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Featured Application: The following research has a potential to provide a scientific basis for
the management of drought mitigation strategies. The trends in drought characteristics in each
zone throughout the study period can help decision-makers with more information on resource
planning. The identification of contiguous zones with similar drought characteristics across
Pakistan is the first step towards developing an integrated and holistic policy to minimize the
impacts of droughts. This study will help achieve this goal.

Abstract: Pakistan is among the top ten countries adversely affected by climate change. More
specifically, there is concern that climate change may cause longer and severer spells of droughts. To
quantify the change in the characteristics of droughts in Pakistan over the years, we have evaluated
spatio-temporal trends of droughts in Pakistan over the period 1902–2015 using Standardized
Precipitation Evapotranspiration Index (SPEI). Additionally, the Spatial “K” luster Analysis using
Tree Edge Removal (SKATER) method was employed to regionalize droughts into five contiguous
zones. The run theory was then applied to each zone to identify drought events and characterize
them in terms of duration, severity, intensity, and peak. Moreover, the Modified Mann–Kendall trend
test was applied to identify statistically significant trends in SPEI and drought characteristics in each
zone. It was found that the southern areas of Pakistan, encompassing Sindh and most of Baluchistan,
have experienced a decrease in SPEI, indicating a drying trend. Central Pakistan has witnessed a
wetting trend as demonstrated by an increase in SPEI over time, whereas no statistically significant
trend was observed for the northern areas of Pakistan. On a zonal basis, the longest duration drought
to occur in Pakistan lasted 22 months in zone 5 (Sindh) from 1968 to 1970. In addition, the droughts
of 1920 and 2000 can be said to be the worst drought in the history of the region as it affected all the
zones and lasted for more than 10-months in three zones.

Keywords: drought regionalization; Pakistan; SPEI; run theory; spatiotemporal analysis

1. Introduction

Pakistan is one of the most vulnerable countries to the adverse effects of climate change. Global
warming has led to worrisome increases in temperature across the country. The frequency and intensity
of extreme events such as droughts, floods, and heatwaves are increasing [1]. Among the extreme
events, drought is a frequent occurrence, occuring in about 4 out of 10 years in Pakistan [2]. The
nation faced its worst drought—since its creation in 1947—in 1998, which lasted up till 2002 [3,4].
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This particular drought was due to an El Niño event, which started to develop in the Pacific ocean in
1997 [5].

Several indices have been used to model droughts. Edossa et al. [6] used the self-calibrated Palmer
Drought Stress Index (PDSI) [7] to characterize drought events and establish a relationship between
hydrological and meteorological droughts in South Africa. Gocic and Trajkovic [8] employed the
Standardized Precipitation Index (SPI) [9] in their study to evaluate the spatiotemporal characteristics
and patterns of droughts in Serbia. Dabanlı et al. [10] also used SPI at different time scales, along
with Principal Component Analysis (PCA), to analyze the spatiotemporal variability of drought in
Turkey using 80 years data from 1931 to 2010. Ashraf and Routray [11], Haroon et al. [12], and Xie
et al. [13] have used the Standardized Precipitation Index (SPI) to study spatiotemporal drought
variability in Baluchistan and Pakistan. However, SPI and PDSI have some major limitations which
restrict their use, especially in the context of climate change. PDSI has a fixed time scale and, therefore,
multi-timescale aspects of drought cannot be studied by employing PDSI [14]. Precipitation-based
indices such as SPI depend on two assumptions: that the variability in precipitation exceeds that
of other variables which affect land surface moisture state, and that the other variables, such as
temperature, are stationary. However, with global warming expected to increase global temperatures
markedly [15], the temperature can no longer be assumed to be stationary. Therefore, to incorporate
the effects of a changing climate and allow analyses at different timescales, a novel index, Standardized
Precipitation Evapotranspiration Index (SPEI), was introduced by Vicente-Serrano et al. [16], which
combines the multi-temporal nature of SPI and its simple calculation procedure with the ability of
PDSI to take into account the effect of changes in evaporation demand. Numerous studies focusing on
drought monitoring and its spatiotemporal analysis have utilized this index [17–23]. Adnan [17] found
SPEI to be one of the most-suited indices to monitor droughts in Pakistan, after comparing 15 indices.
Moreover, Potop and Boronean [20] analyzed the evolution of droughts in Czech Republic using SPEI
from 1961–2010 for the agricultural season (April–September). They calculated SPEI at different time
scales and concluded that SPEI possessed the capability to distinguish the effect of the increase in
drought severity due to increasing temperature. Liu et al. [21] regionalized droughts in China based on
SPEI for 1961–2015. The use of SPEI allowed the researchers to conclude that increasing temperatures,
along with reduced precipitation, were a major cause of droughts in China.

Various studies were carried out to compare SPEI with other indices in the past. In 2015, for
example, Tan et al. [22] carried out a spatiotemporal analysis of drought in Ningxia Hui Autonomous
Region, China using SPI and SPEI indices. Their study concluded that SPEI is more suitable to
explore the link between climate change and drought variation than SPI. More recently, Tian and
Quiring [23] used SPEI to analyze spatial and temporal drought patterns in Oklahoma, the United
States, from 1901–2014. PCA with VARIMAX rotation was applied to identify four spatially contiguous
and homogeneous regions based on 6-month SPEI. The researchers concluded that recent droughts
were caused by both a decrease in precipitation and an increase in temperature leading to intensified
atmospheric water demands.

The aim of this research is to characterize short-term droughts. Therefore, SPEI at a 3-month
timescale will be employed to analyze the spatial and temporal patterns of meteorological drought
from 1902–2015 in Pakistan. Additionally, a regionalization technique will be carried out to aggregate
grid cells with similar SPEI patterns. Trend analyses will then be applied to the SPEI of different zones
and their drought characteristics to identify any statistically significant trends.

2. Methods

2.1. Study Area

With an area of approximately 796,000 km2, Pakistan (Figure 1) has a diverse climate. Almost
two-thirds of its area lies in the arid zone, where slight deviations in climatic parameters often result
in devastating consequences [24]. The mean winter temperature in the Upper Indus Basin (northern
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Pakistan) is 2 ◦C–23 ◦C, while it is 14 ◦C–20 ◦C in the Lower Indus Basin (southern Pakistan) [25,26].
The mean daily maximum summer temperatures reach 42 ◦C–44 ◦C in the Lower Indus Basin, whereas
the Upper Indus Basin experiences mean temperatures in the range of 23 ◦C–49◦ C [25].

Appl. Sci. 2019, 9, x FOR PEER REVIEW 3 of 21 

The mean daily maximum summer temperatures reach 42 °C–44 °C in the Lower Indus Basin, 
whereas the Upper Indus Basin experiences mean temperatures in the range of 23 °C–49° C [25]. 

Total annual precipitation varies from less than 250 mm in the south to 2000 mm in the north 
[25,27]. Two main precipitation systems produce rains in Pakistan. The monsoon, originating from 
the Bay of Bengal, release rain in the southeastern and eastern regions starting from June and lasting 
until September [28]. Western weather disturbances, occurring from December to March, bring 
precipitation to the north and western parts of Pakistan [28]. About 65% of the country’s landmass–
Punjab, Khyber Pakhtunkhwa (KPK), eastern Baluchistan, and most of Sindh–falls within the 
transboundary Indus Basin[29]. The Indus River originates in the Tibetan region of China and 
traverses Indian Administered Kashmir before crossing into Pakistan and finally draining into the 
Arabian Sea. The irrigation system developed in the Indus Basin is the world’s largest contiguous 
irrigation system. It is often referred to as the backbone of Pakistan’s economy, which relies on it 
extensively. 

 
Figure 1. Elevation map of Pakistan. 

2.2. Methodological Framework 

The methodological framework can be visualized in graphical format (Figure 2). The calculation 
of 3-month SPEI was carried out for the time period 1902–2015 using precipitation and Potential 
Evapotranspiration (PET) data from the Climate Research Unit (CRU) dataset. These gridded datasets 
were then used to acquire 3-month SPEI data from Global SPEI Database, SPEIbase (version 2.5.1), 
for 1902–2015 at a resolution of 0.5° [30]. The Spatial “K”luster Analysis using Tree Edge Removal 
(SKATER) method was then applied to all of the 327 grid cells in Pakistan. The country was divided 
into five zones according to the similarity of SPEI in each cell, keeping into consideration the spatial 
contiguity of the dataset. For the spatiotemporal analysis, mean drought count, duration and severity 
were calculated for each grid cell. This was followed by applying the run theory to each of the five 
zones to characterize the meteorological droughts that occurred from 1902–2015. Droughts were 
characterized in terms of duration, severity, intensity, and peak. Trend analyses were then performed 
on each of the zones’ SPEI and on drought characteristics using the Modified Mann–Kendall test. 

2.3. Meteorological Data 

Figure 1. Elevation map of Pakistan.

Total annual precipitation varies from less than 250 mm in the south to 2000 mm in the north [25,27].
Two main precipitation systems produce rains in Pakistan. The monsoon, originating from the Bay
of Bengal, release rain in the southeastern and eastern regions starting from June and lasting until
September [28]. Western weather disturbances, occurring from December to March, bring precipitation
to the north and western parts of Pakistan [28]. About 65% of the country’s landmass–Punjab, Khyber
Pakhtunkhwa (KPK), eastern Baluchistan, and most of Sindh–falls within the transboundary Indus
Basin [29]. The Indus River originates in the Tibetan region of China and traverses Indian Administered
Kashmir before crossing into Pakistan and finally draining into the Arabian Sea. The irrigation system
developed in the Indus Basin is the world’s largest contiguous irrigation system. It is often referred to
as the backbone of Pakistan’s economy, which relies on it extensively.

2.2. Methodological Framework

The methodological framework can be visualized in graphical format (Figure 2). The calculation
of 3-month SPEI was carried out for the time period 1902–2015 using precipitation and Potential
Evapotranspiration (PET) data from the Climate Research Unit (CRU) dataset. These gridded datasets
were then used to acquire 3-month SPEI data from Global SPEI Database, SPEIbase (version 2.5.1),
for 1902–2015 at a resolution of 0.5◦ [30]. The Spatial “K”luster Analysis using Tree Edge Removal
(SKATER) method was then applied to all of the 327 grid cells in Pakistan. The country was divided
into five zones according to the similarity of SPEI in each cell, keeping into consideration the spatial
contiguity of the dataset. For the spatiotemporal analysis, mean drought count, duration and severity
were calculated for each grid cell. This was followed by applying the run theory to each of the five
zones to characterize the meteorological droughts that occurred from 1902–2015. Droughts were
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characterized in terms of duration, severity, intensity, and peak. Trend analyses were then performed
on each of the zones’ SPEI and on drought characteristics using the Modified Mann–Kendall test.Appl. Sci. 2019, 9, x FOR PEER REVIEW 5 of 21 
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2.3. Meteorological Data

Gridded potential evapotranspiration and precipitation data provided by CRUat the University of
East Anglia (CRU TS 3.24) have been used in this study as the global SPEI database is based on the CRU
dataset. The data for monthly time series of 10 climatic variables from 1901 to 2015 are contained in the
CRU TS 3.24 dataset at a spatial resolution of 0.5◦ by 0.5◦, which is roughly 55.5 km near the equator.
The climatic variables included in the dataset are precipitation, potential evapotranspiration, monthly
average daily maximum temperature, daily mean temperature, monthly average daily minimum
temperature, diurnal temperature range, cloud cover, vapor pressure, frost day frequency, and wet day
frequency. The CRU database is created from over 10,000 stations across the globe [31]. The principal
sources include World Weather Records decadal data publications, World Meteorological Organization,
and monthly climatic data for the world. Due to the number of stations contributing to the dataset
varying throughout time, the dataset is not necessarily homogeneous; however, previous studies on
trend analysis using CRU dataset have shown promising results [32]. A recent study on the Indus
Basin by Krakauer et al. [27] concluded that, despite poor representation of the spatial distribution of
precipitation over the Indus Basin using the CRU dataset, the temporal trend of precipitation compared
well with that calculated using more stations.

In the CRU dataset, the Correlation Decay Distance (CDD) method [33] is implemented to
interpolate the data, such that those stations within the CDD range of a grid cell are used to calculate
the value for that grid cell [32]. The gridded values that are produced are thus relatively robust to
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fluctuations in the density of stations. The Penman–Monteith equation is used to calculate PET for
each grid cell as this method has been proven better than other simpler methods such as Thornthwaite
equation [34], which only makes use of temperature data to estimate PET [35]. Moreover, sensitivity
analysis of Penman–Monteith shows that the influence of meteorological parameters on evaporation
is almost linear with temperature having the greatest influence on annual evaporation, while the
relationship between sunshine duration and evaporation on a monthly scale is not constant. During
the winter months, increase in sunshine duration leads to a decrease of evaporation [36]. Both
surface energy balance and atmospheric water demand are considered when estimating PET using the
Penman–Monteith equation [37].

2.4. Standardized Precipitation Evapotranspiration Index (SPEI)

SPEI requires monthly PET data in addition to monthly precipitation data, as it calculates the
climatic water balance by subtracting PET from precipitation [16]. Unlike precipitation, the water
balance can have values less than zero; therefore, a three-parameter distribution—the log-logistic
distribution—is applied to calculate SPEI [16]. As this research focuses solely on meteorological
drought, SPEI at a 3-month timescale from 1902–2015 is used to represent drought patterns in Pakistan,
with low SPEI corresponding to drought conditions. In total, 327 grid cells cover the entire area of
Pakistan. The climatic water balance, D, for the month i is calculated using the equation below where
Pi represents precipitation and PETi represents potential evapotranspiration:

Di = Pi − PETi. (1)

The values of Di are then aggregated at varying temporal scales just like SPI. The values of SPEI
can be computed for different time scales by fitting a three-parameter probability distribution unlike
SPI, which can be calculated using a two-parameter (gamma or Pearson Type III) distribution. This
is because three-parameter distribution allows negative values, which is common when computing
climatic water balances, whereas in the two-parameter distributions used for precipitation, the lower
limit is 0. The three-parameter distribution that fits well to the D series at all time scales and in any
region in the world is the log-logistic. The resultant probability distribution function of the D series is
given by the following formula [16]:

F(x) = [1 + (
a

x− y
)
β
]
−1

. (2)

The SPEI, then, is the standardized value of F(x) and is obtained by the approximation of
Abramowitz and Stegun (1965) given below:

SPEI = W −
C0 + C1W + C2W2

1 + d1W + d2W2 + d3W3 . (3)

In this equation, W =
√
−2ln(P) for p ≤ 0.5 and C0, C1, C2, d1, and d2 are constants. P here is the

probability of exceeding a determined D value, p = 1 − F(x). If p > 0.5, then p is replaced by 1–p. The
sign of the SPEI is then reversed [16].

2.5. Drought Regionalization

Regionalizing is a valuable technique used frequently in various disciplines which deal with large
spatial datasets. The goal is to preserve the patterns in the dataset and produce homogeneous and
contiguous clusters. Spatial “K” luster Analysis using Tree Edge Removal (SKATER) method [38] has
been chosen to regionalize droughts in Pakistan because of three reasons. Firstly, SKATER considers
the spatial contiguity of the dataset and produces clusters accordingly. This is a crucial consideration
when regionalizing drought as it is a spatial phenomenon, so that a comprehensive analysis of this
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hazard requires the preservation of the spatial contiguity of the dataset used to identify droughts.
The second reason for choosing this algorithm is the ability of SKATER to include restrictions while
clustering. Finally, SKATER has not been employed in regionalizing droughts in Pakistan before.

The SKATER algorithm is an efficient method for regionalization, which “combines the use of a
minimum spanning tree with combinational optimization techniques” [38]. SKATER represents the
objects as connected graphs, and it captures the adjacency relationship among these objects by creating
a connectivity graph, as shown in Figure 3a. A minimum spanning tree can be seen in Figure 3b.

Appl. Sci. 2019, 9, x FOR PEER REVIEW 6 of 21 

𝑆𝑃𝐸𝐼 ൌ 𝑊 െ ஼బା஼భௐା஼మௐమଵାௗభௐାௗమௐమାௗయௐయ. (3) 

In this equation, 𝑊 ൌ √െ2ln(P) for p ≤ 0.5 and C0, C1, C2, d1, and d2 are constants. P here is the 
probability of exceeding a determined D value, p = 1 − F(x). If p > 0.5, then p is replaced by 1–p. The 
sign of the SPEI is then reversed [16]. 

2.5. Drought Regionalization 

Regionalizing is a valuable technique used frequently in various disciplines which deal with 
large spatial datasets. The goal is to preserve the patterns in the dataset and produce homogeneous 
and contiguous clusters. Spatial “K” luster Analysis using Tree Edge Removal (SKATER) method 
[38] has been chosen to regionalize droughts in Pakistan because of three reasons. Firstly, SKATER 
considers the spatial contiguity of the dataset and produces clusters accordingly. This is a crucial 
consideration when regionalizing drought as it is a spatial phenomenon, so that a comprehensive 
analysis of this hazard requires the preservation of the spatial contiguity of the dataset used to 
identify droughts. The second reason for choosing this algorithm is the ability of SKATER to include 
restrictions while clustering. Finally, SKATER has not been employed in regionalizing droughts in 
Pakistan before. 

The SKATER algorithm is an efficient method for regionalization, which “combines the use of a 
minimum spanning tree with combinational optimization techniques” [38]. SKATER represents the 
objects as connected graphs, and it captures the adjacency relationship among these objects by 
creating a connectivity graph, as shown in Figure 3a. A minimum spanning tree can be seen in Figure 
3b. 

Each object in the figure above is represented as a vertex, which is linked to other vertices by 
edges. The attribute of interest—the value of SPEI in this case—is signified by the vertex, whereas the 
relationship to its neighbors is characterized by a ″weight,″ or cost, assigned to the respective edges. 

 
Figure 3. (a) Connectivity graph displaying the adjacency relationship between objects; (b) minimum 
spanning tree produced after pruning edges with high dissimilarity. 

The weight of each edge is directly proportional to the dissimilarity measure between the two 
vertices it joins. The value of the attribute stored in each vertex is used to calculate the dissimilarity 
measure, which is then assigned to the edge joining the vertices. Connected clusters are obtained by 
pruning the graph at suitable places with a high dissimilarity. 

A tree is a special type of a connected graph where no circuits are present. A circuit is defined 
as a path in graphs where “the first and the final nodes (vertices) are the same” [38]. Moreover, a 
spanning tree of a graph where all the nodes are connected by an exclusive path and the number of 
edges is one less than the total number of nodes. A Minimum Spanning Tree (MST), in addition, is a 
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spanning tree produced after pruning edges with high dissimilarity.

Each object in the figure above is represented as a vertex, which is linked to other vertices by
edges. The attribute of interest—the value of SPEI in this case—is signified by the vertex, whereas the
relationship to its neighbors is characterized by a ”weight,” or cost, assigned to the respective edges.

The weight of each edge is directly proportional to the dissimilarity measure between the two
vertices it joins. The value of the attribute stored in each vertex is used to calculate the dissimilarity
measure, which is then assigned to the edge joining the vertices. Connected clusters are obtained by
pruning the graph at suitable places with a high dissimilarity.

A tree is a special type of a connected graph where no circuits are present. A circuit is defined as a
path in graphs where “the first and the final nodes (vertices) are the same” [38]. Moreover, a spanning
tree of a graph where all the nodes are connected by an exclusive path and the number of edges is one
less than the total number of nodes. A Minimum Spanning Tree (MST), in addition, is a spanning tree
with the edges having the minimum cost, i.e., the total dissimilarity measure of all the edges combined
is the lowest.

Prim’s algorithm [39] is used to build the MST recursively. Starting with an empty spanning tree,
the algorithm maintains two sets of vertices. The first one contains all the vertices not included in the
MST, whereas the other one contains those vertices that are included in the MST. Each iteration picks
the edge with minimum cost and moves the endpoint of the edge to the set containing the MST. This
process is repeated until all the vertices are included in the set contained in the MST.

A hierarchical division strategy is used to produce clusters in the MST. Initially, a single tree
incorporates all the vertices. Each iteration partitions the MST by removing an edge to produce the
required number of disconnected trees. The edge to be removed is selected based on the quality of the
resulting cluster, which is measured in terms of the sum of the intra-cluster square deviation, which is
to be kept to a minimum. Homogeneous regions have a low sum of square deviations. The result is
spatially contiguous regions based on a property value assigned to the vertices.
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2.6. Drought Characterization

The run theory underlies the identification of drought events. Proposed by Yevjevich [40], the run
theory identifies runs based on a threshold level. A run is defined as a portion of time series in which
all values are below (or above) a threshold level. A drought event can be decomposed into several
components as can be seen in Figure 4. Drought Duration (DD) is defined as the time period—in
months—between drought initiation time and drought termination. Drought Severity (DS) specifies
the collective deficit of a drought index below the selected threshold level. DS is calculated by simple
arithmetic sum of the SPEI deficit for each month under drought. Drought Intensity (DI) is the average
of the drought index for a certain drought event. It is calculated by dividing drought severity by its
duration. Drought Peak (DP) is the lowest value reached by the index throughout the run’s duration.
The spatiotemporal drought properties are explored by calculating various drought event indices based
on the identified drought events in each region following the methodology of [18]. The arithmetical
mean of drought duration, severity, intensity, and peak is used to compare different zones. Several
studies have used the run theory for the identification and characterization of droughts [18,19,21,23,41].
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2.7. Trend Analysis

The Modified Mann–Kendall (MMK) trend test, as proposed by Hamed and Rao [42], was used to
detect any statistically significant trends in SPEI and drought characteristics of each zone. MMK is an
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improvement over the original non-parametric Mann–Kendall trend test [43]. MMK is robust when
autocorrelation is present in the data and is based upon the modified variance of S–the Mann–Kendall
Test Statistic. To calculate MMK, a non-parametric trend estimate [44] is subtracted from the time series.
The detrended series is then used to calculate the autocorrelation between the ranks of the observations.
Finally, a modified variance of S is evaluated using autocorrelations which are statistically significant
at the 5% level.

3. Results

3.1. Drought Regionalization

Five homogeneous and contiguous zones were developed after applying the SKATER algorithm
(Figure 6). The zones produced are similar to the climatic zones developed by [45]. Region 1 (North)
covers the northern part of Pakistan, which is heavily glaciated and receives considerable snowfall. The
second region (Central) includes northern Baluchistan and some parts of southern Punjab and southern
Khyber Pakhtunkhwa (KPK). The rest of Punjab and KPK form region 3 (East), whereas central and
southern Baluchistan form region 4 (Southwest). Region 5 (Southeast) contains the province of Sindh.Appl. Sci. 2019, 9, x FOR PEER REVIEW 9 of 21 
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3.2. Spatial Analysis

The runs theory was applied to each region to identify drought events and characterize them in
terms of duration, severity, intensity, and peak. Figures 7–9 display the drought count in each grid cell
along with the mean duration and severity.
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From Figure 7, it is clear that there are remarkable variations in drought count across Pakistan.
Zone 1 mostly experiences a low to high number of droughts with a few grid cells—bordering China
—experiencing an extremely high number of droughts. Moving southwards into zone 3, the number of
droughts decrease at first before increasing to high and then extremely high.

High drought count mostly dominates zone 2, except for its southern part where an extremely
high number of droughts occur. In zone 4, we again see a pattern of decreasing drought count moving
westwards. The northern and western borders of zone 5 experience a high number of droughts, in
contrast to the rest of that region that encounters an extremely high number of droughts.

Moreover, an interesting pattern in contrast to Figure 7 can be observed in Figure 8, which displays
the mean duration for grid cell from 1902–2015. The areas with high drought count have extremely
short (in Zone 3) and short (in zone 5) duration of droughts. On the other hand, the zones experiencing
an extremely low number of droughts (zone 4) have the longest duration. This observation makes
sense as SPEI is a normalized index with approximately equal probability of SPEI being less than
−0.5 for each grid cell. The number of drought months is therefore approximately equal for all grid
cells. Since the number of drought months is equal to the product of mean duration and drought
count, drought duration and drought count have a strong negative correlation. From Figure 9, it
can be concluded that regions that experience a low number of meteorological droughts are usually
struck with longer and more severe droughts and vice versa. However, the most severe droughts are
concentrated in west Baluchistan.

Drought management and mitigation in Region 1 should focus on moderate and severe drought,
whereas, in Region 2, the focus should be on highly frequent droughts with moderate severity and
duration. The south of Region 3 experiences an extremely high number of droughts with extremely
short duration and slight severity. The north of Region 3, on the other hand, is struck with a low
number of droughts but increasing severity and duration. Region 4 also shows spatial variability with
the western part experiencing an extremely low number of droughts of extremely high duration and
extreme severity. The southeast of Region 5 is distinct from the rest of the region with an extremely
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high number of droughts of extremely low duration and slight severity as compared to the rest of
Region 5, which faces a high number of droughts of long duration and moderate severity.

3.3. Temporal Analysis and Trend Analysis

The temporal analysis of droughts sheds light on the long-term drought conditions of that region
and, therefore, are a significant part of drought study. Figures 10–14 display the 3-month SPEI of each
region from 1902–2015 along with the least squares regression line. The wet and dry periods can be
clearly visualized. Substantial differences in the drought characteristics in each zone were observed.
Figures 15–18 show the drought duration, severity, intensity, and peak for each zone from 1902–2015.Appl. Sci. 2019, 9, x FOR PEER REVIEW 12 of 21 
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In zone 1, three events are of particular interest. The first is the period from 1946–1953, where, in
addition to experiencing multiple droughts, the SPEI in the area never exceeded the 0.75 mark. Three
severe droughts also occurred in this period. A similar dry pattern is seen from 1984–1989 in which the
positive SPEI remained considerably less than 1. Finally, the four-year period from 1998–2002 also
displays an extended period of dryness.

For zone 2, the drought behavior can be divided into two distinct periods. Droughts before 1960
occurred for longer duration and were comparatively more severe than droughts occurring after 1960,
as can be seen from Figures 15 and 16.

Observing the drought characteristics in zone 3, an extreme drought can be seen in the late 1910s.
The minimum SPEI dropped below −2 and, therefore, can be said to be the worst drought in this zone’s
history in terms of duration, severity, and peak. Other long-term droughts occurred in 1946 and 1977
which lasted nine and eight months, respectively, as is seen in Figure 15.

Drought behavior in zone 4 can be explained in two distinct periods, just like in zone 2. From
Figure 15, we can identify the period before 1967, which experienced comparatively short-term
droughts as compared to the long-term droughts that occurred after 1967.
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Throughout the study period, drought peak in zone 5 never fell below –1.6 as can be seen in
Figure 18. However, looking at Figure 15, we can see that droughts with longer duration and greater
severity have occurred in zone 5 as compared to other zones. After a long-term drought in the early
1920s, the area experienced dry spells again at the end of 1967, 1987, and 1999.

Table 1 summarizes the results of the Mann-Kendall trend test applied to SPEI, drought duration,
severity, intensity, and peak of each zone. The SPEI in each zone except zone 1 demonstrates a
statistically significant trend after applying the modified Mann–Kendall trend test. Zones 2 and 3 are
getting wetter over time, whereas zones 4 and 5 display a drying trend as signified by their respective
Sen’s slope value. The trend analysis did not capture any trend in drought duration in any zone.
Drought severity in zones 1 and 4 is getting worse, but it is lessening in zone 2. Zones 3 and 5 show no
statistically significant trend for drought severity.

Table 1. Modified Mann–Kendall trend test results.
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Moreover, the positive value of Sen’s slope for drought intensity in zone 2 indicates an increasing 
value of intensity over time, which means drought is getting less intense. In contrast, zone 4 has a 
negative Sen’s slope, which means that droughts are getting less intense with time. No statistically 
significant trend was observed in zones 1, 3, and 5. Furthermore, drought peaks show an increasing 
trend in zone 2 and, therefore, peaks are getting smaller (less negative) over time. Peaks in zones 4 
and 5 show a negative trend indicating that peaks are getting worse over time, whereas no significant 
trend was detected for zones 1, 2, and 3. 

Characteristics of droughts in each zone of duration more than 10 months are tabulated in Table 
2. Zone 1 had two instances of droughts having a duration of more than 10 months. The first started 
in late 1999 and ended in mid-2001. It lasted 19 months with a mean intensity of −1.10. The other long-
duration drought occurred for a total 11 months from August 1920 and lasted till June 1921. Zone 2 
suffered four long-term droughts. One occurred in the early 1920s, two in the 1940s, and one in the 
early 1950s. Zone 3 had a long-term meteorological drought in the late 1910s. Zones 4 and 5 were 
struck with the greatest number of droughts (5) having a duration greater than 10 months. Zone 4 
witnessed droughts in the late 1960s, early 1970s, late 1980s, late 1990s, and mid-2000s. The most 
intense drought, with an intensity of −1.29, was the one in the early 1970s, whereas the drought in the 
mid-2000s experienced the worst peak with a magnitude of −1.94. 

Zone 5, covering almost all of Sindh, experienced its first long-term drought at the start of the 
1920s, which lasted a total of 12 months. The second drought, occurring in the late 1960s, lasted nearly 
two years with an intensity of −1.05. The longest, and the most severe, drought to have struck Pakistan 
as a whole was from 1999–2002. 

Table 1. Drought characteristics of droughts with duration ≥10 months 

Moreover, the positive value of Sen’s slope for drought intensity in zone 2 indicates an increasing
value of intensity over time, which means drought is getting less intense. In contrast, zone 4 has a
negative Sen’s slope, which means that droughts are getting less intense with time. No statistically
significant trend was observed in zones 1, 3, and 5. Furthermore, drought peaks show an increasing
trend in zone 2 and, therefore, peaks are getting smaller (less negative) over time. Peaks in zones 4 and
5 show a negative trend indicating that peaks are getting worse over time, whereas no significant trend
was detected for zones 1, 2, and 3.

Characteristics of droughts in each zone of duration more than 10 months are tabulated in Table 2.
Zone 1 had two instances of droughts having a duration of more than 10 months. The first started
in late 1999 and ended in mid-2001. It lasted 19 months with a mean intensity of −1.10. The other
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long-duration drought occurred for a total 11 months from August 1920 and lasted till June 1921. Zone
2 suffered four long-term droughts. One occurred in the early 1920s, two in the 1940s, and one in the
early 1950s. Zone 3 had a long-term meteorological drought in the late 1910s. Zones 4 and 5 were
struck with the greatest number of droughts (5) having a duration greater than 10 months. Zone 4
witnessed droughts in the late 1960s, early 1970s, late 1980s, late 1990s, and mid-2000s. The most
intense drought, with an intensity of −1.29, was the one in the early 1970s, whereas the drought in the
mid-2000s experienced the worst peak with a magnitude of −1.94.

Table 2. Drought characteristics of droughts with duration ≥10 months.

Zone Start End Duration (Months) Severity Intensity Peak
16 November 1999 16 May 2001 19 −20.92 −1.10 −1.88

Zone 1 16 August 1920 16 May 1921 11 −14.98 −1.36 −1.89
16 July 1940 16 October 1941 16 −15.91 −0.99 −1.38
16 July 1920 16 June 1921 12 −17.55 −1.46 −1.94

16 January 1952 16 December 1952 12 −12.67 −1.06 −1.47Zone 2

16 December 1945 16 September 1946 10 −10.37 −1.04 −1.73
Zone 3 16 January 1918 16 October 1918 10 −10.71 −1.07 −1.62

16 April 1968 16 May 1969 14 −15.07 −1.08 −1.42
16 December 1970 16 November 1971 12 −15.47 −1.29 −1.65

16 August 1987 16 June 1988 11 −11.27 −1.02 −1.36
16 December 1999 16 September 2000 10 −9.75 −0.97 −1.53

Zone 4

15 February 2004 16 November 2004 10 −12.27 −1.23 −1.94
16 April 1968 16 January 1970 22 −23.12 −1.05 −1.39

16 September 2001 16 November 2002 15 −15.80 −1.05 −1.44
15 February 2000 16 March 2001 14 −14.38 −1.03 −1.38

16 July 1920 16 June 1921 12 −13.62 −1.13 −1.39
Zone 5

16 July 1987 16 June 1988 12 −14.84 −1.24 −1.53

Zone 5, covering almost all of Sindh, experienced its first long-term drought at the start of the
1920s, which lasted a total of 12 months. The second drought, occurring in the late 1960s, lasted nearly
two years with an intensity of −1.05. The longest, and the most severe, drought to have struck Pakistan
as a whole was from 1999–2002.

4. Discussion

The zones produced after running the SKATER algorithm to a large extent reflect the climatological
regions that exist in Pakistan. The trend analysis indicated no statistically significant trend—at a
confidence interval of 95%—for SPEI in zone 1, whereas, in zones 2 and 3, the trend was positive.
Zones 4 and 5 showed a statistically significant decreasing trend. Similar results were obtained by
Adnan [17] where he found that rainfall in Punjab and Khyber Pakhtunkhwa (KPK) had increased
by 2.45 mm year−1 and 1.55 mm year−1, corresponding to the wetting trend we found in zones 2 and
3. A statistically significant decrease in annual evapotranspiration was also reported by Adnan [17]
in KPK and Punjab at the rate of −0.36 mm year−1 and −0.43 mm year−1, further validating our
results obtained over zones 2 and 3. This decrease in annual evapotranspiration could be due to the
expansion and intensification of irrigation in this area, which would increase air humidity and lower
the PET. Additionally, the mean annual trends in minimum and maximum temperatures over different
provinces also confirm our findings. Over Sindh and Baluchistan, an increasing trend was reported
for both maximum and minimum temperatures, whereas a decreasing trend was reported for KPK.
The trend for maximum temperature showed a decrease in Punjab, but an increase was noted for
minimum temperature.

Furthermore, it can be concluded based on the historic trends that zone 1 is likely to face
longer duration and severer droughts as opposed to zone 2, which will face short duration—and less
severe—droughts. No trend in any drought characteristic was found to be statistically significant for
zone 3. Zone 4 is likely to experience increasingly severe and intense droughts in the future. Droughts
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having significantly worse peaks are expected to occur in zone 5. Drought mitigation plans, therefore,
must be prepared keeping in mind the trends observed for the characteristics of droughts in each zone.

Moreover, the results also revealed prolonged periods of drier than normal conditions which
occurred in each zone. Two of these periods, the 1920s and 1999–2000, are particularly interesting
as they occurred in three zones for at least ten months. It is noteworthy that, although the drought
of 1999 has received significant attention, the drought that occurred in 1920 has not been reported
as extensively.

Additionally, the influence of climate change on the drought characteristics is also evident,
especially in zones 4 (Southern Balochistan) and 5 (Sindh Province) which have an arid climate and
display a decreasing trend in SPEI. Drought characteristics averaged for every 15 years revealed
worrisome outcomes for zones 4 and 5. The drought count was at a maximum for the period 2000–2015
in zones 4 (27) and 5 (24). Similarly, the mean drought duration was maximum in zone 4 at 3.815
months. For Zone 5, the highest mean duration occurred in 1970–1984 with a value of 3.33 months,
which is closely followed in the post-2000 period with a value of 3.208 months. Mean drought severity,
similarly, was the lowest—with a value of −4—after 2000 in zone 4. Therefore, zones 4 and 5 may
display the worsening effects of climate change, which could be further studied by looking at the
atmospheric circulation modes that transport water to or from these specific regions and how they
have changed and are projected to change.

5. Conclusions

Droughts are natural hazards that may aggravate in the coming years, especially because of the
effects of climate change. Pakistan is highly vulnerable to the adverse impacts that result from droughts.
Therefore, it is crucial to understand the behavior of droughts in Pakistan to plan accordingly. This
research, therefore, improves the understanding of meteorological drought behavior in Pakistan.

The Standardized Precipitation Evapotranspiration Index (SPEI) was chosen as an indicator of
drought. Gridded precipitation and evapotranspiration data from Climate Research Unit (CRU), at a
resolution of 0.5◦ by 0.5◦, was downloaded for the time period 1902–2015. SPEI was then calculated for
each grid cell, followed by applying a clustering algorithm to group Pakistan into five homogeneous
and contiguous zones based on SPEI. The run theory was employed to identify drought events where
the threshold value of SPEI was taken to be −0.5. Spatial “K” luster Analysis using a Tree Edge
Removal (SKATER) method was used to produce the meteorological drought homogeneous zones. The
Modified Mann–Kendall trend test was applied to the SPEI and drought characteristics in each zone.

Overall, the study sheds light on the variability of drought characteristics in different zones
of Pakistan. Nevertheless, there were some limitations to this study. We only considered 3-month
SPEI, which is suitable for short-term meteorological drought modeling. Other time scales need to
be explored to provide a holistic view of the drought variability in Pakistan. In addition, the SPEI
drought index used here was based on one specific dataset (CRU) of precipitation and other climate
fields. A recent evaluation of numerous precipitation products in the Indus Basin, which includes
most of Pakistan, found that the CRU precipitation field appears to have realistic mean amount and
long-term trends relative to station observations, suggesting that temporal homogeneity and bias
are on the whole successfully controlled by CRU’s interpolation and quality control procedures [27].
However, a sensitivity analysis, possibly including intercomparison to SPEI derived from other historic
climate datasets, would help confirm the drought patterns and trends seen here. Furthermore, drought
indices developed specifically for agricultural and hydrological droughts, such as PDSI and Streamflow
Drought Index (SDI), must be incorporated in future research to understand the transition among the
different types of drought. This would greatly help in the understanding of different types of droughts
and their interlinkages.
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