, the NDI forecasted a higher number of moderate, severe,
and extreme drought events compared to the RDI and SPI indices.

Figure 18. (a,b) Number of occurrences of drought in each station of the Kabul River Basin for the
future periods of 2010–2099 (NDI).
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3.5. Distribution Map Droughts by SPI, RDI, and NDI under RCP 4.5 and RCP 8.5 Scenarios

This section evaluates the regional drought analysis at each meteorological station
in KRB by using SPI, RDI, and NDI under RCP 4.5 and RCP 8.5 scenarios. The periods
of 2010–2099 were divided by 30 years into three future periods such as 2010–2039 (the
2020s), 2040–2069 (2050s), and 2070–2099 (2080s) to make the spatial distribution map of
drought by taking the average values of each period from SPI, RDI, and NDI. The SPI
showed negative values, predicting a dry climate in the 2050s at all meteorological stations,
while the projection shows a wet climate at Kabul and Paghman stations in the 2080s and a
dry climate at North Salang and South Salang stations under RCP 4.5. Based on SPI results
under RCP 8.5, North Salang and South Salang are projected to have wet areas by the
2020s, whereas, in the 2050s and 2080s, these areas are going to be dry. Paghman and Kabul
stations are projected to be wet by the 2050s and 2080s, while there will be a dry climate
by the 2020s under RCP 8.5 and SPI values. Overall SPI results under both RCPs showed
that in the future, drought will occur at high altitudes, and these areas are projected as dry
areas, while the climate at low altitudes under both RCPs is projected to be wetter than at
high altitudes, as shown in Figure 19. As drought is caused by low precipitation over an
extended period, this fact indicates that precipitation will decrease at the high altitude in
this river basin that caused drought.

Figure 20 shows the distribution map of drought at each meteorological station in
the KRB made by the RDI index under RCP 4.5 and RCP 8.5. According to the RDI
result under RCP 4.5, Paghman and Kabul stations are projected to be dry in the 2050s,
while North Salang and South Salang stations are projected to be wet in the same period.
Additionally, in the 2080s, Kabul and Paghman stations are going to be wet under both
RCPs, whereas North Salang and South Salang stations will be dry during the same periods
under both RCPs. There will be no drought under both indices and RCPs in the 2020s at
all stations. Distribution maps under RDI and RCP results also show that high-altitude
areas are going to be dry in the future period while low-elevation areas are going to be wet.
Although the indices are different, they have a similar tendency for distribution maps in all
periods; just the values of the RDI are higher in some periods because it also calculates the
evapotranspiration. Figures 19 and 20 show the 30-year drought index distribution maps,
which are easy to recognize according to geographical location.

Figure 21 shows the distribution map of drought at each meteorological station in the
KRB made by the NDI index under RCP 4.5 and RCP 8.5. According to the NDI results
under the RCP 4.5 and RCP 8.5 scenarios, all the stations are projected to experience wet
conditions in the 2020s, representing a lower probability for the occurrence of droughts.
In the 2050s, the spatial distribution map generated considering RCP 4.5 and RCP 8.5
experiences a dry condition, which indicates the possibility of the occurrence of droughts.
The values of NDI are identified as being very low, which indicates a mild drought event.
The NDI value distribution map for the year 2080s indicates a dry condition, indicating
the possibility of the occurrence of moderate to extreme drought in the Kabul River Basin,
considering both the RCP 4.5 and RCP 8.5 scenarios. Based on the direct utilization of
temperature and precipitation, it is clearly evident that there is a possibility of severe
drought in the 2080s.
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Figure 19. (a–f) Spatial distribution map of SPI for different future periods in the Kabul River Basin.
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Figure 20. (a–f) Spatial distribution map of RDI for different future periods in the Kabul River Basin.
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Figure 21. (a–f) Spatial distribution map of NDI for different future periods in the Kabul River Basin. 

4. Discussion 

Figure 21. (a–f) Spatial distribution map of NDI for different future periods in the Kabul River Basin.

4. Discussion

Water resources systems, which are essential for the sustainability of the ecosystem
and social economy, are always affected by climate change, especially in arid and semi-arid
regions [39]. In many cases, it has been highly evident that the temperature increases while
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the precipitation decreases significantly due to climate change and often causes major
natural disasters, especially drought [36].

Drought is one of the most important and destructive climatic phenomena, the effects
of which are usually more important on a regional scale. This destructive phenomenon
accounts for more than 15% of natural disasters and is the deadliest natural hazard [39,40].

Studying the drought situation is very valuable, especially in arid and semi-arid
regions such as Afghanistan. Kabul River Basin is one of the most important river basins
in Afghanistan from a socio–economic and environmental point of view, in which the
investigation of drought is considered a very important and vital issue.

While studies have been performed for the drought assessment for this river basin,
most of them pertain to analyzing the behavior of the drought in the past. Moreover, in the
previous studies, the spatial comparison of the drought was not considered to understand
the effects of droughts specific to regions of interest. It was also noted that none of the
previous studies considered the impacts of climate change, which is the only cause of
natural hazards.

Therefore, this study assessed the meteorological drought for the future under two
climate change scenarios using the most commonly used drought indices (SPI and RDI) and
NDI. From the results, it can be noticed that there have been 27 moderate droughts, 12 severe
droughts, and 10 extreme droughts based on SPI values, and 33 moderate droughts,
11 severe droughts, and 9 extreme droughts based on RDI values under RCP 4.5 during
2010–2099 in the Kabul River Basin. This is while, under RCP 8.5, the estimated values
of SPI show 30 moderate droughts, 13 severe droughts, and 9 extreme droughts. Based
on RDI’s estimated values, there will be 38 moderate droughts, 13 severe droughts, and
7 extreme droughts during the future periods of 2010–2099. Similarly, estimating NDI val-
ues considering RCP 4.5, it is estimated that the basin is expected to experience 30 moderate
droughts, 21 severe droughts, and 14 extreme drought events, and under the RCP 8.5
scenario, the basin is expected to experience 33 moderate droughts, 29 severe droughts,
and 16 extreme drought events, respectively.

Therefore, under RCP 4.5, there are 49, 53, and 65 droughts based on SPI, RDI, and NDI
estimated values on aggregate in 90 years, which implies the frequency of drought is almost
once every 2, 1.7, and 1.4 years, respectively. Similarly, under RCP 8.5, there are 52, 58, and
78 droughts under SPI, RDI, and NDI values aggregated in 90 years, which also implies
the frequency of drought is 1.7, 1.5, and 1.2 years during 2010–2099. Moreover, based
on DI’s estimated values, there will also be 7 extreme droughts and 12 severe droughts
under RCP 4.5, 5 extreme droughts, and 16 moderate droughts under RCP 8.5 during
2010–1099. Therefore, there have been 19 and 21 droughts on aggregate in 90 years, which
implies the frequency of drought is almost once every 5 years under RCP 4.5 and once
every 4.2 years under RCP 8.5. Under RCP 8.5, there are more droughts than under RCP
4.5 in all indices. This is because RCP 8.5 is the highest baseline emissions scenario in
which emissions continue to rise throughout the 21st century. Moreover, an assessment
of drought in the past also shows the occurrence of 3 extremes, 4 severe, and 8 moderate
droughts in this river basin, with a frequency of once every 1.3 years during 1961–1980.
Additionally, the frequency of drought in the last decade (1970–1980) is higher than in the
first decade (1961–1970). From the comparison of the frequency of droughts in the past and
future periods, it can be concluded that this frequency is primarily attributed to climate
change, which leads to irregular precipitation behavior.

The significant finding of this study is that in both scenarios and for all drought indices,
there will be extreme and severe droughts in the high-elevation areas compared to the low
altitudes. This fact indicates the effect of climate change, which causes a significant decrease
in precipitation and an increase in temperature. Because of the increase in temperature, the
snow and ice that are in the high altitudes will melt, and finally, the high-elevation areas
will be bare and dry. Since the melted water goes down, the low-elevation areas will face
fewer droughts in the future.
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The spatial distribution map also showed that the areas that are located at high
altitudes will face meteorological drought, especially in the 2080s. Therefore, the results of
this study can help manage drought (high altitudes) and flood (low altitudes) risks in this
area and how they affect individuals and communities.

5. Conclusions

This study used a different set of data sources, including the baseline data and bias-
corrected output data of the GCMs model, for the evaluation of the meteorological drought
in the Kabul River Basin. From the projected precipitation, it was found that the average
annual precipitation will decrease by 53–65%, corresponding to the baseline period. Addi-
tionally, the average annual maximum and minimum temperatures are likely to increase
in the entire river basin under both scenarios in all three future periods. The average
maximum temperature will rise from 2.9 ◦C to 4 ◦C, and the average annual minimum
temperature will increase from 2.7 ◦C to 3.7 ◦C in the future period of 2010–2099.

Moreover, according to the drought indices estimated at the KRB from 2010–2099, the
predicted values from the SPI and RDI are almost the same in the entire KRB under both
scenarios. However, the RDI, with evapotranspiration taken into account, predicted a more
moderate drought in future periods than the SPI. It is a fact that RDI considers the PET while
SPI does not. To obtain diversity in drought prediction, evapotranspiration was considered
necessary to calculate meteorological drought. Meanwhile, the results of DI indicated more
drought than SPI and RDI. Results from NDI estimated a furthermore moderate, severe,
and extreme drought compared to SPI and RDI, which is due to the consideration of the
meteorological parameters directly. Comparing SPI, RDI, and NDI obtained using RCP 4.5
and RCP 8.5 scenarios, it is evident that after the 2050s the probability of the occurrence of
drought events in the Kabul River Basin will increase. The NDI considering temperature
and precipitation indicates that after 2058, the basin will be affected by drought frequently,
and the same is supported by the SPI and RDI indices.

A comparison of distribution maps from drought indices under the three scenarios
showed a similar trend with a higher negative value of the NDI, indicating more drought
in the high-altitude area than the low-altitude area in the 2050s and 2080s periods. This is
an alarming situation, as it would lead to the melting of more snow and pose a threat to
future water availability.

As climate change in Afghanistan has caused severe drought, suitable climate change
adaptation strategies should be developed to manage the development and management
of the KRB’s water resources. Therefore, our results can be directly used for policy-level
changes and decision-making to effectively manage the existing available water resources
and also to plan additional resources for future growth. This study lacks the availability of
observed meteorological data, and it is suggested to use more observation datasets. One of
the major limitations faced is the unavailability of observed data downstream of the river
basin, which could be resolved by installing more observatory stations that could assist in
assessing the hydrological and socio–economic drought under climate change conditions
in the Kabul River Basin. Further, the analysis can also be performed by using ERA5-Land
precipitation data and WorldClim V2 temperature datasets for deriving the drought indices
over the river basin, which could help in obtaining evenly distributed drought indices
within the river basin. Not limited to the datasets, integrating the remote sensing images
and machine learning techniques could help in better understanding the variation of the
agricultural region in the river basin.
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