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We investigated the spatiotemporal variability of drought incidence in Pakistan dur-
ing 1960–2007 by calculating Standardized Precipitation Index fields for 3-, 6-
and 12-month scales using gridded precipitation data. Principal component analysis
revealed that droughts are wide-spread and often occur simultaneously over large areas.
Furthermore, spectral analysis identified a 16-year drought recurrence period. Three
such drought-intensive periods were identified: the late 1960s to early 1970s; the middle
1980s; and the late 1990s to early 2000s. Hence, drought patterns need to be integrated
into long-term water planning as well as emergency preparedness.

Keywords: drought; Pakistan; Standardized Precipitation Index; principal component
analysis; variability

Introduction

Pakistan, a South Asian country, home to about 195 million people (as of 2011), faces
significant water scarcity. Although Pakistan has a diverse climate, about two-thirds of the
land area lies in semi-arid and arid climate zones (Chaudhry & Rasul, 2004). Furthermore,
the pressures of population growth, urbanization, industrialization and agricultural devel-
opment are rapidly increasing demands on the country’s water resources. Experts therefore
predict severe water shortages for Pakistan in the coming decades (World Bank, 2005).

In addition to the water scarcity Pakistan faces in normal years, droughts could further
intensify the water stress the country faces. As a type of climate extreme, droughts may
have far-reaching socio-economic impacts. For example, the drought starting in 1998 is
estimated to have led to a negative agricultural growth of 2.6% during 2000–2001 (Ahmad,
Hussain, Qureshi, Majeed, & Saleem, 2004).

Drought, although common worldwide and easily describable, remains difficult to
quantify precisely. Thus, scholars have proposed numerous drought indices over the past
few decades to facilitate measurement and quantification (Gibbs & Maher, 1967; Palmer,
1965, 1968; Shafer & Dezman, 1982). Heim (2002) and Zargar et al. (2011) offer reviews
of major drought indexes in operation.

This paper investigates the spatiotemporal variability of drought incidence in Pakistan
during 1960–2007. The study is based on an analysis of a calculated space-time field of the
Standardized Precipitation Index (SPI), as proposed by McKee, Doesken, & Kleist (1993).
Compared to its peers, SPI offers several advantages. First, SPI is probability-based and
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normalized, and therefore it is easy to interpret and allows for comparison across space
and time. Secondly, its calculation requires only precipitation data and the data require-
ment is relatively easy to meet. For these reasons, SPI has been extensively applied in
drought assessment and monitoring in the Mediterranean (Bordi, Frigio, Parenti, Speranza,
& Sutera, 2001), Portugal (Santos, Pulido-Calvo, & Portela, 2010) and Iran (Raziei, Bordi,
& Pereira, 2011). To our best knowledge, no other studies have offered a detailed spa-
tiotemporal analysis on drought history in Pakistan based on SPI, although the Pakistan
Meteorological Department has adopted SPI for drought monitoring purposes (Pakistan
Meteorological Department, 2013).

The rest of the paper is organized as follows. The Data and Method section describes
the SPI calculation and the precipitation data-set used for calculating SPI values in
Pakistan. The calculated SPI values allow identification of drought events that occurred
during the past five decades and identification of the spatiotemporal patterns of their
occurrence, which are described in the Results section. The next section discusses the
implications of the identified drought patterns for water resource management. The paper
concludes with a summary of the primary findings and main conclusions from this study.

Data and method

The program for SPI calculation was obtained from the Colorado Climate Center (http://
ccc.atmos.colostate.edu). The method for computing SPI and the way to interpret the cal-
culated SPI series are explained in detail by McKee et al. (1993) and subsequent articles
(Agnew, 2000; Tsakiris & Vangelis, 2004; WMO, 2012); the method is described only
briefly below.

The definition of SPI is rooted in probabilistic modelling of precipitation. It is worth
noting that SPI can be calculated at varying time scales. The first step in calculating SPI
at an n-month time scale involves summarizing the monthly precipitation series data using
an n-month sliding window. In summarized precipitation data series, the precipitation in
a month actually denotes the cumulative precipitation in that month and the previous n –
1 months. The computed cumulative precipitation data series are fitted using a selected
probability model, and an equiprobability transformation is applied to transform that vari-
ate to one with standard normal distribution. The SPI for a particular month is thus the
z-score of the standard normal distribution for the precipitation amount in that month.
SPI is a versatile precipitation index; it can be used to evaluate extremes of both wet-
ness and dryness. Drought occurs when the precipitation is below the average, or the SPI
drought index is below zero. In this paper, discussions focus on the drought aspect. The
absolute value of SPI determines the severity of drought. The SPI-based drought intensity
classification scheme proposed by McKee et al. (1993) is shown in Table 1.

Either ground-based or grid-based precipitation data can be used to compute SPI.
In this study, we calculated SPI for 3-, 6- and 12- month scales on a 0.25◦ by 0.25◦

Table 1. The classification of drought severity based on the Standardized
Precipitation Index (McKee et al., 1993).

SPI Drought classification

0 to −1.0 Mild
−1.0 to −1.5 Moderate
−1.5 to −2.0 Severe
<−2.0 Extreme
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Figure 1. Rain-gauge network in Pakistan.

latitude-longitude grid using a high-resolution daily precipitation data product for Asia,
Monsoon Asia (v1101), obtained from APHRODITE’s Water Resources project (http://
www.chikyu.ac.jp/precip). The compilation of APHRODITE precipitation is based on
ground-based precipitation observations obtained from rain-gauge observation networks in
Asian countries (Yatagai et al., 2009, 2012). Figure 1 shows the locations of APHRODITE
rain gauges in Pakistan (including the northern territories-in-dispute, Gilgit–Baltistan and
Azad Kashmir). During the data compilation, quality control was performed to handle
errors in input raw data; the ratio of daily precipitation to long-term mean daily precipita-
tion was interpolated at a resolution of 0.05◦, and the interpolated precipitation field was
released at 0.25◦ and 0.5◦ as final data products. Since similar results were obtained from
SPI analysis using the data at the two resolutions, only the results at 0.25◦ are presented
in this paper. Temporally, the Monsoon Asia (v1101) data product covers a 57-year period
from 1951 through 2007. In checking the rain-gauge information associated with the pre-
cipitation product, it was found that the rain gauges used to create this data product in
Pakistan in the 1950s were very sparse. Thus, in this study SPIs were calculated using only
the data from 1960 through 2007.

As noted above, the calculated values of SPI depend on the probability model chosen
for probabilistic precipitation modelling. In McKee et al.’s (1993) work, which utilized
the same SPI calculation algorithm employed in this study, precipitation was fitted to
a two-parameter gamma distribution. The probability density function of the gamma
distribution is
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Table 2. Rejection rates of the Kolmogorov–Smirnov goodness-of-fit test for gridded
APHRODITE data.

3 month (%) 6 month (%) 12 month (%)

0.01 1.6 1.4 1.2
0.05 7.0 5.5 4.8

g (x) = xα−1e−x/β

βα#(α)
for x > 0

where x denotes precipitation (mm H2O) at a particular time scale, α is the shape parameter,
β is the scale parameter, and #( ) is the gamma function. To test the goodness of fit of
the two-parameter gamma distribution in fitting the APHRODITE data, a Kolmogorov–
Smirnov (KS) test (Massey, 1951) was performed at each time scale and for each grid
cell. Note that for SPI calculation, the parameters of the gamma distribution of cumulative
precipitation may vary substantially by calendar month. When the time scale is less than
12 months, the subsets of cumulative precipitation for each calendar month are fitted and
tested individually. Furthermore, the conventional implementation of the KS test requires
a full specification of the parameters of the reference gamma distribution from which,
according to the null hypothesis, the observed precipitation data are generated. In this study,
the parameters of the reference gamma distribution had to be estimated from data; the p-
value in each test was estimated using the bootstrap technique (Abadie, 2002). The results
of the KS tests, or rejection rates of the null hypothesis at significance levels of 0.01 and
0.05, are shown in Table 2. When a significance level of 0.05 is chosen, the rejection rates
of the null hypothesis that the precipitation data follow a gamma distribution are 7.0%,
5.5% and 4.8%, at 3-, 6- and 12-month scales, respectively. At a significance level of 0.01,
the rejection rates at the three time scales decrease to 1.6%, 1.4% and 1.2%, respectively.
Overall, no strong evidence was observed against the use of the gamma distribution in
probabilistic modelling of the APHRODITE data for Pakistan.

The SPI series calculated using APHRODITE precipitation estimates for Pakistan has
high dimensionality. To analyze the co-variability of SPI space-time fields, a principal com-
ponent analysis (PCA) was performed in S mode (Richman, 1986). PCA is also known
(in geoscience) as empirical orthogonal function (EOF) analysis (Lorenz, 1956). It is a
nonparametric multivariate data analysis technique often used for dimension reduction.
PCA essentially involves applying a linear transformation to project data onto a new space.
The basis of the new space consists of eigenvectors of a covariance matrix of the data,
which are orthonormal and called principal components (PCs). They are selected to maxi-
mize the variance of transformed variables in such a way that the first principal component
has the largest variance any linear combination can have and the ith has the largest vari-
ance among linear combinations orthogonal to the (i – 1)th, etc. An inspection of the first
several principal components that account for the majority of the variance of the trans-
formed variances enables identification of the major spatial pattern and temporal modes in
a high-dimensional data-set.

Results

PCA of the SPI fields reveals that the first principal components (PC1) have not only the
largest, but also the most dominant contributions to the total variance after the orthonormal
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(a) (b)

(c)

Figure 2. PCA loadings maps of SPI on (a) 3-month, (b) 6-month, and (c) 12-month scales.

linear transformation: on 3-, 6- and 12-month scales, the PC1 explained 52.8%, 53.4% and
51.9%, respectively, of the total variance. Figure 2 shows the loadings (correlation coeffi-
cients between the PC scores and the original variables) of the first principal component
(PC1). A similar zonal pattern was identified across the three loadings maps: the correla-
tions tend to be high and positive in central and southern Pakistan. The high-correlation
region is centred on east Balochistan, southwest Punjab and north Sindh, which together
cover much of the territory of Pakistan as well as the key agricultural areas of the coun-
try. The values of correlation coefficients are typically above 0.6. Low correlations (with
typical correlation coefficients less than 0.3) are observed in northern Pakistan, covering
Gilgit–Baltistan, northern Khyber Pakhtunkhwa and a small fraction of the westernmost
area of Balochistan. A factor that might help explain the correlation variation between
northern and central Pakistan is topography. Pakistan is located in the west of the Indian
subcontinent, bounded by the Hindu Kush, the Himalayan and Karakorum ranges to the
north and the Arabian Sea to the south. The areas with low SPI-PC1 score correlations on
the northern frontier coincide with mountainous areas with average elevations greater than
3000 m above sea level (Figure 3).
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Figure 3. Elevation in Pakistan.

The scores of PC1s on 3-, 6- and 12-month scales are shown in Figure 4. These
graphs serve to indicate the temporal variability of SPI series in regions in central and
southern Pakistan with high positive correlations between SPI and PC1 score series iden-
tified in Figure 2. Visual inspection shows no obvious linear trend in any of the three
PC1 score time series. To demonstrate this point more formally, the statistics computed
from trend-detection analysis – using trend-free pre-whitening (Yue, Pilon, Phinney, &
Cavadias, 2002) – are shown in Table 3. As suggested by the small values of Sen’s slope
and Kendall’s p-value, no trend was detected in the analysis for PC1 scores at the three
time scales (Table 3).

Although the PC1 score time series are free of linear trend, all three PC1 score series
exhibit cyclic behaviours: periods of intensive drought incidence, which are indicated
by frequent low values of PC1 scores, alternate with wet periods, indicated by frequent
high PC1 score values. More specifically, according to the PC1 score series shown in
Figure 4, we can identify three major drought-intensive periods between 1960 and 2007.
These occurred in the late 1960s, the mid-1980s and the late 1990s, respectively. Each
drought-intensive period lasted four to five years and was followed by a multi-year wet
period. To quantify the observations on the cyclic behaviours of the PC1 score series
noted above, a spectral analysis (Bloomfield, 1976; Percival & Walden, 1993) was car-
ried out. Spectral analysis decomposes time series into linear combinations of sinusoids
with different frequencies using the Fourier transformation technique. The periodogram,

Phan Van Tan
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Figure 4. Scores of first principal component (PC1) for SPI on (a) 3-month, (b) 6-month, and (c)
12-month scales.

Table 3. Results of trend detection for PC1 scores.

3 month 6 month 12 month

Sen’s slope1 0.00071 0.00082 0.00097
Kendall’s p-value2 0.42 0.45 0.29

1Computed for the original PC1 score series.
2Computed for the final blended series.

or estimated spectral density, from the analysis provides an indication of the contribu-
tions of sinusoids at varying frequencies to the data series: a relatively large periodogram
value indicates a relatively greater contribution. Figure 5 shows periodograms for the time
series of PC1 score on 3-, 6- and 12-month scales. In all three periodograms, the largest
spike occurs at a frequency of 0.0052 cycles per month, which corresponds to a period of
1 / 0.0052 ≈ 192 months, or 16 years. That is to say, the PC1 scores appear to observe
a 16-year cycle.



Water International 627

0.0 0.1 0.2 0.3 0.4 0.5

0
5

10
15

20

Frequency (cycles/month)

S
pe

ct
ru

m

(a)

0.0 0.1 0.2 0.3 0.4 0.5

0
5

10
15

20
25

30

Frequency (cycles/month)

S
pe

ct
ru

m

(b)

0.0 0.1 0.2 0.3 0.4 0.5

0
10

20
30

40

Frequency (cycles/month)

S
pe

ct
ru

m

(c)

Figure 5. Periodograms of PC1 scores on (a) 3-month, (b) 6-month, and (c) 12-month scales.
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Implications for water resources management in Pakistan

The spatiotemporal variability identified by PCA has immediate implications for water
resources management in Pakistan. First, the PCA presented in the preceding section
reveals that the variation of SPI series in central and southern Pakistan is strongly cor-
related with PC1 score series. This implies that drought tends to occur simultaneously in
these regions, affecting a large part of the country. Figure 6 shows how the extent of the
drought-affected area (as a percentage of the total area of the country) in different drought-
intensity categories evolved during the study period according to the 12-month SPI fields.
It provides further verification for the results of the PCA and the inferred implications.
Similar patterns (not shown) were found for the 3- and 6-month SPI fields calculated in
this grid-based analysis. The classification of drought intensity is based on the scheme
shown in Table 1. The light shading represents the total area under any level of drought
(mild + moderate + severe + extreme), and the dark shading represents the area affected
by severe or extreme drought (severe + extreme). Since the regions in central and south-
ern Pakistan with high positive SPI-PC1 score correlations account for the majority of the
total land area in Pakistan, the drought-intensity variations in Figure 6 are dominated by
the variations in these high-correlation regions. As is evident in Figure 6, the extent of
the drought-affected area expands as the PC1 score in Figure 4(c) drops. During the three
identified main drought-intensive periods, more than 90% of Pakistan’s total territory was
affected, and the percentages of area under severe and extreme drought were as high as
50–60%.

The large spatial extent of the drought-affected areas, plus the long duration of the
drought-intensive periods, undoubtedly pose great challenges for water management in
Pakistan. Pakistan is a country with a very strong anthropogenic impact on its natural water
resources system (Oki & Kanae, 2006), meaning that water resources have been heav-
ily appropriated for so-called productive uses. Agriculture is the main consumer of water
resources. The Indus River boasts one of the largest irrigation systems in the world for a sin-
gle river basin. Nationwide, nearly 90% of the total cultivated area, some 20 million ha, is
equipped with irrigation systems (AQUASTAT, 2013), and 90% of all food produced in the
country is derived from irrigated agriculture drawing on basin water resources. Importantly,
the key agricultural areas are spatially correlated with drought areas, making it difficult to
reduce adverse drought impacts through inter-regional trade within Pakistan.

The SPI is based on precipitation, and its value reflects the abundance or lack of
precipitation during designated periods and on selected time scales (Briscoe & Qamar,
2007; Kamal, 2009). Drought, or reduced precipitation, usually intensifies tensions in water

Figure 6. Temporal evolution of drought-affected area in Pakistan.
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allocation. The large extent of droughts and the long accumulated duration of consecutive
drought events call for concerted and dedicated efforts in water resources management
across the country. We note that annual precipitation in the areas vulnerable to extensive
and persistent droughts in central and southern Pakistan is rather low, and as a result, crop
production in these areas relies heavily on irrigation water diverted from the Indus River,
of which the majority of inflow comes from the mountains in northern Pakistan as well
as neighbouring India and China. Further research is needed to analyze the relationship
of drought occurrences in the irrigation command areas in Pakistan and head source areas
in the upstream Indus Basin. Nevertheless, the findings in this paper may contribute to
improved drought preparedness by highlighting the risks of synchronous droughts over
vast, agriculturally important areas in Pakistan.

In addition to the above-discussed finding from PCA and its implications for water
resources management, spectral analysis of cyclic behaviour in PC1 scores in this study
also shows that the variation of PC1 scores, or drought and wetness occurrence in central
and southern Pakistan, is under the influence of a long cycle, with a period of 16 years.
This finding may imply some good news for water managers and policy makers. Periodicity
implies predictability. If the periodicity does exist, there could be opportunities to develop
better plans to prepare for the risks brought about by climate extremes. Of course, due to
the limited length of the SPI series, there is considerable uncertainty in ascertaining long-
term periodicity, and what causes this periodicity is still unclear. Additional future research
is needed to further verify the existence of this low-frequency periodicity and to identify
physical reasons for it.

Conclusions

Pakistan is a country facing a great threat of water scarcity. Drought, as a natural haz-
ard, exacerbates the water-scarce situation and brings significant adverse socio-economic
impacts. This paper investigated the spatiotemporal variability of drought incidence dur-
ing 1960–2007 in Pakistan. The analysis was based on the calculation of Standardized
Precipitation Index fields for 3-, 6- and 12-month scales using a gridded precipitation data
product. PCA of the calculated SPI fields revealed that the incidence of drought in Pakistan
is characterized by a large spatial extent of affected area and is influenced by a 16-year
cycle, each cycle including a drought-intensive period which may last for several years.
These identified patterns of drought incidence in Pakistan highlight the challenging nature
of drought management in the country and the needs for well-coordinated water resources
planning and drought preparedness, as well as effective and efficient emergency responses
during drought events.
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