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ABSTRACT

DROUGHT ASSESSMENT IN AFGHANISTAN USING REMOTELY
SENSED DATA

Afghanistan's climate ranges from arid to semi-arid because it is a landlocked
country in central and southern Asia. The vast majority of people work in agriculture, and
agriculture accounts for a significant portion of the nation's GDP. Climate change-related
droughts that have occurred repeatedly have made it increasingly difficult to implement
practical water resources management techniques. Another noteworthy concern involves
transboundary water flowing downstream to neighboring countries without any
established sharing arrangements. Consequently, this study aims to examine drought
assessment in Afghanistan over the period from 1992 to 2021. This assessment will be
based on various indices, including the Standardized Precipitation Index (SPI),
Standardized Precipitation Evapotranspiration Index (SPEI), Reconnaissance Drought
Index (RDI), and Surface Runoff Index (SRI). Data used in this study are remotely sensed
precipitation, temperature and surface runoff data. In order to make compression between
short term period and long-term period each of the indices are calculated in three different
time scales (3_month, 6_month and 12_month). At the end Afghanistan’s yearly drought
maps of each four indices for each of the three-time scales are drawn by Geographic
Information System (GIS) and the results obtained are discussed. Accordingly, the results
revealed that most of the country, notably the west of Afghanistan, has endured several,
significant droughts over the last 20 years at least, and also due to regional climate
variations (arid and semi-arid), these four indexes behave differently in specific

situations.
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OZET

UZAKTAN ALGILANAN VERI KULLANILARAK AFGANISTAN'DA
KURAKLIK DEGERLENDIRMESI

Afganistan' iklimi, Orta ve Giiney Asya'da karasal bir iilke olmasi nedeniyle
kurak ila yar1 kurak arasinda degismektedir. Ulkenin biiyiik cogunlugu tarim sektdriinde
calismakta ve tarim, ulusal gayri safi yurtici hasilanin 6nemli bir kismin1 olusturmaktadir.
Tekrarlanan iklim degisikligi kaynakli kurakliklar, pratik su kaynaklart yonetim
tekniklerini uygulamay1 giderek daha zor hale getirmistir. Bir diger 6nemli sorun,
anlasma olmadan akis gosteren sinir Otesi sularin bulunmasidir. Bu nedenle, bu
calismanin amaci, 1992'den 2021'e kadar olan doénemde Afganistan'da kuraklik
degerlendirmesini Standart Yagis Indeksi (SPI), Standart Yagis Evapotranspirasyon
Indeksi (SPEI), Kesif Kuraklik indeksi (RDI) ve Yiizey Akis Indeksi (SRI) kullanarak
incelemektir. Bu ¢alismada kullanilan veriler, uzaktan algilanan yagis, sicaklik ve ylizey
akis1 verileridir. Kisa vadeli donem ile uzun vadeli donem arasinda karsilastirma yapmak
icin her bir endeks {i¢ farkli zaman 6lgeginde (3 ay, 6 ay ve 12 ay) hesaplanmistir. Sonug
olarak, Afganistan'in yillik kuraklik haritalari, Cografi Bilgi Sistemi (GIS) yardimiyla her
dort endeksin her ii¢ zaman 6lcegi i¢in hazirlanmis ve elde edilen sonuglar tartigilmastir.
Bu dogrultuda, sonuglar tilkenin biiyiik bir kisminin en azindan son 20 yilda birkag 6nemli
kuraklik yasadigini ortaya koymaktadir. Ayrica bolgesel iklim varyasyonlar1 (kurak ve
yart kurak) nedeniyle bu dort indeksin belirli durumlarda farkli davrandigini

gostermektedir.

Anahtar kelimeler: Kuraklik, SPI, SPEI, RDI, SRI
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CHAPTER 1

INTRODUCTION

1.1. Background

Drought, as a natural occurrence, carries adverse consequences for the
environment, agriculture, individuals, wildlife, the economy, and society at large (Tayfur
& Alami, 2022). It is marked by an extended duration of insufficient rainfall and a scarcity
of water resources, which can result in far-reaching and frequently severe repercussions.
According to Palmer (1965) drought is a metrological abnormality that is characterized
by an extended and abnormal lack of precipitation. It is characterized as an extended
period of notably arid conditions that persists long enough to induce a substantial
hydrological imbalance(IPCC, 2014). Yet, no single definition of drought is universally
agreed upon (Tsakiris et al., 2013). Typically, there exist four distinct types of droughts:
meteorological, agricultural, hydrological, and socioeconomic. As a recurrent natural
disaster, droughts can disrupt food and water supplies, strain agricultural systems,
exacerbate water resource challenges, and fuel economic losses. Climate change further
compounds these challenges, altering precipitation patterns and intensifying the severity
and frequency of drought events in various regions. Understanding the causes, impacts,
and effective mitigation strategies for drought is not only critical for disaster preparedness
but also essential for building resilience in the face of an increasingly uncertain climatic

future.

The people of Afghanistan are particularly vulnerable to be harmed by droughts
and other natural calamities following 40 years of subsequent conflict. The aggravation
of drought has caused the destruction of agricultural fields and increased the crisis of
hunger and poverty in Afghanistan. According to McCarthy, (2021), During the 2018-19
drought, a significant portion of Afghanistan, exceeding two-thirds of its land area, felt
its effects. This event led to the displacement of over 371,000 individuals and left around
four million residents in the hardest-hit provinces requiring critical life-saving assistance
Drought conditions also caused millions of people to experience food insecurity.



Afghanistan’s geographical positioning and prolonged environmental degradation make
it exceptionally prone to recurrent and severe natural disasters, including flooding,
earthquakes, avalanches, landslides, and droughts. These events frequently result in the
tragic loss of lives, livelihoods, and property (Ranghieri et al., 2017). Igbal et al. (2018)
also says that drought has caused substantial adverse economic consequences. These
include job losses, reduced agricultural and livestock yields, and a limited range of
livelihood choices for farmers, all of which have exacerbated their financial well-being.
In addition, there have been social repercussions such as population displacement, a
prevailing sense of despair and grief, conflicts arising from competition for water
resources, health-related challenges, disruptions to children's access to education,
instances of hunger, and limitations on available food varieties. In terms of GHG
emissions, Afghanistan is among the middle-class nations in the world. However, because
of its susceptibility to droughts, floods, and landslides/avalanches, Afghanistan is among
the nations facing the greatest peril from the consequences of climate change (Thomas et
al., 2016).

In an era marked by climate variability and change, the need for comprehensive
and timely drought assessments has become increasingly evident. Drought assessment
involves the systematic measurement and analysis of various indicators, including
precipitation, temperature, soil moisture, and water levels. Across continents, nations, and
regions, experts, meteorologists, and environmental scientists employ a range of tools and
methodologies to monitor and evaluate drought conditions. Although drought cannot be
avoided, its effects on the environment and on people can be lessened through preparation
and management. The effectiveness of drought preparation and management depends on
how precisely the drought is characterized and its features (severity, intensity, length...)
are measured (Traore, 2016). Some specific drought assessment and analysis methods
that are commonly used such as Drought Severity Index of Palmer (Palmer, 1965).
According to Lloyd-Hughes & Saunders (2002), the Palmer Drought Severity Index
(PDSI) incorporates rainfall, evapotranspiration, soil water recharge, runoff, water loss

from soil, and an empirical weighting factor.

McKee et al. (1993) created the Standardized Precipitation Index (SPI). It relies
on the contrast between the monthly precipitation anomaly and the precipitation standard
deviation for that particular time frame. The fact that just the precipitation data is required

is considered a significant benefit. The SPI, on the other hand, is unable to account for



the vases where increased evapotranspiration occurs when the temperature increases as a
result of climate change, which in that case the Standardized Precipitation
Evapotranspiration Index (SPEI) will be used. It is derived from measurements of

precipitation (P) and potential evapotranspiration (PET) (Almeida-Naufiay et al., 2022).

Surface Runoff Index (SRI) is another index formulated by (Shukla & Wood,
2008) for evaluating hydrological drought by utilizing stream flow data. This approach

involves the fitting of an appropriate distribution to the flow records of a specific location.

The Reconnaissance Drought Index is another measure of drought (Tsakiris et al.,
2007). Its foundation is the proportion of precipitation to possible evapotranspiration
(PET). An et al. (2022) constructed and examined the reconnaissance drought index
(RDI) and standardized precipitation index (SPI) for upcoming droughts in Korea using
climate data based on SSP scenarios. Examination and assessment were carried out on
temperature and precipitation data derived from the SSP1-2.6 and SSP5-8.5 scenarios.
Katipoglu et al. (2020) also applied Reconnaissance Drought Index (RDI) in Euphrates
basin in Turkiye. In this study, data from 16 meteorological observation stations were
collected and computed over a 12-month timeframe. The frequencies of drought classes
were determined, and the index values were subsequently analyzed using runs analysis.
This analysis aimed to identify the maximum and average drought characteristics, such
as drought duration and severity, within the basin and to explore the meteorological
drought phenomenon. The Mann-Kendall (MK) and Modified Mann-Kendall (MMK)
tests were employed to examine the autocorrelation of the RDI values. Additionally, the
study involved the mapping of increasing and decreasing trend values within the
Geographic Information System (GIS) environment. Tigkas et al. (2016) Introduced a
modified Reconnaissance Drought Index (RDle) incorporating effective precipitation
instead of precipitation. This change improves the effectiveness of the index for
agricultural drought analysis by appropriately depicting the amount of water that

agricultural systems use to their advantage.

The relative SP1 and PDSI indicators were developed by(Dubrovsky et al., 2009)
with the intention of using them to determine whether the drought features in Czech
Republic may be affected by the upcoming climate change. To assess the prevailing
climate drought conditions, initial relative indices were generated using monthly weather
data collected from 45 Czech sites. Subsequently, drought indices were created by
adjusting the observed data based on five climate change scenarios derived from Global



Climate Models (GCMs). This process allowed for the evaluation of future climatic

drought conditions.

To assess the effectiveness of different standardized drought indices and identify
the most suitable time scale in relation to the standardized vegetation index, Almeida-
Naufiay and colleagues (2022) conducted an evaluation. They examined the performance
of various climate drought indices, including SPI and SPEI, alongside agricultural
drought indices like VHI and SVHI, within semiarid grassland regions across multiple
time scales. The results showed that SPEI was better correlated with VHI compared to
SPI. Additionally, SVHI outperformed VHI in the crucial vegetation periods. Wang et al.
(2019) used runoff data to develop a multi-scalar meteorological drought index which
uses the same calculation principles as the standardized precipitation evapotranspiration
index (SPEI). Using techniques like Penman-Monteith and Copula, (Wang et al., 2019)
harnessed precipitation, temperature, relative humidity, sunshine hours, wind speed, and
runoff data to construct a multi-scalar drought index termed the Standardized
Precipitation Evapotranspiration Runoff Index (SPERI). The development of this index
was grounded in the principles that underlie the computation of the Standardized
Precipitation Index (SPI) and the Standardized Precipitation Evapotranspiration Index
(SPEI). Along with the SPI and SPEI, this index is applied to the Chinese province of

Yunnan.

To create the regionally independent integrated drought, (Jiao et al., 2019)
established a framework for a new integrated drought index and incorporated certain
variable data. The idea of meteorological, agricultural, and vegetation drought serves as
the foundation for geographically independent integrated drought. Bageshree et al. (2022)
studied a multivariate drought index considering multidimensional hydro-climatological
drought propagation, and the applicability of the developed index examining for
spatiotemporal drought characterization in the highly drought-prone Marathwada region
of central India by using two approaches: principal component analysis (PCA) and
copula. Based on the notion of agricultural drought, (Wu et al., 2021) constructed a
number of novel drought indices using soil moisture and evapotranspiration. These

drought indicators represent the North China Plain's winter wheat's water stress (NCP).

Jahangir & Yarahmadi, (2020) employed an investigation of streamflow drought

index (SDI) method in Lorestan province of Iran to predict the drought onset and its



duration. This approach incorporates both the cumulative flow rate of the river and the
spatial extent of drought to assess and monitor hydrological droughts. The research
involved the investigation of four distinct time periods, namely 3, 6, 9, and 12 months, at
selected locations within the province.. (Gulmez et al., 2021) also conducted an
investigation through streamflow drought index (SDI) in the Aegean region, which has
an important economic, historical and socio-cultural role in the western Tirkiye. The
average discharge was used in the related stations. Then SDI is acquired with 1-, 3-, and
12-month moving averages to describe the degree of drought severity related to
streamflow in the Basins. (Hasan et al., 2021) applied a Streamflow Drought Index (SDI)
and theory of runs (ToR) research to identify the drought characteristics and temporal
assessment of drought. Almost the same study is done by (Tareke & Awoke, 2022),
conducting the streamflow drought index (SDI) to measure historical hydrological
drought in Ethiopia in order to better comprehend its effects on the construction of

infrastructure for water resources.

Arid and semi-arid regions could face substantial consequences, even in the
scenario where future drought severity, duration, and intensity are projected to rise (Bisht
et al., 2019). Afghanistan's semi-arid and arid climate has already caused country to
experience more droughts in recent years of 1999, 2000, 2001, 2005, 2007, 2010, 2016,
and 2017. Also, it is expected that droughts will become more frequent and commonplace,
elevating the risk of desertification, land degradation, and severe soil erosion in
Afghanistan (Rousta et al., 2020). That’s why the overall object of this thesis is to asses
four drought indices such as SPI, SPEI, RDI and SRI over all Afghanistan. In this study
the drought indices are calculated for 30 years which start from 1992 until 2021.

1.2. Drought and Conflicts

Afghanistan is hydrographically divided into five major river basins, the Amu
Darya, Harirud-Murghab, Helmand, Northern and the Kabul River Basin, all of which
cross international boundaries. Afghanistan's entire water area in land is 61 million acres
(Salman, 2007). The Amu Darya River is one of the longest rivers in Central Asia. These
transboundary waters often create conflicts with neighbors specially with Iran and

Pakistan. Unlike the tensions between Afghanistan and Pakistan or Pakistan and India,



Iran and Afghanistan don't have any significant geographical conflicts. However, as each
side is affected by droughts, climate change, and improper water management, a
simmering dispute over the distribution of water from the Helmand River is endangering
their partnership (Aman, 2016). The history behind the recent conflict goes back to 1870s
when Afghanistan was under British control and Iran-Afghan border was drawn along the
main branch of the Helmand River (Aman, 2016). Then in 1939, 1948, 1951 and 1973,
treaties on sharing the river’s waters were signed but due to government changes and
problems in both sides the treaties were never completely ratified. According to (Hafeznia
et al., 2006) the Hirmand River originates from Afghanistan and the life of the people of
Sistan depends on it. The flow of Hirmand water and the reduction of water flowing
towards Sistan (Iran) have always caused problems in the last hundred years.lIt has created
political relations between Iran and Afghanistan at the local and national levels. Hirmand
River in the eastern border of Iran enters Sistan from Afghanistan and is the only water
source supplying the Sistan plain. The Hirmand river, a significant water source for
agriculture, is the main source of water for the Hamon lakes (Miri, 2006). According
(Moosazadeh & Abbaszadeh, 2016) the areas of dispute between the two governments of

Iran and Afghanistan are as follows.

The Hirmand legal system, which was established in 1972 between Iran and
Afghanistan, resolved the water issue, although Iran has continued to claim its
downstream rights ever since the regime's creation and implementation. The primary
issue arose when Afghanistan’s political elite crossed the Hirmand River at the beginning
of the 20th century. They believed a river to be internal and thought the Afghan

government had the exclusive right to use its water.

Before the Congress of Vienna in 1815, governments considered international
rivers as part of their territory. In fact, the dominant view before the Congress of Vienna
was the principle of absolute territorial sovereignty. This view, more or less since the
separation of Afghanistan from Iran, has always been considered by the leaders of this

country.

Throughout the bilateral water conflict, the Afghan government has diverted
water on numerous occasions for instance, the Hirmand river in 1886. In general, this
situation persisted over the years when the Afghan government built the "Bagarah™ canal

and dam between 1947 and 1957. With a capacity of 2800 cubic feet of water per second,



it is 70 km long. Additionally, the 1.5 million cubic foot Kajaki Reservoir Dam, the
Arghandab Dam on the Arghandab branch of Hirmand, as well as several canals such the
"Gohargan", "Kashetchi" and "Hogian Kamrag" has been constructedKajaki Reservoir
Dam, Arghandab Dam and lately Kamal khan Dam on the Hirmand river can be named

water storage issues between the two countries.

According to 1973 agreement, the Afghan government should deliver the
determined amount of Iran's water right at the border. Therefore, the Afghan government
is responsible for all the obstacles to its joint "delivery" with Iran to this country, including
the intentional obstacles and the obstacles created unintentionally on the water path of the

Hirmand River.

But Afghans officials always says that the water rights were delivered more than
it was supposed to and also claims that the treaties were never completely ratified by their
side. The conflict rose between the two countries to extent that Ashraf Ghani, the (former)
president of Afghanistan, stated in March 2021 at the opening of the Kamal Khan Dam
on the Helmand River close to the Iranian border that "from today, the control of water
in the province is now in the hands of Afghans" and emphasized that Afghanistan "would
no longer give free water to anyone,” while "Iran can get extra water if it gives oil in

return,”(Nagheeby & Warner, 2022). Iranian officials of course reacted to such statement.

Afghanistan also shares the water coming from Kabul River basin with Pakistan.
Afghanistan supplies a sizable amount of the water used in Pakistan. The Kabul River
provides 16-17% of Pakistan's total water supply (Nagheeby & Warner, 2022). The
Kabul River in Afghanistan serves as a source of power and drainage for the Pakistani
region of Khyber Pakhtunkhwa. Since there is no water agreement between the two
countries, the situation in both of them is complicated due to a variety of natural causes
and an increasing global demand for water. As a result of the rising population, climate
change, and increased industrial and municipal demand in the absence of such an
agreement, tensions between Afghanistan and Pakistan frequently resurface and are likely
to worsen in the future (Ranjan & Chatterjee, 2020). For instance, water has previously
been utilized according to each state's demands, but when Afghanistan decided to
construct a dam (Shahtoot Dam) on Kabul River the Pakistani side Express their

unpliancy (Nagheeby & Warner, 2022).



1.3. Objectives of the Study

The overall goal of this thesis is to assess historical drought conditions in
Afghanistan using various drought indices, and connect them to the effects of climate
change. The research consists of the following sub-objectives.

1. to produce comprehensive historical drought maps covering the entire country for
a 30-year span, utilizing three distinct time intervals (3 months, 6 months, and 12
months).

2. To identify the primary characteristics of droughts such as frequency, magnitude
and duration.

3. To compare the differences of drought in three different time periods (3-month, 6
month and 12month).

1.4. Significance of the Study

Droughts are one of the most expensive natural disasters on an annual basis; they
have enormous, widespread effects on many different economic sectors and human
populations at once. Drought is significant because it can cause food insecurity when
corps fail and increase the risk of famine. Famine occurs when a sizable portion of the
population no longer has access to food. It causes widespread acute malnutrition,
sickness, and mortality throughout the affected area. Drought threatens crucial access to
safe drinking water. This can result in people drinking contaminated water, which can
lead to epidemics of diseases like cholera and typhoid. These diseases can also spread in
areas with inadequate sanitation, which is another side consequence of a lack of clean
water. Dry weather can spark wildfires, destroying remaining vegetation and putting
buildings in peril. Fires can also have an impact on air quality and aggravate chronic lung
diseases. Many people must leave their houses permanently during a drought because
they lack access to clean water and food. According to the World Health Organization,
"Water scarcity impacts 40% of the world's population, and as many as 700 million people

are at risk of being displaced as a result of drought by 2030”.



Considering drought in the climate change era its likelihood gets worse. Climate
change is a major driving force that impacts the hydrological cycle, resulting in a rise in
natural hazards. Drought is one of the most damaging natural dangers, and it is becoming
more complex as a result of climate change. Floods and droughts are two extreme natural
catastrophes that are becoming more often as a result of climate change's effects on the
hydrological cycle and water supplies. Having less precipitation than typical for a period
of months or years causes drought. Evaporation is accelerated by warmer temperatures,
which lowers surface water and dries out soils and vegetation. Because of this, dry spells
last longer than they would in colder weather. The period of water supply is also changing
due to climate change. Climate change is anticipated to increase the frequency and
severity of droughts in the world. Notably in semi-arid regions already experiencing
substantial water stress. Numerous studies have demonstrated that greenhouse gas
(GHG)-induced global warming may result in increased surface aridity and more
droughts in the twenty-first century due to decreased precipitation in the subtropics and
increased evaporative demand caused by higher vapor pressure deficits under warmer

temperatures.

After 40 years of ongoing war, the people of Afghanistan are especially
susceptible to being hurt by droughts and other natural disasters. The loss of agricultural
fields and the escalating hunger and poverty problem in Afghanistan are results of the
drought’s worsening. Moreover, millions of people experienced food insecurity as a result
of the drought. Afghanistan is extremely vulnerable to severe and frequent natural
disasters like flooding, earthquakes, avalanches, landslides, and droughts because of its
location and decades of environmental degradation, which frequently cause the loss of
lives, livelihoods, and property (Ranghieri et al., 2017). Given the issues raised above,
there is a clear need to comprehend and evaluate droughts in the country in order to create
a plan for mitigating its effects in the future. Additionally, it is anticipated that it will
promote researches in this field of study and enable future advanced studies of drought

analysis.



1.5. Thesis Structure

This thesis is typically organized into six key sections, starting with Introduction chapter,
which provides a comprehensive overview of the research background, Drought and
conflicts, its significance, and the objectives of the study. The second chapter is dedicated
to the literature review, where a thorough examination of existing literature related to
drought is conducted. This chapter aims to establish the theoretical framework and also
provides a critical analysis of relevant studies and serves as the foundation upon which
the research methodology is built. The 'Study Area and Data' chapter offers an in-depth
overview of Afghanistan, including its five major river basins and its shared borders with
neighboring countries. Additionally, this chapter includes the remote sensing (RS) data
used in this study. In the methodology chapter, the research approach, and data analysis
techniques are detailed. This section outlines how the research questions or hypotheses
will be addressed and explains the rationale behind the chosen methodology. The fifth
chapter presents the results and discussion of the analysis that includes tables, figures,
and textual descriptions related to the indices (SPI, SPEI, RDI, SRI).in the discussion part
of this chapter the results obtained will be interpreted in monthly and yearly discussion.
The thesis will be finalized with the conclusion and recommendation chapter that
summarizes the key findings and contributions of the research. Following the conclusion,
recommendations will be presented at the end of this chapter.
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CHAPTER 2

LITERATURE REVIEW

In this chapter drought definitions, worldwide effect of climate change and
drought indexes will be discussed. An overview of climate change adaptation processes
and drought index techniques is provided globally. Considering Afghanistan, where
drought, together with 40 years of war, has brought about many unpleasant situations,
including decreased food production, environmental destruction, hunger, and social

hardship.

2.1. Drought Definition

It's crucial to distinguish between conceptual and operational definitions of
drought (Mishra & Singh, 2010). Definitions that are conceptually sound aid in
comprehending the idea of drought and its repercussions. For instance, a drought is an
extended period of inadequate precipitation. Conceptual definitions are frequently used
as an introduction in scientific publications and reports even if they do not offer
quantitative answers to the questions of "when", "how long" or "how severe" a drought
is. Operational definitions aid in determining the start, extent, and end of drought periods.
The frequency, intensity, and length of drought for a specific historical period can be

examined using a generally operationally defined drought.

A drought is defined as "the percentage of years when crops fail due to a deficit
in moisture,” according to the Food and Agricultural Organization (FAQO) of the United
Nations (Mishra & Singh, 2010). According to the World Meteorological Organization
(WMO) (Mishra & Singh, 2010), drought is caused by a lack of precipitation, which
causes a shortage of water for specific uses or for some groups of people. According to
the UN Convention to Combat Drought and Desertification (General, 1994), "drought is
the naturally occurring phenomenon that exists when rainfall has been significantly below

normal recorded levels, causing serious hydrological imbalances that adversely affect
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land resource production systems"”. Furthermore, drought is defined in four categories

which is defined as bellow.

2.2. Drought Classifications

According to Heim Jr (2002), there are generally four different forms of drought:
meteorological, agricultural, hydrological, and socioeconomic. Meteorological droughts
are typically caused by precipitation that deviates from normal over an extended period
of time and agricultural drought is referred to a period of insufficient soil moisture that
reduces the amount of accessible moisture for crops and other types of plants.
Hydrological drought is frequently discussed in relation to water resources (supply), such
as streamflow, groundwater, and reservoir levels. Socioeconomic drought has features of
the three preceding forms of drought and is related to the supply and demand of particular

economic goods.

2.3. Drought Indices

A drought index is a single variable used to define many drought factors, such as
intensity, duration, severity, and spatial extent, and to evaluate the impact of droughts.
Streamflow, temperature, rainfall, and other quantifiable factors are often continuous
functions of drought indices. Following are short summaries of the drought indices, which

are categorized according to the volume of data utilized in this thesis.

2.3.1. Standardized Precipitation Index (SPI)

The SPI is one of the most often utilized indices in the world for drought
monitoring, and Table 2.1 illustrates the drought categories associated with the SPI
numerical values. The mean SPI for the location and desired period is set to zero by fitting
this long-term rainfall record to a probability distribution, which is then transformed into

a normal distribution using an equal-probability transformation. As a result, values above
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zero denote wet periods, and values below zero denote dry periods (McKee et al., 1993).
The SPI has been praised by many scholars as a useful and simple technique for
monitoring droughts due to the ease in application and the relatively low amount of data
required for its calculation. For instance, in order to define and monitor drought,
researchers from Colorado State University presented the SPI as a reasonably
straightforward method (Hayes et al., 1999). Onusluel Giil et al., 2022) analyzed drought
behavior using SPI in transects of Turkey's main river basins in the Thracian, Aegean,
and Mediterranean. (Wu et al., 2001) utilized this approach in their study covering arid
and humid regions in China, whereas Surendran et al., 2017) applied the SPI method to a

semi-arid region in India.

Table 2.1 Categorization of meteorological drought using the SPI

State Description Criterion
Extremely wet SPI=2.0
Very wet 1.5<SPI<2.0
Moderately wet 1.0sSPI<1.5
Near Normal -1.0=SPI<1.0
Moderately dry -1.5=SPI=-1.0
Severely dry -2.0<SPI=-1.5
Extremely dry SPI<-2.0

2.3.2. Standardized Precipitation Evapotranspiration Index (SPEI)

Standardized Precipitation Evapotranspiration Index (SPEI) is a recently created
drought index (Vicente-Serrano et al., 2010). It is based on precipitation (P) and PET
measurements on how precipitation and PET differ from one another (Vicente-Serrano et
al., 2010). According to (Almeida-Naufiay et al., 2022), Standardized Precipitation
Evapotranspiration Index (SPEI) is another common statistic for keeping track of drought
periods, which is offered as an upgrade of the SPI index, in which Potential

evapotranspiration (PET) is computed and deducted from precipitation data. Due to the
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incorporation of the temperature influence in its computation, SPEI is found to be a better
drought indicator than SPI overall. He et al.(2022) examined a drought index taking
irrigation factors according to traditional drought index framework for the performance’s
comparison of Standardized Precipitation Evapotranspiration Index for Irrigation
(SPEII), SPEI, and scPDSI in cropland vegetation response to drought and to evaluate
drought change and provide some strategies for regional irrigation and water resource

scheduling management in the future based on CMIP5 model.

2.3.3. Reconnaissance Drought Index (RDI)

By accounting for the balance between inputs and outputs in a water system,
(Tsakiris et al., 2007) created the reconnaissance drought index in Greece to provide a
comparatively more accurate approach to water shortage. The RDI is designed to provide
a quick and simple assessment of drought severity, making it a valuable tool for early
warning and decision-making. Its foundation is the proportion of precipitation to possible
evapotranspiration (PET). Using climate data based on Shared Socioeconomic Pathway
(SSP) scenarios, (An et al., 2022) created and assessed the reconnaissance drought index
(RDI) and standardized precipitation index (SPI) for prospective droughts in Korea.
Studies on RDI can be found in the literature such as Mornos and Nestos basins in Greece.
In six synoptic stations in South Khorasan, Iran, (Khosravi, 2013) investigated the
similarities and differences between the SPI and RDI indices. By utilizing different
drought indices in RDI, (Payab & Turker, 2019) attempted to describe drought
occurrences and compare meteorological drought. (Katipoglu et al., 2020) also applied
Reconnaissance Drought Index (RDI) in Euphrates basin in Turkiye.

2.3.4. Surface Runoff Index (SRI)

Shukla & Wood (2008) created SRI to evaluate hydrological drought taking into
account stream flow data. It entails adapting an appropriate distribution to flow records
from a certain location. The SPI principle is similar to the SRI suggested by (Shukla &
Wood, 2008), with the exception that runoff data was used in place of precipitation data.
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To incorporate more hydrometeorological data (Shah & Mishra,2020) developed a
combined SRI, standardized groundwater index, and other indices. A composite
multivariate drought index (CMDI) based on a copula combining three univariate drought
indices (standardized runoff index (SRI), water storage deficit index (WSDI), and
standardized precipitation index [SPI]) was used by Yang et al., 2023) to fuse multiple
timescales of SPI and SRI, to combine the marginal distribution characteristics of

multiple univariate indices of SPI, SRI, and WSD

2.4. Effect of Climate Change

Climate change can be defined as the rising of sea levels and increasing frequency
of weather events such as droughts, floods and severe storms (Hassan Gana, 2018).
Droughts have a natural occurrence, but climate change has typically speed up the
hydrological processes to hasten their onset and intensify them. This has various effects,
not the least of which is a higher danger of wildfires (Mukherjee et al., 2018). Less rainfall
and greater evaporation, which are mostly caused by rising temperatures, will likely lead
to an increase in the frequency of droughts (Sheffield & Wood, 2012). The effects of
climate change-related disasters, particularly drought, have gotten worse, resulting in
significant losses of livelihood, ecological and environmental degradation, harm to
human health, and other negative effects (Thuong, 2013). One of the greatest issues of
the twenty-first century is thought to be climate change (Change, 2014). Over 157 years
of observations revealed an increase in global surface temperatures (Savo et al., 2016)
Climate-related disasters will become more frequent due to extreme weather, which will
have disastrous effects on social well-being, habitat disruption, and economic suffering
(Kusangaya et al., 2014). These have an effect on every aspect of the ecosystem and
human health, and they may result in a loss of life, decreased agricultural output, the
extinction of some species, and water crises (Kusangaya et al., 2014). A drought is caused
on by a lack of precipitation (below average) over an extended length of time, usually a
season or more. (Wilhite & Glantz, 1985 ; Bordi & Sutera, 2007). Droughts are regarded
as one of the cumulative climate risks. The most expensive climatic hazard worldwide is
drought, which causes problems in many parts of the world (Wilhite, 2000). According
to the third IPCC report on climate change (Houghton et al., 2001), based on data, it is
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likely that increased summer drying over the majority of mid-latitude continental interiors
and the related danger of drought existed throughout the 20th century and are predicted
to continue into the 21st.. The atmosphere's temperature increased in two periods
throughout the past century, from the 1910s to the 1940s by 0.35°C, and from 1970 to the
present by 0.55°C (Hassan Gana, 2018). In many parts of the world, rainfall variability
and drought intensity are likely to grow (Kusangaya et al., 2014; Mosley, 2015). Although
the climate does change naturally, the production of more greenhouse gases causes those
changes to occur more quickly and has an impact on the frequency of extreme weather

occurrences.

2.5. Drought in Afghanistan

In order to evaluate the meteorological and agricultural dryness that occurred
during the monsoon season, Baig et al. (2020) conducted drought research in the Chitral
Kabul River Basin (CKRB) utilizing remote sensing and GIS techniques. The analysis
came to the conclusion that the driest year was 2000, which also had a meteorological
and agricultural drought during the monsoon season. The results also revealed that the
agricultural and meteorological droughts varied spatially, but that there was a declining
tendency between 2000 and 2018 in terms of duration. The intensity of the drought is at
its highest between 2020 and 2022, but there has since been a declining tendency,
according to forecasts for the years between 2020 and 2030. Rousta et al. (2020) used a
variety of indices derived from the MODIS, TRMM, and LST datasets to study the link
between vegetation covering and drought stress in Afghanistan. The research tried to
answer guestions such as whether the occurrence of the drought solely influenced by the
precipitation, or the temperature and precipitation should be taken into account
simultaneously. The findings showed that, given the current trend of rising precipitation,
particularly after 2009, and the lack of any discernible trend in LST during the research
period, vegetation in Afghanistan will not diminish any time soon. The result, however,
did not take into account additional elements that might have an impact on the
management of water and vegetation, such as the nation's political climate Rousta et al.
(2020). The environmental and socioeconomic conditions in Afghanistan are

characterized by a number of elements that compound the difficulties related to drought
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and water resources such as: continental climate, that characterized by hot summers and
cold winters, with vast arid or semi-arid regions featuring deserts and dry mountainous
terrain. The irregular and uneven distribution of rainfall is a common feature, leading to

low and erratic precipitation in many regions.

Afghanistan's untamed terrain, which is made up of plateaus and mountains, adds
to the unpredictability of its precipitation and weather patterns. Orographic factors

frequently affect rainfall, resulting in localized differences in precipitation.

Water scarcity is a persistent issue in Afghanistan, which is made worse by
inadequate infrastructure for storing water and ineffective water management techniques.

For its water supply, the country mostly depends on precipitation and snowmelt.

Agriculture, most of the population’s livelihood is derived from agriculture, which
is primarily rain-fed. Afghanistan is particularly vulnerable to droughts as a result of this

reliance, which affects crop output and raises food insecurity.

The country's limited economic resources and infrastructure, coupled with
political instability, hinder the development and implementation of effective drought
mitigation and adaptation measures. This limits the adaptive capacity of the nation in the

face of recurring water-related challenges.

Drought on Afghanistan's water resources necessitates a multifaceted strategy that
includes resilient water infrastructure development, sustainable agriculture methods, and
enhanced water management practices. Furthermore, ensuring the region's long-term

water security depends on taking action to both mitigate and adapt to climate change.
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CHAPTER 3

STUDY AREA AND DATA

3.1. Study Area

The research area covers the entire country of Afghanistan which is located between
central and south west Asia with the coordinate of 33°56'2.54" N 67°42'12.35" E, and a
total area of 652,000.00 km2. Afghanistan shares its borders with several countries:
Pakistan to the east and south, China in the northernmost region, Iran to the west, and
Tajikistan, Uzbekistan, and Turkmenistan to the north, as illustrated in Figure 3.1.
Precipitation varies significantly across the country, ranging from 16 mm to 209 mm in
the arid southwestern region, while it ranges from 89 to 846 mm in the high-altitude
northern areas, with an average annual precipitation of 270 mm. Extreme temperatures in
Afghanistan span from -50°C to 50°C, with an average temperature of -2°C in January
and 32°C in July. The entire country of Afghanistan is included in the research area. The
country is split into five primary river basins based on hydrological parameters. The five
RBs are such as Helmand, Hari rod Murghab, Northern, Penj Amu, and Kabul Indus River

basins.
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Figure 3.1. Study Area (Afghanistan)
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3.2. Data

3.2.1. Remotely Sensed Data (RS)

Many different RS data sources are available, each of which provides global
hydrometeorological variables with a different level of temporal and spatial resolution.
In this study, a few factors related to drought were utilized as drought indicators to assess
how well they may be used to identify and track drought occurrences over Afghanistan.
In order to extract climatic data, in situ precipitation datasets form the European Centre
for Medium-Range Weather Forecasts (ECMWF), ERA5 atmospheric reanalysis dataset
of Runoff (R), Temperature(T), ET, and Potential Evapotranspiration (PET) data were
used. The ERA5 reanalysis data project uses complex data assimilation models to
simulate a wide range of hydrometeorological parameters, incorporating historical
observations into global estimations. Table 3.1 is a summary of data variable with their

types, temporal, special resolution and the access links.

Table 3.1. Specification of Datasets Applied in the Research

Data Category | Temporal | Spatial | Description and access link
Precipitation(P) In_situ Monthly 0.25 https://doi.org/10.24381/cds.11dedf0
(1992- c

2021)
Temperature(T) Reanalysis | Monthly 0.25 The Climate Data Source ERAS5-
(1992- Land Monthly Average Data:
2021) https://cds.climate.copernicus.eu/cds
app#!/search?type=dataset
Surface Runoff Reanalysis | Monthly 0.25 The Climate Data Source ERAS5-
(1992- Land Monthly Average Data:
2021) https://cds.climate.copernicus.eu/cds
app#!/search?type=dataset

The monthly averaged precipitation, temperature and surface runoff data from

1992 till 2021 are used in this study. The employed monthly in situ precipitation showed

in Figure 3.2 indicated that the year 2018 had the maximum precipitation value. As it is
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shown in the Table 3.2 maximum and minimum precipitation value is about 179.98 mm

and 0.0313 mm respectively with the mean value of 24.54 mm and standard deviation of
25.71.

According to thirty years averaged temperature graph shown in Figure 3.3 there
is not seen a very dramatic changes in temperature between thirty years ago and now. It
almost kept the same path and event. Regarding with the maximum and minimum events
the values are 26.95 and -7.01 degree Celsius respectively. The mean and standard
deviation is also 12.35- and 9.35-degree Celsius respectively.

Monthly reanalysis surface runoff data from 1992 until 2021 is downloaded in
meter. As it is shown in the figure 3.4 the maximum value is around 2 meter and the
minimum value of 0.0076 m. The mean and standard deviation is 0.47 and 0.48
respectively.
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Figure 3.2. Average precipitation
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The Table 3.2 is provided with maximum, minimum, mean, and standard
deviation values for three different data types: Precipitation, Temperature, and Surface
Runoff. These statistics describe the characteristics of these data types. For example, the

maximum value of 179.98 indicates the highest recorded precipitation amount, the
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minimum value of 0.0313 is the lowest recorded precipitation amount, the mean of 24.54
is the average precipitation amount, and the standard deviation of 25.72 measures the
variability or spread of the e precipitation data. The same descriptions are valid for

temperature and surface runoff data.

Table 3.2. Precipitation, Temperature and Surface runoff

Data type Maximum | Minimum Mean (szi?gt?gg
Precipitation (mm/month) 179.98 0.0313 24.54 25.72
Temperature (°C) 26.95 -7.01 12.35 9.35
Surface Runoff (mm/month) 2.03 0.0076 0.47 0.487




CHAPTER 4

METHODOLOGY

4.1. Drought Analysis

We employed four distinct types of drought indices for the aim of evaluating the
drought in the country for 3, 6, and 12- months based on monthly precipitation,
temperature, potential evapotranspiration, and surface runoff date data over 30 years.
These techniques were utilized to determine the features of dry spell (frequency,
amplitude, and duration), and they were also assessed to find the best drought index(es)
that could be used for drought evaluation in the region. Moreover, the drought maps for

each index are drawn and provided in Appendix section.

4.2. SPI

The "Lincoln declaration on drought indices" lists the SPI as one of its top-choice
indices (Stagge et al., 2015). The index's primary application is to distinct monthly
precipitation time scale data series (1, 3, 6, 9, 12, and 24 months). SPI is calculated by
fitting the raw precipitation data to a gamma distribution and then transforming it into a
normal distribution. (Khorrami & Giindlz, 2022).

spl =+ %
(o)

where, respectively, X;, X;, and 1 stand for the precipitation that has been observed in the
current time frame, the average precipitation across the time frame, and the standard
deviation over the time series(Dikici & Aksel, 2021). Using the excel program, we

estimated the SPI values in this study.
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Gamma Distribution Function

The observed probability distribution function of the amount of precipitation is
frequently approximated using the gamma distribution. Through this method, we discern
periods of wetness and dryness by first modeling a time series of monthly precipitation
data using a probability distribution, covering a continuous timeframe of no less than 30
years (McKee et al., 1993). As seen in Table 4.1, SPI values larger than the mean (zero)
indicate no drought conditions, whereas values less than the mean (zero) indicate drought
conditions. This method used to categorize drought into four distinct levels. These levels
include near-normal conditions, indicated when SPI values fall between 0.99 and -0.99,
moderately dry conditions for SPI values ranging from -1.0 to -1.49, severely dry
conditions for SPI values between -1.5 and -1.99, and finally, extremely dry conditions
when SPI values are equal to or less than -2. 0. (Morid et al., 2006). The SPI is adaptable
to using various time scales (e.g.,1,3,6, and 12 months). Gamma distribution is typically
the best model for data on observational precipitation. The Gamma distribution’s density
probability function is represented as (Guenang & Kamga, 2014).

g(x) = (

! x(“‘1)> e */B forx > 0
BeT'(a) ’ '

where o> 0 is a shape parameter, > 0 is a scale parameter, x >0 is the amount of
precipitation, and ['(a) is the gamma function. a and P are estimated from the sample data
in order to fit the distribution parameters. These can be calculated as using the
approximation for ML established by Thom (1958).

_ Lty e
@=7al 3)

where x~ is the mean precipitation and A is calculated as following formula.

A=Ln(x") — ZLE(X)

where n is the amount of data.
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Table 4.1. Categorization of meteorological drought using the SPI

State Description Criterion
Extremely wet SPI=2.0
Very wet 1.5=SPI=2.0
Moderately wet 1.0=5PI=1.5

MNear Normal

-1.0=8PI<1.0

Moderately dry -1.5=5PI=-1.0

Severely dry
Extremely dry

-2.0=8PI=-1.5

SPI=-2.0

4.3. SPEI

The Thornthwaite equation (Thornthwaite 1948) was used to estimate the
potential evapotranspiration in order to generate the SPEI index because there is no direct
availability to in situ PET readings. The monthly precipitation totals, monthly mean air
temperature, and the station's latitude were factors considered in the PET calculations
shown below.

m

10T
PET = 16K (T)

| represent the heat index, which is determined by adding the values of the 12
monthly indexes, as shown in the following formula, T is the monthly average
temperature (°C), m is an I-dependent coefficient., and K stands for the correction

coefficient, which is calculated based on latitude and month.

T 1.514

i=(5)
=)

i=1

m = 6.75x107713 — 7.71x10751% + 1.79x1072 + 0.492
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Thornthwaite Method (1948)

The most popular methods (Thornthwaite method) for estimating potential
evapotranspiration (PE) based on the monthly average temperature have been used. In
dry and semi-dry areas, it is extensively used. The empirical formula is known as the
Thornthwaite technique, and despite the fact that it is purely based on the temperature
relationship and has no theoretical backing, it is still extensively used today. This is
mostly because it is simple to use and can be found in tables and monographs. After
creating an experimental temperature formula, Thornthwaite realized there was required
for a more straightforward formulation that could make use of the readily available
climatic data. He created an exponential relationship between the mean monthly potential
evapotranspiration and the average monthly temperature in degrees centigrade since the
temperature was a good indicator of energy in a zone of essential balance. The result was
then corrected by adjusting the sunlight and the days in a month. Table 4.2 represent the

correction coefficient (K) of Thornwaite method which is based on latitude and months.

Table 4.2. Correction Coefficient (K)

Lat |Jan | Feb | Mar | Apr | May | June | July | Aug | Sep | Oct Nov | Dec
60 | 054 | 067|097 119|133 | 156 |[155 (133 [107]| 084 058 | 043
50 (071 {084 0598 | 114|128 [136 |133 |121 [1.06|05% 0.76 | 0.68
40 |08 |[089| 09911 |12 |125 123 |115 |1.04]093 0.83 | 0.78
30 | 087 | 0531 L7 | 114 | 117 [ 116 (111 [ 103|056 0.89 | 0.85
20 | 092 (05951 105109 (111 |11 107 | 1.02| 098 053 |09
10 | 057 | 0981 103|105 | 106 | 105 (104 [102)|059 0597 | 096
0 | | 1 1 | 1 1 | | | 1 1

10 | 105 | 104| 102|059 (087 |08 | 057 |0%8 |1 1.03 1.05 | 1.05
20 |11 107102083 (053 |05 |0%2 |09 |1 1.05 1.09 | 1.11
30 | 116 | 111|103 | 0% | 089 (08> (087 (093 |1 1.07 1.14 | 1.17
40 1123 | 115|104 | 093 | 083 |078 |08 098 (09911 12 1.25
50 (133 | 119105098 075 (068 |07 082 | 097 1.13 1.27 | 1.36
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The linear interpolation method was used to compute for the desired latitude of study

area.

_ Y17 Yo,
y—yo+x1_x0(x Xo)

According to Equation below, the extracted PET values were first used to
determine the difference between P and PET (D values), after which SPEI values were
calculated similarly to SPI, transferring D values to the cumulative standard normal
distribution with an average and standard deviation of 0 and 1, respectively.(Khorrami &
Glndiz, 2022).

k-1

DK, = Z P(n—1) — PET(n — 1)

i=0

where Dkn is the total (P-PET) from the month (n —k + 1) to month (n) on time scale k.

4.4. RDI

By accounting for the balance between inputs and outputs in a water system,
(Tsakiris et al., 2007) created the reconnaissance drought index in Greece to provide a
comparatively more accurate approach to water shortage. It can be explained in terms of
standardization RDI;, initial value ay, and normalization RDI, (Zarch et al., 2015).
Standardized outputs can be directly compared and have a structure resembling SPI.
Monthly temperature and precipitation values serve as input parameters (Katipoglu et al.,
2020).

o XK Pji

ay = ,i=1(1)N,j = 1(1k
= FFpEm 1= DN = 1)

where N is the total number of years for which data are available, P;and PETj;are the

» £
precipitation and potential evapotranspiration for the jth month of the ith year,
respectively. For various time scales that they were examined, the values of RDI, match
both the gamma and the lognormal distributions in various positions (Tigkas, 2008). The

following equation can be used to calculate RDI; if lognormal distribution is used.
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. yi—yk
RDI! =
st o I

in the above formula y! is the Ln (a)ik, ykmathematical mean and & is its standard

deviation.

In addition, if the gamma distribution is utilized, it is possible to calculate RDIg;

by using the pdf of the gamma distribution, which is (Vangelis et al., 2013)

gx) = ( x(“‘1)>e‘x/,8, forx >0,

1
per (a)
The variables and calculation methods are explained in SPI explanation part in this
chapter.

The following formula is used to compute the normalized RDI,:

RDI, =X _q
ay

where a; is the numerical average of a.

The density probability function of the Gamma distribution is employed in this

study since it is often the best model for data on observational precipitation.

4.5. SRI

Surface runoff is the term for the volume of water that runs over the ground and
into a river or canal. According to (Shukla & Wood, 2008) the same formula used to
calculate the standardized precipitation index (SPI) is used to calculate the hydrological
drought index known as the standardized runoff index (SRI) (Sinha et al., 2019). In this
study, the surface runoff time series were extracted from the reanalysis data and used to

compute the SRI values using the gamma distribution function.

gx) = ( x(“‘1)>e‘x/ﬂ, forx >0,

Ber(a)

The variables and calculation methods are explained in SPI explanation part in this
chapter.
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CHAPTERS

RESULTS AND DISCUSSIONS

5.1. SPI

Based on yearly averaged data all over Afghanistan, the SPI study shows
historical dry and wet conditions across the country in the categories of near normal,
moderately, and very, in three separate time periods. The amount of severity associated
with each time period's documented historical drought episodes is explained using SPI
calculations. The accompanying Figure 5.1 shows detailed data over the course of the
study. According to SPI, the following hydrological years are significant dry episodes in

Afghanistan:

e Severely dry: Sever dry conditions happened in 1993,2002,2017,2018 ,2019
,2020, and 2021 for 3-month period of SPI1. While for SPI 6 it occurred in the
years of 1998,1999, 2000,2001,2002, 2005, 2008,2017, and 2021. But under SPI
12, Afghanistan only faces severe drought conditions in 2021.

e Moderately dry: Regarding SPI 3 Afghanistan experienced moderate dry
conditions once in each of the years 1992, 1994, 1996,1997, 1998, 1999, 2003,
2004, 2006, 2007, 2011, 2013, 2014, and 2016. Nearly the same results were
obtained for SPI 6. But for SPI 12 moderately dry conditions happened at 2000-
2002, 2018, and 2021.

e Near normal: Near normal drought occurred for SPI 3 and SPI 6 in the years of
1995, 2000, 2001, 2002, 2004, 2006, 2008, 2010, 2020, 2021. But for SPI 12 it
happened in the years from 1992 to 2000, from 2002 to 2008, and 2020.

e Moderate wet: Beginning of 2020 is detected as moderate wet condition under
SPI1 12 but under SPI 3 and SPI 6 moderate wet condition were detected for brief
periods of time every year.

e Very wet: Years of 2018 and 2019 are detected very wet across the country for
SPI1 3 and SPI 12 respectively. Under SPI 6 there is no sign of very wet

condition.
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Figure 5.1. SPI’s Drought Graphs

5.2. SPEI

The analysis including yearly SPEI drought detection for entire country of
Afghanistan illustrate historical dry and wet conditions across the country in the
categories of close to normal, moderately, extremely, and very, in three different time
periods. SPEI computations are used to explain the degree of severity connected with
each time period's reported historical drought occurrences. Detailed statistics from the
study are also included in the Figure 5.2. The following hydrological years are considered

important dry events in Afghanistan by SPEI:

e Extremely dry: No extreme drought happened under SPEI 12, but we have just a
few cases of extremely dry condition in November 2001 and November 2011 for
SPEI 3 and May 2005 for SPEI 6.

e Severely dry: Severe drought condition was observed under SPEI 3only once in
30 years in July 1994 and no observation is detected under SPEI 12. But there
have been more severely dry years under SPEI 6 such as November 1996,
November 2000, December 2004, 2007, 2013, 2016, 2019, and 2021.
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e Moderate dry: No moderate drought has been recorded under SPEI 12, but under
SPEI 3, and SPEI 6 it has been observed constantly in 1992, 1993, 2002, 2003,
2006, 2010, 2017 and 2020.

e Near Normal: This condition was detected only for SPEI 12, which means that
from 1992 to 2010, and from 2019 to 2021 SPEI 12 is recorded as near normal
condition.

e Moderate wet: Hydrological years from 2009 to 2017 were categorized as
moderate wet condition in term of SPEI 12.

e Extreme wet: Hydrological years from 1992 to 2019 were categorized as extreme
wet condition for SPEI 3 and SPEI 6.

f}uﬁuﬂ“ﬂmﬁﬂ ﬁ'm' !

Q> >Q\ ba\ O,Q\ \Q\ %Q\ N [00\ %Q\ QQ\%\D\Q\ LQ\ %Q\ QQ\
q,/q/q/ /\/Q/I Q/Q/\/\/\/\’\/\/q,/
VN D A

Index
o D = D e D Tl e R
inﬂl.!.
iE
-
'l—-_"'='
i ‘a-
;‘:ZII" .
=
gm 1
g : E— !
ia.-_=‘|:-
!J—.-E:_ !
! —=='=i"'
: "::."=-I-
:I=£ '
g.__L__.,==>g

—SPE[3 —SPEI6 SPEI 12

Figure 5.2. SPEIs Drought Graphs

5.3. RDI

The analysis looks at averaged annual RDI drought detection for all Afghanistan
under RDI 3, RDI 6 and RDI 12. The geographical representation of RDI results presented
in Figure 5.3 indicate that Afghanistan is experiencing severe dry under RDI 3 from1993
t01998, from 2000 to 2004 and from 2007 to 20011.Moderate dry in
1993,1994,1997,2000,2002,2003,2006,2010,2016, and 2021 under RDI 6. Mostly
category of near normal is detected under RDI 12 except in 1993, 2007, 2008, 2009, and
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2017 which is severe drought, and 2011 which is extremely dry. To discuss the wet

condition of RDI we can obviously say that Afghanistan is in category of near normal in.

Index

Yea1
—RDI3 —RDIO RDI 12

Figure 5.3. RDIs Drought Graphs

5.4. SRI

The analysis uses annual SRI drought detection for all of Afghanistan to show
historical dry and wet conditions in three separate time periods that range from close to
normal to moderately, severely, and very. According to SRI results, Afghanistan
experienced the following hydrological years as significant dry periods. Additionally, the
SRI outcomes in respect to each time period are graphically depicted in Figure 5. 4.

e Severely dry: No severe drought event is observed for SRI 6 in 30 years, but it
has been detected under SRI 3in 1998,2007, and 2011. Under SRI 12 Afghanistan
only face severe drought condition from 2000 to 2002.

e Moderately dry: 2018 and 2021 were observed as moderate drought condition
under SRI 12. But drought years with moderate classification under SRI 3 and
SRl 6 were detected in 1993, 1995, 1996,1997 ,2000,2001,2002, 2005,
2010,2012,2011,2012.2013, 2014, 2015,20162017,2018.2019,2020, and 2021.

e Near normal: Except 1995,1996,1998,2010,2018 and 2021 all hydrological years

were observed near normal condition under SRI 12. Drought years with near
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normal condition under SRI 3 and SRI 6 were detected in
1992,1993,1994,1999,2000 to 2006 to 2007,2018, 2019and,2021 for SRI 3 and
SRI 6.

e Moderate wet: Hydrological years with moderate wet classification under SRI 3
and SRI 6 were detected in 1992, 1995, 1996, 1997, 1998, 2005, 2007, 2009, 2010,
2014, 2016, 2019, and 2020. But the same classification under SP1 12 it is detected
from 1995 to 1996, in 1998, and 2010.

e Very wet: For this classification, we have just observed one events in 1998 under
SRI 3 and SRI1 6
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Figure 5.4. SRIs Drought Graphs

5.5. Discussions of Results

5.5.1. SPI

Table 5.3 summarize the yearly average SPI severe and moderate drought
indices by Gamma distribution method. According to the table number of severe drought
occurrences under SPI 6 is 8 times with the maximum event of 1.728 in 2000, while it
occurred 4 times in SP1 3 and 1 time in SPI 12 with the maximum event of 1.85 and 1.61
in 2021, respectively. Moderate drought occurred 17 times under SPI 3, 13 times under
SPI 6 and 3 times under SPI 12 with the maximum events of 1.274 in 1997,1.44 in 2006
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and 1.48 in 2018 for SPI 3, SPI 6, and SPI 12 respectively. Moreover, the Figure 5.5
represent the years with the maximum event of SPI 3, SPI 6 and SPI 12. Results from SPI

indicates two things about Afghanistan.

1. The past two decades Afghanistan experienced more drought according to its

intensity (extreme, severe, moderate).

2. The number of occurrences is inversely proportional to monthly period indices.
For example, as long as the accumulated period get closer to 12-month SPI the number

of occurrences get lesser.

Table 5.2. Maximum Drought Events of SPI in 30 Years

Severe dry Moderate dry
Indices Drought Drought
Max Event Max Event
Occurrences Occurrences
SPI 3 7 1.85 (2021) 17 1.274 (1997)
SPI 6 9 1.728 (2000) 13 1.44 (2006)
SPI 12 1 1.61 (2021) 3 1.48 (2018)
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Regarding with the yearly average SPI results, the monthly maps of SPI 6, SPI 12
and SPI 3 with their indices are shown in Figures 5.6, 5.7 and 5.8. From the monthly SPIs
one can see that there is extreme drought happening. Because of taking average of 12
months to show yearly indices no extreme drought is seen in yearly part of the calculation
so it would be better to have an idea about monthly calculation. According to the Figure
5.7, SPI 6 monthly maps show that in 2000 the months May, June, July, August,
September, October, November, and December facing extreme drought in some part of
Afghanistan but the locations of mostly drought zones are different for each month
(mostly west part). For instance, in the figure 5.6 under SPI 3 for 2021 and Figure 5.7
under SPI 6 for 2000 west part of Afghanistan (Helmand basin and partially Harirod
Morghab basin) facing extreme drought condition. This period is from the month January
to June which means that in first 6 months of the years west part of the country had
extreme monthly drought condition. But for the second 6 months of the year extreme
drought conditions are diversely populated over all Afghanistan. In 2021 under SPI 12
every month there is a sign of extreme drought event in Afghanistan with the maximum
events in west of country. There is seen extreme drought event in the months of August,
September, October, November, and December with the magnitude around 3. From the

monthly results we can conclude the following.

1. There is extreme drought event under SPI 3 in 2021, SPI 6 in 2000 and SPI 12 in
2021.
Drought zones are very mostly in west part of the Afghanistan.

N

3. The magnitude of drought events is around 3

4. The months of August, September, October, November, and December facing
more droughts

5. Maximum drought events happened in west part of Afghanistan under the

territory of Helmand River basin Harirod Morghab river basin.
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5.5.2. SPEI

Table5.4 presents a summary of SPEI results. According to the summarized table,
extreme, severe and moderate droughts have occurred in Afghanistan. For example, in 30
years under SPEI 3 two extreme drought events happened with the maximum value of
2.37 in 2016, and one extreme drought occurred under SPEI 6 with maximum value of
2.03 in 2005 while there is no sign of extreme drought under SPEI 12. Similar results can
be seen for severe drought. For instance, under SPEI 3 there is only one severe drought
occurrence in 1994 with the value of 1.51, and 5 occurrences with the maximum value of
1.91 in the year of 1999 and again no sign of severe drought under 12-month SPEI. To
discuss moderate drought of Afghanistan under SPEI the number of occurrences under
SPEI 3 is two times in 30 years with the highest event of 1.35 in 2000- and 9-times
occurrences under SPEI 6 which its maximum point is 1.49 happened in 2016. Results
from SPEI generalizes that most of the drought conditions occurred in the past two
decades which there is highly drought intensity (extreme, severe, moderate) in short term
period of SPEI 3 and SPEI 6 and normal condition for long term of SPEI 12. More
occurrences with low duration always occurred under short term accumulation period.
Moreover, the Figure 5.9 represent the yearly SPEI 3 and SPE 6 in 2016 and 2005

respectively that consist of highest value in term of extreme drought event.

Table 5.3. Maximum Drought Events of SPEI in 30 Years

Extreme Severe Moderate
Indices b . > n b .
o T Max Event Lt Max Event Ot Max Event
ccurrences Occurrences Occurrences
SPEI 3 2 2.37 (2016) 1 1.51 (1994) 2 1.35 (2000)
SPEI 6 1 2.03 (2005) 5 1.91 (1999) 9 1.49 (2016)
SPEI 12 0 - 0 - 0 -
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Considering monthly results of SPEI Afghanistan is mostly moderately dry. From
the monthly SPEI 6 results in Figure5.11, it can be detected that the east part of
Afghanistan bordering with China (Wakhan valley), a very small area is under extreme
drought condition in term of SPEI 6 from months of August to December. And from
January to July almost all Afghanistan except a very tiny region in east part is under
moderate drought condition in term of SPEI 6. Discussing monthly SPEI 3 it can be stated
that from January to April Afghanistan experienced moderate drought condition in 2016
in central Afghanistan and west part of it. But from May to December the country is
almost
totally under drought condition. The Figure 5.10 represent the monthly SPEI 3 in 2016.

to December the country is almost totally under drought condition.
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5.5.3. RDI

Table 5.5 is a summary of yearly average of RDI over all Afghanistan. According to the
table for the past 30 years Afghanistan has been challenged with extreme drought, severe
drought and moderate drought under RDI 3, RDI 6, and RDI 12. As one can see it from
the table under RDI 3 no extreme drought has been occurred, but severe drought has been
seen 18 time with the maximum value of 1.94 in 2011. And moderate drought has
occurred 8 time in 30 years with the maximum number of 1.39 in 2021. Under the RDI 6
and RDI 12 one extreme drought has been seen each with maximum event of 2.05 in 2001
and 2.65 in 2011 respectively. Accordingly, under RDI 6 and RDI 12 each shows 10 and
9 moderate drought occurrences with high events in 2017. No severe drought is seen
under DRI6 but for RDI 12 it is 4 time with the maximum event of 1.73 in 2008.
Moreover, the Figure 5.12 represent the yearly RDI 6 and RDI 12 in 2001 and 2011
respectively. To generalize the results from DRI we can say that: more occurrences with
the highly events happened in past two decades which means from the year 2000 onwards.
extreme drought happened less than severe drought and moderate drought (either one

occurrence or no occurrence).

Table 5.4. Maximum Drought Events of RDI In 30 Years

Extreme Severe Moderate
Indices
ODrought Max Event Ll Max Event Ll Max Event
ccurrences Occurrences Occurrences
RDI 3 0 - 18 1.94 (2011) 8 1.39 (2021)
2.05
RDI 6 1 (2001) 0 - 10 1.49 (2017)
RDI 12 1 2.65 4 1.73 (2008) 9 1.45 (2017)
(2011) ' '
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Figure 5.12. Yearly RDI for 2011 and 2001

Discussing the yearly average results of RDI it came up with the results that in
2001 and 2011 there is extreme drought event under RDI 6 and RDI 12 respectively. In
order to elaborate the results, the monthly maps of these two years are separately drawn
in Figures 5.13 and Figures 5.14. The results under RDI 6 in 2001 show that almost all of
the country is under extreme dry in the months of February, March, April, May, June,
July and August. But in months October, November and December west part of
Afghanistan is under extreme drought condition. Monthly result of RDI 12 in 2011
indicates that January, February and March have very scattered drought conditions over
the country. But from the month April till December the west Part of Afghanistan is under

extreme RDI 12 drought conditions.

Eventually the overall results of monthly RDI detected extreme drought
conditions with mostly effected region in the west part of the country (Helmand River
basin Harirod Morghab river basin) which extreme events are expected to be greater than

3 insome areas. This should also be noted the dry regions are different in different months
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5.5.4. SRI

According to yearly SRI summary Table 5.6 no extreme drought has ever
happened for past 30 years in Afghanistan. But severe and moderate drought has been
occurred repeatedly. For instance, under RDI 3 two severe droughts occurred which its
highest event can be named in 2011 with a number of 1.7. And 24 moderate droughts
occurred under RDI 3 with maximum value of 1.38 in 2016. Almost the same moderate
drought (23 occurrences) happened for RDI 6 with highest value of 1.42 in 2018. But no
sever and extreme drought is under RDI 6. Under RDI 12 only one severe and two
moderate droughts has been occurred which the occurrence of severe is in 2000 with 1.63
value, and maximum event of moderate drought is 1.11 in 2018. To generalize the SRI
results we can say that: no extreme drought happened under SRI, but instead more
moderate drought occurred which all the maximum events is in the past 20 years with
short duration. Furthermore, Figure 5.15 represents the yearly SRI 3 and SRI 12 consists

of extreme drought with highly event.

Table 5.5. Maximum Drought Events of SRI in 30 years

Extreme Severe Moderate
Indices
Drought Max Drought Drought
Occurrences Event Occurrences e 2Rt Occurrences b 2vant
SRI 3 0 - 2 1.7 (2011) 24 1.38 (2016)
SRI 6 0 - 0 - 23 1.42 (2018)
SRI 12 0 - 1 1.63 (2000) 2 1.11 (2018)
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Figure 5.15. Yearly SRI for 2000 and 2011

Talking about monthly SRI, the years 2000 for SRI 12 and 2011 for SRI 3 are
considered to have extreme event with high values. According to Figure 5.16 of SRI 3
Afghanistan has extreme drought in months of January, February, March and April in
territory of Kabul, Penjamu, and northern river basins. From the month May till
December west Part of Afghanistan (Helmand River basin) is under SRI 3 extreme
drought condition. In Figure 5.17 of SRI 12 in 2000 shows that extreme drought condition
starts from the month of February in Kabul River basin and separate to the west part of
the country till the months of May, and from June till December most of the country is
under drought condition with the severity region of Kabul River basin, Penj Amu River
basin, Northern River basin and Harirod Morghab River basin. The main argument about
monthly results of SRI can be stated that extreme drought condition was occurred mainly

in west part of Afghanistan with the magnitude of around 3 in some areas.

ors
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CHAPTER 6

CONCLUSION AND RECOMMENDATIONS

In closing, this thesis has undertaken a comprehensive study of drought
assessment methods and their applicability in Afghanistan. Throughout this research, we
have explored various aspects of drought, from its causes and impacts to the evaluation
of different assessment techniques. As we reach the final chapter, we are poised to
synthesize our findings, draw meaningful conclusions, and provide recommendations that
can contribute to more effective drought management strategies in the face of an
increasingly uncertain climate. Based on remotely sensed monthly precipitation,
temperature and surface runoff data from 1992 till 2021 four drought indices (SPI, SPEI,
RDI, SRI) were analyzed in this study. Each Indices were calculated in three different
periods of time (3 months,6 months and 12 months). This thesis main objective was to
evaluate past drought conditions in Afghanistan using the mentioned drought indices and
relating them to the impacts of climate change with the sub objectives of creating
historical drought maps for the entire country over a 30-year span using three different
time frames (3-, 6-, and 12-months), determining the main drought features, such as
frequency, magnitude, and duration. Comparing the variations of drought over three
different time periods (three months, six months, and a year) was another sub objective
of this research. The methodology used for all four indices was based on long term RS
precipitation, temperature and surface runoff data. All four indices were determined by
fitting the related RS data to gamma distribution and then converting it to a normal
distribution probability function. With this method, values greater than the mean (zero)
signify the absence of drought, but values less than the mean (zero) signify the presence
of drought. Near normal (0.99 > SPI > -0.99), moderately dry (-1.0 > SPI > 1.49), severely
dry (-1.5 > SPI > 1.99), and extremely dry (SPI -2.0) are the four categories for drought

according to this method. The following conclusions are drawn.

1. SPI results with respect to yearly average data over all Afghanistan indicate that
no extreme drought happened under SPI 3, SPI 6 and SPI 12, but there is yearly
extreme drought event under SPI 6 in 2000 and 2021, and SPI 12 in
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1999,2000,2007,2017,2020 and 2021 mostly in west part of Afghanistan
(Helmand River basin Harirod Murghab river basin).

Monthly SPI results show extreme drought generally in August, September,
October, November, and December which is mostly in west part of the country
(Helmand River basin Harirod Morghab river basin) and rarely central
Afghanistan.

Under SPI western and central part of the country experienced more drought
events in the past two decades.

. According to yearly average data over all Afghanistan there is extreme drought
events from 1992 to 2021 under RDI 12 except 2000, 2001 and 2002 with
significant events under RDI 6 in 2001 and RDI 12 in 2011. Most of drought
events happened in western part of the country (Helmand River basin Harirod
Morghab river basin).

Monthly results of RDI indicates that there are Extreme drought under RDI which
is very scattered all over the country.

. According to the years which had extreme drought event the months of January,
February and March have very scattered drought all over Afghanistan especially
under RDI 12, but in months October, November and December west part of
Afghanistan (Helmand River basin Harirod Morghab river basin) is under extreme
drought condition mostly under RDI 6.

For more elaboration it can be concluded that under RDI due to differences in
climate of Afghanistan dry region differs months to months but mostly effected
region is west part of the Afghanistan (Helmand River basin Harirod Morghab
river basin).

. Yearly average of the country shows that no extreme drought happened under SRI
3, SRI 6 and SRI 12, but there are extreme drought conditions in different part of
Afghanistan. For example, under SRI 3 from 1992 to 2021 Helmand River basin
are under extreme dry condition with an average event of 3 except 1993, 2008.
Almost the same results of SRI 3 are applicable for SRI 6 with the only differences
that the drought areas are getting wider in Helmand River basin. Under SRI 12
there is extreme drought in Kabul River basin in the years of 2000 and 2001, and
Helmand River basin in 2020 and 2021.

. When it comes to monthly SRI, the years 2000 for SRI 12 and 2011 for SRI 3 are

considered to have the highest event. According to SRI 3 results, Afghanistan has
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extreme dry months in January, February, March, and April in the Kabul,
Penjamu, and northern river basins. From May to December, the west part of
Afghanistan (Helmand River basin) is classified as SRI 3 extreme dry. SRI 12
results from 2000 show that extreme drought conditions begin in February in the
Kabul River basin and spread to the west of the country until May, and from June
to December, most of the country is under drought conditions, with the severity
region in Kabul River basin, Penj Amu river basin, northern river basin and
Harirod Morghab river basin.

10. Based on yearly average calculation there is extreme drought in 2001 and 2016
under SPEI 3 and in 2005 under SPEI 6. Yearly results of SPEI shows that
Afghanistan is almost totally under moderate drought condition except some
central part and east part of the country where is under wet conditions.

11. Monthly results of SPEI indicates almost the same as yearly results (mostly
moderate drought) except for months of August, September, October, November
and December under SPEI 6 of 2005. A very small east part of the country has

extreme drought.

According to the aforementioned conclusion, the SPI, SPEI, RDI, and SRI are
highly helpful indices that can determine drought events depending on various time
periods. Only the 3-month, 6-month, and 12-month time frames were taken into account
in this study. However, these four indices act differently in some cases due to differences
in climate (arid and semi-arid) in some region. Over all conclusions of this study can be
summarized that Afghanistan is suffering from drought. At least for the past 20 years
most part of the country experienced many extreme droughts especially west part of
Afghanistan. drought can effect water resources in Afghanistan such as Reduced Surface
Water Flow, Diminished Groundwater Recharge, Impact on Snowmelt, Agricultural
Water Stress, Impact on Livestock, Water Quality Issues, Infrastructure Stress,
Humanitarian Impacts, and Long-Term Environmental Impact. Thus, the assessment of
drought in Afghanistan is very crucial. Another important issue to assess drought in
Afghanistan is that all of its major basins are transboundary water sharing with the
neighbors. Most of the time lack of water create problems especially with Iran and
Pakistan about Helmand River basin and Kabul River basin respectively. For the past ten
to twenty years of droughts and recently effect of climate change there is always water

problems among the neighboring country.
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As one of the most vulnerable areas in the world, Afghanistan should be taken
into consideration for early and prompt intervention before, during, and after drought.
Drought management and mitigation strategies must be implemented by the Afghan
government. Over time, the Framework should be assessed and examined in order to
determine its efficacy and enhance the frameworks. If the Frameworks are effective, they
should be turned into long-term projects. More importantly, due to lack of weather
stations together with no water management and mitigation strategies there is no
comprehensive study that evaluates the water issues like drought and flood in
Afghanistan. That’s why there should be more weather stations, equipment, and
knowledge available to help with the investigation of drought affects and preparation
methods. Moreover, in order to determine the value and cost of the harm caused by the
drought in Afghanistan, more research should be conducted. In order to comprehend the
potential dangers posed to water resources by population increase and climate change,
researches are needed to examine how drought impacts both subsurface and surface water
bodies. This can be done by looking into how water resources are used and what impacts

their recharge based on human and environmental changes.

56



REFERENCES

Almeida-Naufiay, A. F., Villeta, M., Quemada, M., & Tarquis, A. M. (2022).
Assessment of drought indexes on different time scales: A case in semiarid
mediterranean grasslands. Remote Sensing, 14(3), 565.

Aman, F. (2016). Water dispute escalating between Iran and Afghanistan.

An, S., Park, G., Jung, H., & Jang, D. (2022). Assessment of future drought index using
SSP scenario in Rep. of Korea. Sustainability, 14(7), 4252.

Bageshree, K., Abhishek, & Kinouchi, T. (2022). A multivariate drought index for
seasonal agriculture drought classification in semiarid regions. Remote Sensing,
14(16), 3891.

Baig, M. H. A., Abid, M., Khan, M. R., Jiao, W., Amin, M., & Adnan, S. (2020).
Assessing meteorological and agricultural drought in Chitral Kabul river basin
using multiple drought indices. Remote Sensing, 12(9), 1417.

Bisht, D. S., Sridhar, V., Mishra, A., Chatterjee, C., & Raghuwanshi, N. S. (2019).
Drought characterization over India under projected climate scenario.
International Journal of Climatology, 39(4), 1889-1911.

Bordi, 1., & Sutera, A. (2007). Drought monitoring and forecasting at large scale.
Methods and tools for drought analysis and management, 3-27.

Change, I. C. (2014). Synthesis Report. Contribution of working groups I. 1l and 111 to
the fifth assessment report of the intergovernmental panel on climate change,
151(10.1017).

Dikici, M., & Aksel, M. (2021). Comparison of drought indices in the case of the
Ceyhan Basin. International Journal of Environment and Geoinformatics, 8(2),
113-125.

Dubrovsky, M., Svoboda, M. D., Trnka, M., Hayes, M. J., Wilhite, D. A, Zalud, Z., &
Hlavinka, P. (2009). Application of relative drought indices in assessing climate-
change impacts on drought conditions in Czechia. Theoretical and Applied
Climatology, 96, 155-171.

Guenang, G. M., & Kamga, F. M. (2014). Computation of the standardized precipitation
index (SPI) and its use to assess drought occurrences in Cameroon over recent
decades. Journal of Applied Meteorology and Climatology, 53(10), 2310-2324.

S7



Gulmez, A., Mersin, D., Vaheddoost, B., & Safari, M. J. S. (2021). Evaluation of
streamflow drought index in Aegean region, Turkey. International Conference
on Natural Resources and Sustainable Environmental Management,

Hafeznia, D. M. R., Mojtahedzadeh, P., & Alizadeh, J. (2006). Hirmand hydropolitic
and its effect on the political relations of Iran and Afghanistan. The Journal of
Spatial Planning, 10(2), 83-103.

Hasan, H. H., Mohd Razali, S. F., Muhammad, N. S., & Ahmad, A. (2021).
Hydrological Drought across Peninsular Malaysia: implication of drought index.
Natural Hazards and Earth System Sciences Discussions, 1-28.

Hassan Gana, A. (2018). Drought and drought mitigation in Yobe State, Nigeria.

Hayes, M. J., Svoboda, M. D., Wiihite, D. A., & Vanyarkho, O. V. (1999). Monitoring
the 1996 drought using the standardized precipitation index. Bulletin of the
American Meteorological Society, 80(3), 429-438.

He, L., Tong, L., Zhou, Z., Gao, T., Ding, Y., Ding, Y., Zhao, Y., & Fan, W. (2022). A
Drought Index: The Standardized Precipitation Evapotranspiration Irrigation
Index. Water, 14(13), 2133.

Heim Jr, R. R. (2002). A review of twentieth-century drought indices used in the United
States. Bulletin of the American Meteorological Society, 83(8), 1149-1166.

Houghton, J. T., Ding, Y., Griggs, D. J., Noguer, M., van der Linden, P. J., Dai, X.,
Maskell, K., & Johnson, C. (2001). Climate chage 2001.

IPCC. (2014). Synthesis Report. Contribution of working groups I. Il and I11 to the fifth
assessment report of the intergovernmental panel on climate change,
151(10.1017).

Igbal, M. W., Donjadee, S., Kwanyuen, B., & Liu, S.-y. (2018). Farmers’ perceptions of
and adaptations to drought in Herat Province, Afghanistan. Journal of Mountain
Science, 15(8), 1741-1756.

Jahangir, M. H., & Yarahmadi, Y. (2020). Hydrological drought analyzing and
monitoring by using Streamflow Drought Index (SDI)(case study: Lorestan,
Iran). Arabian Journal of Geosciences, 13, 1-12.

Jiao, W., Wang, L., Novick, K. A., & Chang, Q. (2019). A new station-enabled multi-
sensor integrated index for drought monitoring. Journal of hydrology, 574, 169-
180.

58



Katipoglu, O. M., Acar, R., & Sengiil, S. (2020). Comparison of meteorological indices
for drought monitoring and evaluating: a case study from Euphrates basin,
Turkey. Journal of Water and Climate Change, 11(S1), 29-43.

Khorrami, B., & Giindiz, O. (2022). Detection and analysis of drought over Turkey
with remote sensing and model-based drought indices. Geocarto International,
37(26), 12171-12193.

Khosravi, H. (2013). ComparabilityAnalyses of the SPI and RDIMeteorological
Drought Indices in South Khorasan province in Iran. International Journal of
Advanced Biological and Biomedical Research, 1(9), 981-992.

Kusangaya, S., Warburton, M. L., Van Garderen, E. A., & Jewitt, G. P. (2014). Impacts
of climate change on water resources in southern Africa: A review. Physics and
Chemistry of the Earth, Parts a/b/c, 67, 47-54.

Lloyd-Hughes, B., & Saunders, M. A. (2002). A drought climatology for Europe.
International Journal of climatology: a journal of the royal meteorological
society, 22(13), 1571-1592.

McCarthy, E. (2021). Running out of time-A looming drought in Afghanistan As
Afghanistan faces yet another season of uncertainty, a.

McKee, T. B., Doesken, N. J., & Kleist, J. (1993). The relationship of drought
frequency and duration to time scales. Proceedings of the 8th Conference on
Applied Climatology,

Mishra, A. K., & Singh, V. P. (2010). A review of drought concepts. Journal of
hydrology, 391(1-2), 202-216.

Moosazadeh, R., & Abbaszadeh, M. (2016). Legal Aspects of Exploitation of Hirmand
Border River by Iran and Afghanistan. Central Asia and The Caucasus Journal,
22(93), 159-183.

Morid, S., Smakhtin, V., & Moghaddasi, M. (2006). Comparison of seven
meteorological indices for drought monitoring in Iran. International Journal of
climatology: a journal of the royal meteorological society, 26(7), 971-985.

Mosley, L. M. (2015). Drought impacts on the water quality of freshwater systems;
review and integration. Earth-Science Reviews, 140, 203-214.

Mukherjee, S., Mishra, A., & Trenberth, K. E. (2018). Climate change and drought: a
perspective on drought indices. Current climate change reports, 4, 145-163.

Nagheeby, M., & Warner, J. (2022). The 150-Year Itch: Afghanistan-lran Hydropolitics
Over the Helmand/Hirmand River. Water Alternatives, 15(3), 551-573.



Onusluel Giil, G., Giil, A., & Najar, M. (2022). Historical evidence of climate change
impact on drought outlook in river basins: analysis of annual maximum drought
severities through daily SPI definitions. Natural Hazards, 1-16.

Palmer, W. C. (1965). Meteorological drought (Vol. 30). US Department of Commerce,
Weather Bureau.

Payab, A. H., & Turker, U. (2019). Comparison of standardized meteorological indices
for drought monitoring at northern part of Cyprus. Environmental Earth
Sciences, 78, 1-109.

Ranghieri, F., Fallesen, D. M. G., Jongman, B., Balog-Way, S., Mashahid, S. S.,
Siercke, G. A., & Simpson, A. L. (2017). Disaster risk profile: Afghanistan.
World Bank Institute: Washington, DC, USA.

Ranjan, A., & Chatterjee, D. (2020). Cutting across the Durand: Water dispute between
Pakistan and Afghanistan on river Kabul. World Water Policy, 6(2), 246-258.

Rousta, 1., Olafsson, H., Moniruzzaman, M., Zhang, H., Liou, Y.-A., Mushore, T. D., &
Gupta, A. (2020). Impacts of drought on vegetation assessed by vegetation
indices and meteorological factors in Afghanistan. Remote Sensing, 12(15),
2433.

Salman, S. M. (2007). The United Nations Watercourses Convention ten years later:
Why has its entry into force proven difficult? Water international, 32(1), 1-15.

Savo, V., Lepofsky, D., Benner, J., Kohfeld, K. E., Bailey, J., & Lertzman, K. (2016).
Observations of climate change among subsistence-oriented communities
around the world. Nature Climate Change, 6(5), 462-473.

Shah, D., & Mishra, V. (2020). Integrated Drought Index (IDI) for drought monitoring
and assessment in India. Water Resources Research, 56(2), e2019WR026284.

Sheffield, J., & Wood, E. F. (2012). Drought: past problems and future scenarios.
Routledge.

Shukla, S., & Wood, A. W. (2008). Use of a standardized runoff index for
characterizing hydrologic drought. Geophysical research letters, 35(2).

Sinha, D., Syed, T. H., & Reager, J. T. (2019). Utilizing combined deviations of
precipitation and GRACE-based terrestrial water storage as a metric for drought
characterization: A case study over major Indian river basins. Journal of
hydrology, 572, 294-307.

60



Stagge, J. H., Kohn, 1., Tallaksen, L. M., & Stahl, K. (2015). Modeling drought impact
occurrence based on meteorological drought indices in Europe. Journal of
hydrology, 530, 37-50.

Surendran, U., Kumar, V., Ramasubramoniam, S., & Raja, P. (2017). Development of
drought indices for semi-arid region using drought indices calculator (DrinC)-a
case study from Madurai District, a semi-arid region in India. Water resources
management, 31, 3593-3605.

Tareke, K. A., & Awoke, A. G. (2022). Hydrological drought analysis using streamflow
drought index (SDI) in Ethiopia. Advances in Meteorology, 2022, 1-19.

Tayfur, G., & Alami, M. M. (2022). Meteorological Drought Analysis for Helmand
River Basin, Afghanistan. Teknik Dergi, 33(4), 12223-12242.

Thomas, V., Azizi, M. A., & Behzad, K. (2016). Developing transboundary water
resources: What perspectives for cooperation between Afghanistan, Iran and
Pakistan? (Vol. 6). Afghanistan Research and Evaluation Unit Kabul,
Afghanistan.

Thuong, T. V. (2013). The Temporal Variation of Drought Indices in times of Climate
Change in Tien Giang Province.

Tigkas, D., Vangelis, H., & Tsakiris, G. (2016). Introducing a modified reconnaissance
drought index (RDle) incorporating effective precipitation. Procedia
engineering, 162, 332-339.

Traore, E. Y. (2016). Drought and trend analysis in Trarza region in Mauritania Izmir
Institute of Technology (Turkey)].

Tsakiris, G., Nalbantis, 1., Vangelis, H., Verbeiren, B., Huysmans, M., Tychon, B.,
Jacquemin, I., Canters, F., Vanderhaegen, S., & Engelen, G. (2013). A system-
based paradigm of drought analysis for operational management. Water
resources management, 27, 5281-5297.

Tsakiris, G., Pangalou, D., & Vangelis, H. (2007). Regional drought assessment based
on the Reconnaissance Drought Index (RDI). Water resources management, 21,
821-833.

Vicente-Serrano, S. M., Begueria, S., & Lépez-Moreno, J. 1. (2010). A multiscalar
drought index sensitive to global warming: the standardized precipitation

evapotranspiration index. Journal of climate, 23(7), 1696-1718.

61



Wang, L., Yu, H,, Yang, M., Yang, R., Gao, R., & Wang, Y. (2019). A drought index:
The standardized precipitation evapotranspiration runoff index. Journal of
hydrology, 571, 651-668.

Wilhite, D. A. (2000). Drought as a natural hazard: concepts and definitions.

Wilhite, D. A., & Glantz, M. H. (1985). Understanding: the drought phenomenon: the
role of definitions. Water international, 10(3), 111-120.

Wu, D, Li, Z., Zhu, Y., Li, X., Wu, Y., & Fang, S. (2021). A new agricultural drought
index for monitoring the water stress of winter wheat. Agricultural Water
Management, 244, 106599.

Wu, H., Hayes, M. J., Weiss, A., & Hu, Q. (2001). An evaluation of the Standardized
Precipitation Index, the China-Z Index and the statistical Z-Score. International
Journal of climatology: a journal of the royal meteorological society, 21(6),
745-758.

Yang, B., Cui, Q., Meng, Y., Zhang, Z., Hong, Z., Hu, F., Li, J., Tao, C., Wang, Z., &
Zhang, W. (2023). Combined multivariate drought index for drought assessment
in China from 2003 to 2020. Agricultural Water Management, 281, 108241.

Zarch, M. A. A,, Sivakumar, B., & Sharma, A. (2015). Droughts in a warming climate:
A global assessment of Standardized precipitation index (SPI) and
Reconnaissance drought index (RDI). Journal of hydrology, 526, 183-195.

62



APPENDIX

3l

=
=
=
" 2
0100 200 LT 0.770
Gb’:é'! oo TMCT To0L o -y ATy vy
o

Eatgl
fad gl

1y

Ty
.
Xy

Loy

OO'W‘! 674'W7‘2v = ?f’!?‘t 7,",‘“ LT Gﬂ'ﬂ‘l‘! TioUS TOYT
~
E E = <
= -
8 (2 5 b
SPI 3
- 1996 -
- - E g
Value
& 1.32 & ]
u s
o] w
0_00 —— -0.307
war oy vy arsars oy CACOT erove pevve: v o
rsu o e v
~
i E .
o s
B @ =
SPI 3
. 1998 .
2 Value § -
o B2 e
: 0253
o Y 200 ﬂu:"" o
war sy Loe ncsry T




SO

SN

oo L) e THoaT TOT
oot ezt TorToe TTOIT
~
= =
E £
= ®
SP1 3
2004
- F 2
E al =
E . 1191 b
n RULLES Ao
pu—
@0t ezt Torrs 7YoL

o

TE

e

»Woru

AT

ot

R ]

o

erave

400
Mics

BUIN

WIrH

frare

aal

e bsaine ey Py
~
£ 4 £
R E
SPI1 3
2007
E Value £
b 1.1 -
mis
0 100 20 <00 A 5e
Miar
e P PO PRArE

64



vare

mn

—
—

B |

AT

0 100 200 400 008
— —— 0
cemoT cowoT T
arore

¥

N

&

B

mmy

-0.62%

T¥OUT

1
XTI

Y

65



x
B )
Wi

i
a
ko)

E 0N
Roiey

E B £
u U 200 A T -0 436
[ ) 4 «L'oeT TooT st
S0UVE sove i 1909T oyt oo T THIUT
N ‘ %
A ; A
4 . - z £ €
g e £ £ 4
\ ‘\'7.
SPI 3
% 2021
= 3 z Z Z
g = g B Maliie g
® 7 B o4 || B
g
o 100 200 200 o 100 200 400 76
: Mitas Miles
U 1
SU'0YE 8300 e IS'0E ot T e T




GanT TorzaT
— 8
A .
z T
3 o
¥ >
a £
= £
§ ¥
U SI0U DU WU suu
- — —
aeaTeT

— ©SUINY 20U U sub 024
0 £0100 200 100 400 - 0017 - — —
- — — - .06 063
BrUEE ULE bt - £
HUTE

pure

o

0 22100 203 X0 32
———— se—

Viar

annr.

TN

WIMN

A Se00 200 A0 400
- — m—

oo

artm

BUT N

W

AN,

o
o

A0

NS00 203 200 a3
- — s—

"ey

BT QTN

™M

€x

e

UL

U 50100 9 W0 &2
- — —

Viks

nnrs,

Gero

T

TIMOT

67



arave

woeN

0 %000 200 332 400
—— —1 10

1.04
-2 04

70T

T

Ly

Sy

BUVTE TVTE
2
:
E
g ;
$ 20100 200 20 400 - -052
- — w— - 1733
wovt rrove
weve myrs
£ E
2 B

-
9 - 4 %0100 200 I0D 430 - 0218
0 7300 200 300 40 - 0328 - — — =
- — s— S -_ 112 0659
|
wrore ersor raoee
L1 £0'O0E THNE
- 1

W

i«

0T

0 52100 220 200 400
——— s— 05

oy

k4

00T

0 50’00 200 300 400
R —— A

wurs

wure

b3 2aN

Srovs.

AN

0 50130 200 200 400
-- >

~ w—

2035

wWuve

EOTE

@3

s

-

JOTH

0 23100 230 330 400
Milea

ure

T

SIUVE

wuers

|

Ll

TN

byt

annry

68



0 0132 00 00 400
——_— . w—

B

Ll

® step FuN 00 don
e e s—

o

T

<ot 70T e
ot J0'00E = Lo TIoUT -
| £ : z
i E g g
- -
: £
h -
> = =
E T s
" B &
0 20100 209 00 439 O 0103 00 233 40
- —— €3 - — —
MTe. woyrrt TaYT
faronT monT UrE mwue

I 53100 200 30U <00
———— 0

N 50100 230 300 430
- — —

wroue vt

ABIIN

AT

‘TN

10N

wanr

gyt

Nl

80'00E

E0'00E

THNE

T0'00E

TN

Rl

0 %0t00 230 d00 430

00

coronT

69



WU

MWIIN

2 30132 200 300 400
e ——

ouee

Qaure
£
¢ f
P&
36 | E £
— i
0.4
UToE LN e
g E
5 £

AT,

L

=z
5 E
g 5
= =
e =3
. - J
0 50100 200 200 ”3-;; 055 7 50100 203 00 .oa-m
LU weve manr TMOT
S00TE IVE S000E T000E
z -
Pk é
N
A e E A 5
v g
z z ; 8
: B ¢
‘ d I sPe |
: 3 2021
P4 g P Value 2
z = 08912
; § - 0 66 —g
s0t0 200 0 w0 -_1.45 s s e -_2‘23
M —— R —— 2
SO0E WIE SOTE 000E

70



BTN

G|

n

66'00T TOO0E TS00E

HiN

NN

FOTN

aracy

Lildal]

N

¥

i

AT

)

By ]

[bd )

200N

TN

0N

Raahiy ]

o

o,

WUUH

71



any

™

B

Aot vy

=

750

Aoy

X

o

DSA00 200 300 100 0'3%
[ — ] -1
ravearT asaoT TTOT m‘b‘m
-'. T "noaT T0T TR :J: - -
: ¢
i [ 2
£ £ € £
g E g g
€0'o

£ £ £ 5
e e ¢ -
£ £ g £
& g g £
£ £ o o
3 E £ B

05100 200 ﬁo 400
] Mins

wUrE BSUEE WETE

Brre

72



OOUE ES'00E TOVUE TEOUE E E co'ore esws‘n ?u'bl‘u'! Yo

XUy
ITO0N

SPl1 12

= E 2010

E g Vaiue

v — 097
05000 200 300 400 - -0.30)

57

&OTE TU0E TEUE

E wrove c2ove Tor oo

Lol

{UoUN

N
oo

05000 200 300 400 S g
= — — O

M0TE EOTE TEWE T6'00E

TN

A

g farerr FramT
g

wanry
100N
WFIIN

o

¥

™
XN

05000 200 300 400
-:-:—;l.ﬁfﬂm

e v2UvE nguve e ";ure

4

by ]

X
g
3
3
-4
2
3
3
)
annry

Arovn

™

o)
-

BTN

2]

N
o

05000 200 300 400
00 400

ns

T
AT oo T TIANT

ks



; :
z £
g B
g L]
z
£ g
g =
= v 2 7 evreve 6"00E TONUE TNE ?
£ 3 E
§ § 5 x 5
-~ 2 ¥ . |‘V
£ £ € = €
' 7SPI 12

2 : £ 2020 :
g § § = Value g

] = — 1.89

- -1.047
Q35000 200 200 ; -3.02
Miles
BUUYE a=UUE i ;n 1s'roe Wl;ﬁ": G‘z‘;ﬂ‘! 70'00°T TINT
GrveT sooeT TN TOHNIT oot amyer TereT

Value
276
i
2 5010C 200| 300 400 -130 U MU0 X 30 40U
e w— S T — — e
e @'t NIrs SUE TR 9335 Rlaiiacd mUTE
T L2t I »uve s

00 8

XTIN

© 50100 200 300 400
- . — { —
e hé@: T »wove

0 50100 200 | 200 40
R —

0
Mics

sve

ariie

74



TONT

0 SO0 200 300 400

Wies

0 £0100 200

TN

00 400
Viles

b =

il

xne

T

LR bl

T

weeT

T

0 £0100 200

00 N0

WUIN

feoeT

T

THNT

T

LT

050100 200 POO 400

]
050100 200|200 400 428
- — | w— e
L2l s£ETE MUre
wove ™SO

0 50100 200

piiriral]

300 400
Miles

-128

wuve

T
Ll

wuvre

~UvE

75



e

0 50100 200| 300 <400

prpal]

T,

- — w—

b b ad Tt I

i = wrre 433

0 HIH 200) 200 400

0 50100 200| 200 400
- — — e

e R LR S e mare e

oo T b b o

Moy

050100 200 RGO 400 -128
- — —

LD b s nvE e




0 H00 200 300 &n
- — — s

050100 200f 200 400
Vies

T

e VT arre 280E

e AT R U2 b e g
1

ane ann
e w— e

g P mure e e e

weee esvooe TUevT TTETE

wovy
E

v

m

e

M1

$

SPEI3
2016
Value
[ G02
B I: 1.27
0 50100 200| 200 100 -8 acot00 200|200 400
T
T ;-ore e
weee gt rome
0500 200 AND <00 A28 S 1 -
- — — 4 - — T —
o T “",i’\' et LT ot T TOOUT




TR
|

mIrE

TOUE

Rl il )

£
b
£
. 1130
050100 200 300 400
O — — s
e st vt -
[ZR Lids W wUIT

oo
|

{-‘(iﬂ‘:

T
[}

0 50900 200

0 50100 200/ 300 400

-1.28

I
™I

-128

iy N

0 50100 210 | 30 400

™are

05100 200|300 400

(OB 2 a4

t
wworT

1
VT

™Mt

e

1
a3'IvE

UTE

SWE

xrmn

WUIN

WUTN

78



e SvUs S 3 faTve

g :
& &
£ | E
» b3

O AMOD 20| 00 4K
- — —

0 H0M00 200 [ 300 400

oy

X'

SPEI 6

1998
" Value -
= : F
s "t s
050100 200 300 400 1.2 e m—— 1
e —— Vi ot
ertrT torgae TawrT 00T e R TV s

rive L) LIV: ) ’.iV z e

0 0100 200] 3G 100 128 0 50100 200|200 40D

- e— | w— 25
wwwr LER L vt sure Waave L Raiad N LEA R
' B30E THO0E TSOVE aroIe tare oave TS

N

A

-

»

AN

050100 200 300 400

- — s les -128

} |
W LERG U PR b aerarT e b d ToeT TROT




wortr as'coe

R a2

Yoo

0 5100 200 300 400

Value

186
023
-1 40

oyl

ITE

VU
TS

050100 200 |200 400 050400 200 300 GO?MGS -1.28
wore Ct'l'V! R ) 4 TYoos e SOrE Wors TSUVE
surE sUUE

N

A

N

LAY

annrv

N

A

0 50100 200|200 400
- — | — e

®woule
SUYE

YuTe

™

A

o

WTUN

G SN0 200 |00 400
1 —les

-1.28

Ul

TITE

LER

o

RIS )]

80



s Bbtl’\rl 00 T3

ImH

R

0 LNoY 200

o — w— 05
Y ST b o e arnrs :.:-)': T ,‘l‘{‘i" TEAT
e wyve o= i

woer T
>

050100 200 (300 400
o — | w— 05

050100 200

Y BENrE e e
wuve wure woors el




SUYE i":'(IVE UTE e SOTE B (TE e B
! i

050100 200

l 2‘.4
ST, S
SO | D00 AN 0WIN0 A0 D A0 1.28
e —— il
: T 1] !
wul esove I oo BITTE eI s -‘C‘!‘f't

QYUE HIVE wort OE e BS00E WIVE WOVE
| |

ANTATN
1

i R

anxrov
1
TN

030100 200 300 400
(= = s NS

2 O SIE ot THO0E

82



~ure

!?TI"

SPEI12

1992
Value

298
&
-128

Jhrhc

aroor

™oor

[3
1 g
E:
i} 2
0 50100 200 (300 400
eneer corpeT eeT TN
T e T T
5 €
g

aAnnrn

U Wwnog 200 {300 A0 0 W00 2001 300 400
Mile=s - —— — {25
ST U2 21 ? 3 ST wove Uit ™Sove
e e TR
.
SPEI 12
1997
£
-
0 L0100 200 00 400 128 0 5MG0 220 (300 400
- — | — S - — — e
AT FEPONYT T TayT T CENT IENT
s a5rre NPrE s oo LED 0 3

SPEI 12
1998

Value
£ 394
-120
e e ™o I

N

A

0 50100 200 | 200 400
o ——

Asrre

FUE

et

ITAE

83



AVUE 50U were wrre wer LT e I
1 1 4 4

"1\{\7"‘1

SPEI 12

2001
Value

SPEI 12

2000

B 0.39 £
; W
y 0 50100 200 300 400 78 |
Mies
SINT (% ad T n™wr badh i g
ey e T it g

’»’l{lﬁi

SPEI 12
2002

Value Value .
& 048 110 é
g D . e 0 Wiy X l s
U oY 20U : U ,
-1.28 - — — -1.28
St (4 & Nt ad 7)":.){ eI e e A
T oY A e e 1T
h Y
g E
SPEI 12 SPEI 12
2004
Value -
r 0.82 |E
-1.28 U w0 200
|
> oY aoT asvor were e
errs (103 T 5T @ore e ‘!‘K|7 = were

REaall

SPEI 12

2006
Value

1.02
. .12
-1.24

T aovt

0ANON 200 | 200 400
OC——
|
t
mrrs

O 50a0 200 |30 400
- w0

T 1
123 5 ol s T wees b 3




L d

bt b ad

LU Pl

i

N

A

4 50100

200 [po0 400
Mias

s30T
e T

Iy
TRRYT

SPEI 12
2009

USr 20 300 U g |

e —w— {105 ‘
wers (1 0 ) 4 e TIvoT
!lX'I: wIre EERAS

i L
e ,_.
£ 3
o |

> 350100 X0 (300 400 0S0100 200

- . — — {123
AT corere et T
s BT wrrs s arovT TEOTT

0 510 260
O m—

SPEI 12
2012

LU B A
LR

N

A

Value
457
VO 200 7R 0 50100 200 (300 400
| — {105 s w—05
L2 24 M U Lautd L 202
LR gl WIre SyUUE oot ::W‘U‘r

o m—i05

128

I

-

e

Wi

W,

Wi

85



OUE BT e TEOUE Hire e
N
2 | 7-
g i | &
SPEI 12
2016
Value ‘
3 _ | E
El | &
' 05000 200 |300 400 -1,28
COE TSVE e t!.-‘(!t'! W TETE
T @I ;) mrTE

SPEI12

2019
Value

0350100 200 200 400

0 50100 200 | 300 400 ‘
o5 : e — — s .

-1.2q

1 T !

UVE wore asIT= were T
wers T e 3T

03I L3305 2 e i d

SPEI 12

SPEI 12

2020 2021
Value Value
087 045| |F
‘ l 020 . 041 &
050100 200 £20 400 428 05100 200 300 400 1498
o — T — s S
-G 8 3] €5'YYE s TSI0E

a'Tre wers S s




reye Tt

s u-fn
- B
5 5
£ £
E k
S CI01CO 200 300 400 021 0SMON 200 300 400
—— -1.014 - — w—
“weyc Tyt
g wor e £
5 . £
z
'3
N
£
"
$I0100 200 03 459
T — — -1.038
T Ny

e " 'I"!
£ [
3 k
£ [
E B
AEN00 200 00 400
e s—
Arree s AT

RS L
0

L oor 200 WU A0 WrNtes  Aa a4
o w— e 083 s — —

@arr: e ELE S YT




207

rord

BN

050100 200 200 400 0 Smae 204 50 «an
o w— - — — 125
- wreve wIire
crers Te0T &
£ ' £
" 5
£ £
k
£ ¢
" g - nan
L SeNa 200 N0 a0 0 20100 233 00 <0 0.0
O —— C — — - 008
wers TUeeT were oot
: :
: : 3 e
& R
030100 200 200 400 05300 200 200 400 £
o e w— - — — 0
e L2t T
= wuTT T = F LA iaiitad E
BT E B i §
= B
5 "
i alue g slue
§ n S e 7
A 5AAC 200 300 400 0 50100 200 310 400
-:-E—:—ulea l - — — - <019
-0.338 089
e T wrrs

88



IT0UN

w0

080G 200 200 400
e — w— 05

Eaiall

sy

wroen

0 500 200 300 4U0
O — s

i)

0 50100 200 W4 400
o — —

047
-1.014

werr

e

AT

i f
E N
Value £ &
_ 2 K
0EMON Z00 3N &0 - s 0 £0100 200 200 400
O —— D78 - e
Mo TENT
g T 7"III1' s E
g 5f
2
& 5 K
¢ E ¢
% - — i
250400 200 300 400 - ante i et 0 o ez — 0118
- w— i 0.88 ] — 088
Rl ) et ooy nere

89



AL

T

050100 200 00 400
- — — e

€T

T

WUUN

WIIN

0 51rN0 200 200 400
SO —

Rl LY

e

£ 2
T S : = Value
050100 200 300 400 00100 200 30 400 H 008
T — -1.002 I —— 0 089
AT Terys T Trre
EO0E e 'V .‘!'III‘E
g - 3 z
2 - E
A g8 A e
- H
£ £ &
8 E &
050000 200 300 400 0 E04100 200 00 400
e e m——liics
SR maE ot wnt

90



ot mr:m'
~
E > >
e 5 -
£ g B
RDI 6
1993
Bl - £ El : Value |7
E S = o 0.3z g
030100 200 300 400 02100 200 X0 400 0.9
e —— i e —— BRI
oy Ll tad TN
e @It w!
N N
| K
RDI 6
1995
E Value é Value 4
5 j- aur £ TE7 1
050100 200 300 400 .037 0 SNDG X0 3 400 .005
o —— 143 o —— 10
wure rIve e T
@V T YT
; ok ;
5 E E E
8 E B —a
050100 200 300 200 0100 X0 200 W0 -‘:-049
- e m—ES - S 478
wUre Wt
srvos 'N‘I'ﬂ
N
wre = /| RDI6
. 1999
E G Value
J 019
0 50100 200 %00 400 . .,
C— — .
e -
SO00T MUT

91



ayaar

~

A

(24100200 A 40 a7a 0 S0100 200 00 400
T — — : O — —
weove aIr:
oAy AT
q‘ =
5 :
g £
" E
0410 200 2% &0 0 N0 200 3x 40 — o4
e m— S ‘ 0 an Iies 0.9
o ArOWE s Toas
Se00e “@vus It"t:\r:
g f £
E e =
- 028 U004
05100 200 200 400 050000 200 200 400
- — i - - — e f— 009
v werE
wooe e iad
N
£ £
L n
RDI 6
2006
3 Value g
k n1g g
050G 200 300 400 L.68
e —— e 155
sarvue m‘!‘n EHYE TUYE




N

g
050100 200 200 400
e — — s
aqreoe
SPre

A

0TS

F bl

0S0100 200 300 400
- — — s

wurs

DADG 200 200

Mies

FUiN

f e (]

&0

T

B

-1.21

wWyys

U

§

ST E
N

0 50100 200 300 400
—— s

Lad

A

TN

Wt

1 T

DEMOD 200 300 400

Miles

1}
TINOT

2UTE

e

93



urs wure

wiM

LUUN

050100 200 300 400 3

0 50100 200 300 200
- — — S

2019
Value

-0,123

0 na

Msrve




aroon

AME e v
N

z z z

B ok

8 . & &

e %
B RDIG
. :-‘ ‘
X 2020 :

: Value E Bl 4 5,

8 -, 08 3 n 0y A -. ]
05100 200 300 400 - 4X 050100 200 300 400 - -0.26
oS — 420 O — s A1

ANE e 20 53 WE

astnrrn

wUT

vr

0 50100 200 300 400
[ & — P

OSPI0 200 00 &0
SO — — 0

et

o, 7

B, 7

L2 ad

»urn

aoT

A 5000 200 0 200
R — — 0

SUTE

0 50100 200 200 400
e ——

33z

rerE

95



WU,

050900 200 200 400
- — — s

0 100 200 20 40 H
- — A ZH

ot

Wil n

»oT N

XION

0 53100 200 200 400
[ — R

et

96



W

T

peauatl

TN

.

Jvees
!

E el

B

0 10D 200 300 400
o s 105

LR S

e

=
030100 200 300 400
[ R W - A
iy
oty
»
£
®
z
E

0 50100 200 300 400
- w25

ey

M

ArTTH

L3

EeE il

0 AN 200 9N &0
O — —

AT

050100 200 300 400
- e es

N

3%

amo

0 W00 200 300 dU(hl'
W

050100 200 200 400
CEC——

=2we
¢

e

Xt

wore

e

97



050100 200 200 400
- w5 .56

ferxar AT 220 DAt

I TITE

E
¥
£
£
0EMNO 200 A0 400 & 0 50000 200 300 400
a4 Pl
- sl
W'n wIre e
s e
]
:_.
3
:_.
14 F
050100 200 300 400 05005 200 W0 400 -4.1
O — — S — —
Lok ad TN artte ™I
e e Y by o
~
A A

3 EE

: FE

£ EOE

. 0SNG0 200 200 400 " 4 0 S0100 200 300 400
S —— — 529 o ——

oy o P es WreE




»ITN

U100 A0 30 A0
O — 05

arves.

Q50 200 30U 400
R ——

T

eI

YT

20T

AT

o

0 50100 200 200 400
O —— 05

wEre
wrre

05000 200 200 40
- sl

wITs

s
|

ITUN

WO

050103 200 20 400
e

oo

Elaigig

I/UON

0 5HOL 200 300 400
e\

s

ITUON

99



&ore

0 MGG X0G 200 400

- —— A -4.47
T
T amver T TeAreT
AOrs T ToveT mearr
{
~ =4
=

A

el

U

i ad ey IRarey

»um

haust]

> >
8- E
o M
050100 200 300 400
e ——
e v oRTeE sITe
@wort

bty 2}

)

i

£
050100 200 00 400 2783
| s—E5
erv U YT AT TOUTT T
eRvE SONRE reve R o e vt e vy _
] . g
* =

T

W

05000 200

wrTIre

-2

ey

xwmn

SRI 3

1997 2
Value E
1.12¢ =
[ REE
-a.05
arove rrvoe sure
ey _TTe ners I!-'l‘IST ~—
- g
£

o

050100 200 300 400
e s—

s 4.59

«€oTT

e TYoT

100



AT

arareT TeeT

e
5

»Buve

050100 200 300 400

woT N

- — — e
Mas aEeT ey ol g
evure s roos TroTE
N i

v

TuIe

oo
SRVE

G000 200 300 400
RO —

eyt
SEUVE

£
£
Miles
.':'v'n Swvs
mere »BlorE

o

— £ g1 B
B B
e F E
| & ® "
05000 200 05000 200 300 400
e —— s -3.06
GLaIT T _UTE @ure wrve TUE
coavT o) ot e - T czavT JooT TIROT >
g £
& 3
: >
E £
300 400
0500 200 300 400
—— e - S
HUTE SUTrs euer ITE wave gy&n 7T TeUE
vt uooe Tuse BUTE Srowe 65".“ T "”" £
: a 5 £
N 2 % £

QHN0G A0
- e

S ann
| — 125

-238
-333

"wUre

mure

erore

) 400

DHMOD ¢ 'ﬂ

|
erore

Miles

v

ove

101



o'ros

ToTUs

TSIt

BIN

AT TH

wWITH armr,

arTTH

L iat]

e

SrUTe

L el
Il

e

arin.

N

]

0N

sanrey

hrey

RAE

[
B
0 G0 20| A 400
- — T — s
(O3S g amoaT YT
wIvT erooe TO0IT T
~
g
2

05300 200
-

JO0D 400
| — A0S

SRI 3

2014
Value

.60
¥
273

A

ey

Ny

H51m

Rl J)

05000 200 300 400
e ——

.

TN

e

GRAOYT
[N

faaer
ST

AT
T

AT

.4

264

[543 o

050100 200 30 100
o S an
[ ] Yoo TINYIT

102



YT LT TN THoT
Fd
g
SRI 3

: 2016
£ S
[ 1 n59

OS000 200,300 40?' . ..273

= 3.07

MY “-1;!1' TN TSNE
wWare avUE v

TN

Lloal

*IUN

eaeT

™IeT

i

g_

U 5N00 200200 400
Milezs
|

ArE
Ll a3 ]

ST
U

VE
U

R T

4 £ I8 i
£ £ B 5
wIte arvue
BT GeIUE e reTIL BE0TE L 00F THVE
£ &
g g £ =
B E g
A * ¥ i
£ 4
e =
g_ 13 o
& B )
: :
" =

050100 200|300 400

Miles

446

WUt

Bt

8NE

103



T armryy TorreT e
: £
A ’
g g £
£ £ %
SRI 6
1992 =
= = =
£ . Value £ 4
3 156 E
050700 200 200 400
Mees 075
-3 08
Wit U wave e SOaE e eoe TERUE
Wi sy ey v wrwwe v mivs reoe
5 < g
: : £ 2
£ sk
& @ ] 1}
SRI &
1995
£ z 5__ Value =
£ 2 B oY t
< 0.58
e — T — e 08
U s (i My RS
BT g ezsyr TveTT reaTTT SrUYE ESIE nere ISUVE
I £
N £

A

WO

0o

N

e
e

ko

T

Tarrr

EGn

e

AT

wmeor: e oo 7T »
\ :
: f
&
Rl 6
1999
Value
£ 035 |E
0 50100 200 |300 40D A08
Milix;
eevs &5 ;V'é Nt SUTE

104



er1ve p— reoTe OTE E5E e WIVE
Il < ‘.
i N &
E £ -g
E B
SRI 6
2001
E Value £
& 0006
6. oo 050100 200 300 40D 154
Riless - . — — I 3.00
WUt : vIvs G aiad
w'rar erosr e e d b o g
§ R %
r =
SRI 6
2003
2 £ value £
V.O%
: ¥ 0 50100 200 20 400 i L
O —— i =108
rasvar aoer ™reaT
farvar corre TeM0T T avT s
B < 8
o .t
E &
SRI 6
2005
E £ bl 192 £
® 078 =
] L 0 S0r00 300 400
050100 200 300 400 — e MEES .08
Q?Ive ss'v'n rIvre o 7”’?‘;:_!
eyose UooT Jovu: ove c
g g
N £ >,
: : E
SRI 6
2006
> Value - g
[R)) ¢ =4
g . .49 E -1
0 S0n00 200 a 400 .00
Miles
T T
wUrE mvue i el Suve

105



Tt

ey niey vy IR

Lt
ariom

» N

SRIG
2009
= Value E
£ T 4
3 . S
=4 08
T T TNT
WU wurs I faITe
swove woos vvvn T™ITE | S
| { £ £
~ g A 3
- - 55 4
e | o B3
E E &
SRI 6
SRI 6
2011
2010 a L
z z (3 Value K
g Value : g 0&a £
1.32 ¥ ! 1.19
05000 200 [0 400 - 050100 200 200 400 .,m3
- — Mles 308 CC— w— A 3
wors Lot a ™I FauTe
wooe oo TOUT: TSI
AT Aty e a1 =
< E
A )
= 4
= | | £
g §
SRI 6
2012
£ Value E
A T
8 &
GNP D M0 aDi . -1.84
Miles ESRH
LEad s Henve e T
m‘qn ({8 e e T =
z
; E
£
£
£ —
i =
05A00 AN FD A0 ’ 050100 200 300 400 . 0,66
rr—a—-—Mites _;g; [ W — LU 3.08
Wt @It TOUIT e
W LZore ToorT TVOS

106



ey

W

LRa ]

Wy

Iu
083
&5
-3.08

RNuUUy

e RS e d T T
ey orT N TN >
4 e
e £ x g
- b
B ; g £
5 T 13 "
2 SRI 6 SRI 6
2018 2019
’ Value
4 Yulun : B 12af | E
: T B
04FL0 A% B0 400 =t : 0 S0100 200 500 400 S
- — T — s -3 .08 [ W W — L
wert s Ire 700 "J'tl"!
wroer et e b b V00T
SYEVE SIIVE TITE TS SNUE 63IUE TOITE TSIE
—Z g
] § A %
: ;
" -
2020
= Value 2
5 112 5
* . 098 = ER W0 400
| ¢ 50100 X
05000 200 30 4&!&‘"05 08 Miles
|
arve et et 55t Sy e TSINE

107



a0

e 4.'!;1"’ nvlvv NI
~
-8
SRI 12
1992
Value z
232 »
04V 200 D A '
| — S
133

bia e ]

Ty

TNTH

UoNG0 200 200 400

T

050900 200 300 100
O —

Mies

T

AT

70

e TohaT

o

nr

aam

@

™

E ad

o

108



Lo LEL R wure mre
N
g £
& 12
SRI 12
2002
g value E
; o |1
s -85
D100 200 Y0 400 e
AT f-'«'l{'\”’ ?I‘&ST T
fd'f:ﬂf f.'-'lz\'f 7}'0")1' TRT
A
SRI 12
2002
g Value E
050100 200 300 400 l oa
Mo 180
Lo p eroTe rroe rIooe

L]

wvie L) 'I’U't o “V! ™mwe
N
£
£
3
0 UH00 200 100
Miles
YOTE P s TS

2003

Value

161
o
-1.37

[ruT N

TNUE

BN

N

oo

w'rIT T
£ T8
§ o5 (18
050100 200 W0 400 .
- | w—lES -0:74
v isave
YO TE

Eaul ]

400
- — — JilES

annrm

109



ereo: L1 ad U o

20N
Eant]
!
i
s

2010
B .
193
; 090100 200 00 -l
Milesss u.g4
ayoor ns-:'w e THOT
75\’" wave H'I.V! ™aITE
.
£ Bs € o 4
g ] £ §
p SRI 12
2 2011 ;. :
£ & Vaie E & &
E = = |8 p — i
UKD 200 3 A B oo ol T B
il -. i -
<26
WIvE e WUE ITE BPRR i o
T roore M m'lli’f ?l'fl'ﬁ"' TENYT
- N
- X S 3 N ‘; o
g & £ E
s #
SRI12
5 2014 .
E 3 £ £
% — 147 "
. 050100 200 400 —_— 0.17
- . Mies 12
v T WOTE e wave Ty ?nfn
wore “‘ﬁ“ -'I'C;v'! T
~
£ £ L&
£ Sy & ®
» ~71 SRI12
“ | 2015 -
£ Value g ¢
* 1168 | | *
050100 200 400 = 017
Mie: 0.81
oyt m-}'vr T¥ooT THoT

110



U

f-’-‘ll'ﬁ’f

20N

BT




