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compared by utilizing long term data of 58 meteorological sta-
tions for the period 1951–2014. The performance, efficiency 
and significance are also tested by applying different statistical 
tests. The SPI, SPEI and RDI results showed a good capability 
to monitor drought status in Pakistan. The positive increasing 
trend (towards wetness) is noted by several of the aforemen-
tioned indices at 95% confidence level. In addition, historical 
drought years and intensity have been explored along with 
comparison of recent long episode of drought (1999–2002) 
and all the indices captured this period successfully.

Keywords Standardized precipitation index · 
Standardized precipitation evapotranspiration index · 
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1 Introduction

Drought is known to be the worst hydro-meteorological haz-
ard of nature (Mishra and Desai 2005). It is a temporary 
event which lasts for months to years. According to Wil-
hite (2000), droughts can occur in any region in the world 
and in any kind of environment (arid, semi-arid or humid). 
The inter-annual variability in precipitation makes the arid 
region always at drought risk due to greater probability of 
below average precipitation (Smakhtin and Schipper 2008). 
According to the Centre for Research on the Epidemiol-
ogy of Disasters (CRED), the drought causes large scale 
economical losses in a region and makes it more vulner-
able for other hydro-meteorological disasters (Guha-Sapir 
et al. 2014). Obasi (1994) reported extreme meteorological 
events contribute approximately 85% of the natural disasters. 
Droughts generally occur due to below normal precipita-
tion over a region and strengthen with the passage of time 
(Rossi 2000). The timely information about the inception of 
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drought and its propagation over an area is very useful for 
drought preparedness and mitigation. Therefore, information 
gained by using different drought indices can be very helpful 
for drought monitoring. The drought frequency and intensity 
provide valuable information to policy makers for making 
timely contingency plans (Morid et al. 2006).

Many drought indices are being used around the region as 
just a single drought index does not provide the comprehen-
sive drought information since climatic conditions vary from 
region to region. These drought indices are used to determine 
the drought severity and its spatio-temporal extent (Hayes 
2000). According to Mendicino et al. (2008), drought indices 
provide a comprehensive picture of drought, which are very 
useful to monitor drought. The choice of drought index is 
very important for effective monitoring of drought in a region. 
Some of the drought indices used by national hydro-meteoro-
logical organizations are; SPEI and PDSI (Palmer 1968) in the 
United States, CZI by the meteorological Centre of China (Wu 
et al. 2001), DI by National Meteorological Centre of Aus-
tralia (Gibbs and Maher 1967), RDI in many meteorological 
services of European countries, and SPI (McKee et al. 1993) 

which is a most commonly used indicator around the world 
to monitor and follow drought conditions as recommended by 
the world meteorological organization (WMO 2012; Hayes 
et al. 2011). Recent study by Adnan et al. (2015) on drought 
in Pakistan reflect good results using SPI only. No one (to 
be best of our knowledge) has used other indices to verify 
their capabilities pertaining to drought monitoring in Paki-
stan. The main focus of present study is the comparison of 
various drought indices and to evaluate the applicability and 
performance of drought indices in Pakistan. This would also 
be helpful to national hydro meteorological services for moni-
toring and early warning of drought, the water resource man-
agement and future climate change adaptation in the region.

2  Data and methodology

2.1  Study area

Pakistan lies in the domain of 23°39N–37°01N and 
60°49E–77°40E with a total area of 796,096 km2 (Fig. 1). 

Fig. 1  Geographical location of Pakistan along with the In-situ meteorological network of Pakistan Meteorological Department (PMD)
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Due to diversified topography, it experiences tropical to 
subtropical types of climate. Generally, two major atmos-
pheric phenomena, i.e. South Asian summer monsoon and 
western disturbances, cause rainfall in Pakistan during the 
summer and winter seasons. These rainfall systems con-
tribute almost 45 and 31% of the annual rainfall during the 
monsoon (JAS) and winter (DJFM) seasons respectively 
(Fig. 2). The average temperature ranges from 12 to 20 and 
19 to 35 °C during winter and summer respectively. The 
area weighted mean annual precipitation varies between 
30 and 400 mm from low (south) to high (north) latitudes 
with a maximum 900–1800  mm in sub-mountainous 
region (Adnan and Khan 2009). The monsoon rainfall 
overcomes the moisture stress during Kharif season (May 
to September) and fulfills the water demands of crops dur-
ing the Rabi season (October to April) as well. The arid 
region covers 75% land of Pakistan with a maximum in 
southern half of the country that makes it more vulnerable 
to drought.

2.2  Data

The long term (1951–2014) monthly climatic data of pre-
cipitation (mm) and temperature (maximum and minimum) 
have been used in this study. For calculating 15 drought 
indices, 64 year’s data were obtained from 58 meteoro-
logical stations of Pakistan Meteorological Department 
(PMD). The idea here is to investigate the response of each 
index during the drought conditions over the whole coun-
try. These indices named; standardized precipitation index 

(SPI), standardized precipitation temperature index (SPTI) 
or S-Index, standardized precipitation evapotranspiration 
index (SPEI), weighted anomaly standardized precipita-
tion index (WASPI), rainfall variability index (RVI), stand-
ardized soil moisture anomaly index (SSMAI), Z-Score, 
modified CZI (MCZI), China Z-index (CZI), the deciles 
index (DI), percent of normal precipitation index (PNPI), 
Palmer drought severity index (PDSI), composite index 
(CI), PAWD, and reconnaissance drought index (RDI). 
The performance of 12 indices is assessed with SPI by 
using statistical criterion (Willmott 1982; Willmott and 
Wicks 1980); namely standard deviation (STDEV), stand-
ard error of mean (SEM), mean bias error (MBE), mean 
absolute error (MAE), standard error of estimate (SEE), 
coefficient of residual Mass (CRM), root mean square 
error (RMSE), coefficient of adjustment (CA), efficiency 
of model (EF), relative error in percentage (RE%), cor-
relation coefficient(R), ratio between both average estima-
tion of drought index (r), concordance index or index of 
agreement(D), and confidence level (C).

2.3  Drought indices

A total of 15 drought indices are used here. A detailed 
description can be seen in “Appendix”.

2.4  Statistical tests

Twelve indices performance is assessed with SPI by using 
statistical criterion as presented in Appendix Table 2, for 
example STDEV, SEM, MBE, MAE, SEE, CRM, RMSE, 
CA, EF, RE%, R, r, D, and confidence level (C) (Willmott 
1982; Willmott and Wicks 1980). The STDEV measures 
the variability within the data, whereas SEM estimates the 
variability among different data. The SEE measures the 
accuracy, whereas MBE provides the difference between 
the mean of predicted and observed variable. Furthermore, 
MAE is less sensitive to extreme values than RMSE; there-
fore, it is preferred for small or limited datasets. The lower 
values of MAE, RMSE, MBE, SEE, and SEM show high 
efficiency and vice versa (Tanny et al. 2008). The posi-
tive and negative values describe over and underestimation 
respectively (Wackernagel 2003). CA represents the coef-
ficient of adjustment. EF closer to 1 represents model is 
more efficient and suitable, whereas a negative value shows 
uncertainty and inconsistency in the result (Kouchakzadeh 
and Nikhbakht 2004). Positive values of CRM show under 
estimate and negative values over estimate (Zare-Abyaneh 
et al. 2010).

The confidence index (C) may be calculated by the 
product of the model lineal correlation coefficient (R) by 
concordance (D). The values of concordance and confi-
dence index vary from 0 to 1, where 1 indicates a complete 

Fig. 2  Percentage distribution of seasonal precipitation during 
(1981–2010) of Pakistan
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agreement between the observed and predicted indices and 
0 indicates complete disagreement. The correlation coef-
ficient (R) or coefficient of determination  (R2) is a good test 
to determine the ability of the model to predict events and 
it has been accepted by the geographers as the most reli-
able measure to test the model’s ability to estimate events 
(McCuen and Snyder 1975). The values near to 1 indicate 
good relationship.

2.5  Significance test

2.5.1  Mann–Kendall test

The linear trend of monthly, seasonal, and annual pre-
cipitation and temperature are calculated using Mann 
Kendal Test, which has been broadly used to analyze the 
long term climatological and hydrological time series 
(e.g., Zhang et al. 2010, 2015; Tabari et al. 2011, 2012; 
Du et al. 2013; Gocic and Trajkovic 2014). The following 
procedure is used to calculate the variance of equation 
as: 

where q number has the same value of sample data and tp is 
the data values of the pth group. The statistics S is: 

where j and k are the data values, n represents the data length 
and sgn(θ) is the significant function varies from − 1 to 1. 

The value of Z is approximately normal distributed and 
positive value of Z greater than 1.96 represents the signifi-
cant increasing trend, whereas negative value lower than 
− 1.96 indicates a significant decreasing trend.

2.5.2  Sen’s slope method

The true slope (change per unit time) of linear time series 
trend is determined by Sen (1968). 

(1)

Var(S) =
1

18

[
n(n − 1)(2n + 5) −

q∑
p=1

tp(tp − 1)(2tp + 5)

]

(2)S =

n−1∑
j=1

n∑
k=j+1

sgn
(
xk − xj

)

(3)Z =

⎧⎪⎨⎪⎩

S−1√
Var(S)

if S > 0

0 if S = 0
S+1√
Var(S)

if S < 0

(4)f (t) = Mt + C

where f(t) is the function of linear trend, M and C are the 
slope and constant of equation, respectively. This method 
estimates the magnitude of trend as follows: 

where xi and xj are the data values at times ti and tj(i > j), 
respectively.

3  Results and discussion

The southern region (low latitude) receives less amount of 
precipitation as compared to northern parts (high latitude) 
of Pakistan. The amount of precipitation deceases as the 
distance from the sea increases in southern Pakistan (Adnan 
and Khan 2009). The latitudinal distribution of annual pre-
cipitation of the country shows a maximum increase between 
the 32°N to 36°N (Fig. 3). The main reason of high amount 
of annual rainfall in northern regions are the two seasonal 
weather systems i.e. summer monsoon and western distur-
bances (Ullah and Gao 2013), that occurs in summer and 
winter respectively. Whereas, some of the southern parts 
of Pakistan also receive rainfall during the summer or win-
ter seasons because of these weather systems, however, the 
magnitude and frequency of rainfall is less than the northern 
regions. The failure in seasonal rainfall makes this region 
more vulnerable towards drought. Therefore, the frequency, 
severity and impacts of droughts are more widespread in 
southern parts of the country.

(5)Q = median
Xi − Xj

ti − tj

Fig. 3  Geographical distribution of annual rainfall of 58 meteorolog-
ical stations of Pakistan
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3.1  Analysis of drought indices

The SPI is calculated by probability fitted distribution 
of accumulated precipitation and it was transformed to 
a normal distribution (Edwards and McKee 1997). The 
normalized data of SPI behaves equally well for both 
dry and wet climates and thus could be used to moni-
tor drier and wetter periods. The simplicity, versatility 
and least data information makes it more widely used 
index around the world. Most importantly, SPI responds 
well to the soil moisture deficiency during the drought 
years (1999–2002). Therefore, we used SPI as a prime 
index to calibrate the other indices. Thus the time series 
analysis of fifteen drought indices along with correlation 

coefficient for SPI with respect to RVI, MCZI, Z score, 
CZI, S-index, RDI, SPEI, C Index, WASP Index, Sc-
PDSI and SSMA Index have been computed for 58 sta-
tions of Pakistan. The spatial analysis was performed to 
find the Pearson correlation coefficient (r) of SPI to other 
indices on annual basis (Fig. 4). Furthermore, the statisti-
cal error tests were also applied to determine the perfor-
mance of each index to SPI. The value of the coefficient 
of determination  (R2) varies from 0.12 to 0.77. The high-
est value of Pearson correlation coefficient (r) was 0.88 
for SPEI and the lowest 0.34 for SSMAI. It is noted that 
SPI has a very good correlation with SPEI, CI, RDI and 
Z-score (Fig. 4). The value of SPI tends to be higher (less 
negative) in direr period and lower (less positive) in the 

Fig. 4  Spatial correlation of SPI to 11 different drought indices over Pakistan
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wet period as compared to CZI, RVI, MCZI and Z-score. 
The value of  R2 varies from 0.56 to 0.60 between SPI 
and these indices. Similarly, the SSMAI, Sc-PDSI and 
S-index also provide the lower values than the SPI during 
drought periods, whereas the WASPI slightly overesti-
mates the drought conditions. The relative frequency of 
deciles, percent of normal (PCN), PAWD and SPI is cal-
culated for dry and wet periods. The histogram shows the 
dry period along the x-axis as follows: Extreme drought 
(ED), severe drought (SD), Moderate drought (MD) and 
Mild drought (MID), whereas we add all the wet classes 
into a single class Wet (W) and Normal is shown by N 
(Fig. 5). The drought and wet classes in DI, PCN and 
PAWD are higher than SPI, while normal status is much 
lower. The total relative frequency (%) of SPI for dry, 
wet and normal period was 25, 27 and 48% respectively. 
Similarly, the total relative frequency of PAWD and PCN 
is 42% for dry and 38 and 36% for wet and DI is 41% 
for both periods respectively. These results depict the 
precipitation change impacts are much higher to the sen-
sitivity of these indices, as compared to SPI.

The annual time series helps to identify the historical 
drought episode in a region. Therefore, the long term time 
series analysis of 15 drought indices has been conducted 
for Pakistan (Figs. 6, 7). The trend line was plotted by 
using linear regression method. The analysis shows an 
increasing trend for all the drought indices except for 
SC-PDSI and SSMAI, where it is slightly decreasing. 
The result shows that all the parameters responded well 
during the drought period. However, SPI, SPEI, RDI, 
CI, RVI, CZI, Z-score, MCZ score and WASPI respond 
better to drought identification and its onset. The nega-
tive values are reported less for SPI than for CZI; same 
result is also identified by Wu et al. (2001). MCZI has 
also shown good results for drought identification. Sig-
nificant changes in the original CZI were observed by 
changing the median values with the mean of precipi-
tation. As compared to SPI, Z-score shows lower and 

higher values during dry and wet periods respectively. 
The SPTI, SSMAI and Sc-PDSI showed variability dur-
ing dry and wet periods. These indices indicate high 
negative values during the drought period. The value of 
deciles, area weighted departure (%) and percent of nor-
mal are also good indices to identify the drought period. 
These three indices also have the capability to capture 
the historical drought years relative to negative SPI i.e. 
the deciles (1 and 2), AWD below 40% and the percent 
of normal rainfall remains 60% (Fig. 7).

3.2  Statistical analysis

The efficiency of any model may be evaluated by using 
different statistical tests as discussed earlier. By comparing 
these results, we identified those models that respond well 
to monitor drought in Pakistan (Table 1). The efficiency 
of a model depends upon the error i.e. if the model shows 
lowest error, then its accuracy will be high and vice versa. 
The two indices (SPEI and RDI) show the lowest values 
of all the error and their sum of the error is lower than the 
rest of the drought indices. Moreover, their efficiency, con-
cordance and confidence index is close to 1, indicating that 
the above two indices are good to monitor drought. The 
negative value of MBE represents high bias error, which 
shows predication values are smaller than SPI. The SPEI 
has the highest efficiency (76%), correlation (r = 0.88), con-
cordance (0.93) and confidence index (0.82), and minimum 
error values makes it more suitable drought indicator after 
SPI. Similarly, RDI has 57% efficiency, 0.81 linear cor-
relations and 0.89 concordances with a confidence level of 
0.72. The evapotranspiration and precipitation data used 
for the calculation of SPEI and RDI make both indices 
helpful tool for the prediction and monitoring of drought 
in a region. The negative efficiency of SPTI (S-Index) and 
SSMAI shows ambiguity with respect to SPI. The statisti-
cal test results applied to different drought indices show 
the best response to drought monitoring in terms of their 
efficiency and confidence in climate of Pakistan after SPI 
(right to left), whereas the performance of deciles, %AWD 
and percent of normal are good indices to drought monitor-
ing in the selected region.

The trend significance and magnitude of trend are cal-
culated by using Mann Kendal and Sen’s Slope tests on 
different drought indices (Fig. 6). All drought indices sug-
gest increasing trends in precipitation. Most of the drought 
indices are statistically significant except PAWD, S-index, 
Sc-PDSI, SPI, SSMAI and Z-Score. The maximum magni-
tude of trend is noted in PCN of rainfall increase 0.44 mm 
per year, whereas the rest of the significant indices are 
increasing by a value of 0.01–0.02 mm per year (Fig. 8). 
This positive increase in all the drought indices repre-
sents the reduction of drought conditions across whole 

Fig. 5  Histogram of relative drought frequency classes of SPI and a 
decile, b PCN, c PAWD for Pakistan in 1951–2014
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Fig. 6  Annual time-series analysis of different drought indices in Pakistan
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Pakistan, however, there could be regional differences in 
different climate zones of Pakistan which warrant further 
investigation.

3.3  Drought episode (1999–2002)

Severe and longest drought episode experienced over most 
parts of Asia are during the years (1999–2002) as indi-
cated by Malik et al. (2013). The comparison of recent 
long episode of drought (1999–2002) as well as the histori-
cal drought period and its intensity was determined. This 
period was identified by all the drought indices. However, 
the severity and intensity of drought for each of the index 
were different. The SPTI highly responded to drought as 

Fig. 7  Time-series analysis of a decile, b PAWD, c percent of nor-
mal (PCN) of Pakistan

Table 1  Statistical test to evaluate the performance of different drought indices across Pakistan

Statistical test SPEI RDI Z-Score CZI MCZ Score RVI WASPI CI PDSI SSMAI SPTI

SUM − 2.10 0.00 0.00 − 1.28 − 2.02 0.00 0.00 − 43.01 − 30.72 0.00 0.00
MEAN − 0.03 0.00 0.00 − 0.02 − 0.03 0.00 0.00 − 0.67 − 0.50 0.00 0.00
STDEV 0.90 1.01 1.00 0.96 1.00 1.00 1.00 0.48 0.84 1.00 1.56
RMSE 0.45 0.60 0.64 0.66 0.66 0.66 0.69 0.86 0.90 1.10 1.14
MBE 0.01 0.04 0.04 0.02 0.01 0.04 0.04 − 0.63 − 0.45 0.04 0.04
MAE 0.37 0.47 0.51 0.52 0.52 0.51 0.55 0.72 0.74 0.78 0.92
SEE 0.46 0.61 0.65 0.68 0.67 0.67 0.70 0.88 0.91 1.11 1.16
SEM 0.11 0.13 0.12 0.12 0.13 0.13 0.13 0.06 0.10 0.12 0.20
RE (%) − 0.40 0.02 − 1.56 − 0.85 − 0.44 − 1.56 − 1.56 22.23 15.98 0.02 − 1.56
CRM 0.26 1.00 1.00 0.55 0.28 1.00 1.00 − 14.22 − 10.23 1.00 1.00
CA 1.06 0.84 0.86 0.93 0.86 0.86 0.86 1.37 0.94 0.86 0.35
r 0.74 0.00 0.00 0.45 0.72 0.00 0.00 15.22 11.23 0.00 0.00
D 0.93 0.89 0.87 0.86 0.87 0.86 0.85 0.70 0.73 0.57 0.76
C 0.82 0.72 0.68 0.64 0.66 0.66 0.64 0.58 0.45 0.20 0.52
r 0.88 0.81 0.78 0.75 0.76 0.76 0.75 0.82 0.61 0.34 0.69
EF 0.76 0.57 0.51 0.48 0.48 0.48 0.44 0.12 0.05 − 0.43 − 0.54

Fig. 8  Magnitude of trend by using Sen’s Slope test of different 
drought indices. The hollow bars represent trends which are not sta-
tistically significant at 95% confidence level based on Mann Kendal 
test
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the time period prolong. Almost all the indices show that 
drought slowly and gradually progresses and strengthen 
with the passage of time, except SSMAI, showing weaken-
ing (Fig. 9). The onset of drought was reported in 1999, 
but we may see that most of the drought indices (RVI, 
Z-score, MCZI, CZI, RDI and WASPI) were not able to 
capture this drought commencement. The identification of 
drought (onset and retrieve) makes it the most complex 
hydro-meteorological disasters among all the natural dis-
asters. The deciles, PAWD and PCN also identify the same 
drought period mentioned above. The deciles gradually 
reduced from 4 to 1, PAWD from − 20.7 to − 49.3% and 
PCN from 72.4 to 47.9% during 1999 to 2002 (Fig. 10). All 
the indices indicate that 2002 was the most severe drought 
in Pakistan.

4  Conclusions

This study evaluated the drought conditions by using 
15 drought indices in Pakistan. The performance of 
precipitation based drought indices (MCZI, Z-score, 
CZI, WASPI and RVI) is similar to SPI, however their 

intensities are different. The SPTI, SSMAI and Sc-PDSI 
indicate high variation towards negative values, whereas 
the CI did not show variation. The deciles are more 
sensitive to drought conditions in terms of intensity, 
whereas PAWD and PCN showed insignificant drought 
intensity. The performance based statistical analysis 
show that SPEI and RDI are the best drought indices 
as these two use evapotranspiration and precipitation 
data, which enable them to depict a more real picture 
of drought conditions. The trend analysis shows that 
almost all drought indices are significantly increasing 
towards the positive side, resulting in more wetness than 
dryness. All the drought indices efficiently captured the 
longest episode of drought 1999–2002. In the light of 
above results, it is recommended to use the SPI, SPEI 
and RDI to monitor drought conditions in Pakistan and 
surrounding region. However, the development of new 
composite drought index comprising rainfall, tempera-
ture, and remote sensing index is needed which could 
be an advantage to monitor and identify the drought 
conditions in the region.

Fig. 9  Drought indices dur-
ing long episode of drought 
(1999–2002) across Pakistan
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Appendix: A description of drought indices

Standardized precipitation index (SPI)

SPI is calculated by fitting the long term precipitation data 
to the probability distribution (e.g., gamma distribution), 
which is then transformed to normal distribution to get the 

zero values for SPI mean (McKee et al. 1993; Edwards and 
McKee 1997). The SPI can be calculated at different time 
scales like 1-month, 3-months, 6-months, 12-months and so 
on. The SPI is not suitable at longer time scale as it reduces 
the sample size, even in the presence of long data (Guttman 
1998). However, the SPI calculates the precipitation deficit 
at different time scales (i.e. 1–12) that may be helpful to 
identify drought conditions (e.g., soil moisture deficiency, 
reservoir storage, ground water and stream flow) over a 
region. Positive and negative values show above and below 
than the mean precipitation. SPI values show both dry and 
wet conditions. SPI drought part is randomly split into four 
classes, mild (− 0.49 to − 0.99), moderate (− 1.0 to − 1.49), 
severe (− 1.50 to − 1.99), and extreme (SPI < − 2.0) condi-
tions. A drought event starts when SPI reaches to − 0.0 and 

Fig. 10  Performance of decile, AWD (%) and percent of normal during 1999–2002 across Pakistan
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ends when SPI become positive. This index is widely used 
throughout the world (WMO 2012). SPI shows a better per-
formance to monitor drought in China and Iran by Wu et al. 
(2001) and Ansari (2003) respectively.

Standardized precipitation evapotranspiration index 
(SPEI)

SPEI calculation procedure is same as SPI. SPI uses the 
precipitation data only, whereas SPEI uses both rainfall and 
reference evapotranspiration  (ETo) (Vicente-Serrano et al. 
2010) which helps to identify the drought types, severity 
and impacts over a region (Vicente-Serrano et al. 2013). The 
water balance (the difference of precipitation and potential 
evapotranspiration) is calculated (Thornthwaite 1948) at dif-
ferent time scales to get SPEI values. The Penmen Monteith 
(PM) equation is used to calculate PET (Allen et al. 1998) 
as follows; 

where  ETo represents evapotranspiration (mm/day); ∆ = 
saturated vapor pressure slope (kPa/°C); G = heat flux den-
sity of soil (MJ/m2/day);  Rn = net radiation (MJ/m2 per day); 
T = mean temperature (°C);  u2 = average daily speed of wind 
(m/s);  es − ea = deficit of vapor pressure; γ = psychrometric 
constant (kPa/°C).

The main advantage of SPEI is that it takes the PET data on 
a different time scales to monitor the drought conditions. These 
timescales are very useful to calculate the drought conditions 
in different hydrological sub-systems. SPEI is a standard vari-
able and its average value is 0 and deviation is 1. According to 
Abramowitz and Stegun (1965), the classical approximation 
is used in the formula of SPEI as follows; 

where W = − 2ln (Q) for Q ⩽ 0.5, Q is the probability of 
exceedance = 1 − F(x) if Q > 0.5, Q is replaced by 1 − Q and 
the resultant SPEI symbol is reversed. The  Co,  C1,  C2,  d1,d2 
and  d3 are constants.

Standardized precipitation temperature index (SPTI) 
or S‑index

Standardized precipitation temperature index (SPTI) or dry-
ness index (Si) jointly considers the precipitation and tem-
perature as proposed by Ped (1975). 

(6)ET0 =
0.408 Δ

(
Rn − G

)
+ �

[
900

T+273

]
u2
(
es − ea

)

Δ + �
(
1 + 0.34u2

) ,

(7)SPEI = W −
C0 + C1W + C2W

2

1 + d1W + d2W
2 + d3W

3

(8)Si =
DS

VDT

−
DQ

VDQ

where ∆T and ∆P are the anomalies, σ∆T and σ∆P are the 
respective standard deviations at the station, calculated 
from long term data series of precipitation and temperature 
respectively. The values of the index range from very dry to 
very wet conditions.

Weighted anomaly standardized precipitation index 
(WASPI)

Lyon (2004) developed weighted anomaly standardized 
precipitation index (WASPI) to monitor the precipitation 
in tropical region. The monthly and annual precipitation 
data are used to calculate WASP. The values range from 
most severe (− 2.0) to severe wetness (2.0), which is well 
correlated with other drought indices. Basically, drought 
is termed as moisture deficit, therefore, generally 6 or 12 
months’ rainfall accumulation is used. 

where  Pi,  PA is the monthly and annual rainfall, P̄l and P̄A is 
the monthly and annual rainfall climatology, �i is the stand-
ard deviation of monthly rainfall where �WASPN

 is the stand-
ard deviation of WASP, which is 0.44 for Pakistan.

Rainfall variability index (RVI)

It is the ratio between anomalies over the standard deviation 
of long period of rainfall data. According to Gocic and Tra-
jkovic (2013), the following equation is used to determine 
RVI 

where �i represents RVI, Pi is annual rainfall for ith year, µ 
and σ are the annual mean and standard deviation of rainfall. 
Time series of rainfall are classified into different climatic 
regimes. In case, if � is negative, then the year is known 
as drought year. The World Meteorological Organization 
(WMO 1975), classify the rainfall, according to their cli-
mate zones. 

Standardized soil moisture anomaly index (SSMAI)

Monthly soil moisture data (1951–2014) produced 
by Leaky Bucket model at a horizontal resolution 
(0.5° × 0.5°) is used to calculate SSMAI. It is reasonably 

(9)WASPN =
1

𝜎WASPN

.

N∑
i=1

(
Pi − P̄l

𝜎i
.
P̄l

P̄A

)

(10)�i =
(
Pi − �

)
∕�

(11)

P < 𝜇 − 2 ⋅ 𝜎 extreme dry

𝜇 − 2 ⋅ 𝜎 < P < 𝜇 − 𝜎 dry

𝜇 − 𝜎 < P < 𝜇 + 𝜎 normal

P > 𝜇 + 𝜎 wet

⎫⎪⎬⎪⎭
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performed well against the limited observation in a differ-
ent region with a spatial resolution (0.5° × 0.5°) from 1948 
to-date (Fan and Dool 2004, 2008). A strong correlation is 
noted between the annual rainfall departure with 12-SPI 
(r = 0.97), rainfall departure with soil moisture (r = 0.80) 
and soil moisture with SPI (r = 0.77). Soil moisture anom-
aly index (SMAI) was developed by Bergman et al. (1988) 
in mid1980, a way to access global drought conditions in 
United States. Here a slight modification is incorporated to 
obtain standardized data. So, it could be easy to compare 
it with other drought indices. 

where Xj is the precipitation of jth month is, X̄ is the mean 
precipitation and σ is the standard deviation.

China Z‑index (CZI)

Wilson-Hilferty cube root transformation is used to cal-
culate CZI (Kendall and Stuart 1977). CZI formula is as 
follows; 

where j is the current month,  Cs is the coefficient of skew-
ness, n is the total number of months in the record, σ is the 
standard variant also called Z-Index and  xj is precipitation 
of j month.

Modified CZI (MCZI)

To calculate MCZI, Wu et al. (2001) used a median of precipi-
tation instead of mean precipitation. This attempt minimized 
the difference between MCZI and SPI.

Z‑Score

According to Triola (1995a), the equation of CZI is used to 
calculate Z-Score. Furthermore, the data fitting adjustment 
Pearson type III or Gamma distribution is not requiring by 
Z-Score and it might not be represented in shorter duration 
as well as the SPI (Edwards and McKee 1997).

(12)𝜙j =
Xj − X̄

𝜎

(13)CZIj =
6

CS

(
CS

2
+ 1

)1∕3

−
6

CS

+
CS

6

(14)CS =

∑n

j=1

�
Xj − X̄

�3
n × 𝜎3

(15)𝜙j =
Xj − X̄

𝜎

The decile index (DI)

The decile index is widely used in Australia to monitor 
drought (Coughlan 1987). Long term monthly precipita-
tion data is ranked in descending order to make cumulative 
frequency distribution (Gibbs and Maher 1967). The dis-
tribution depicts decile index. The first decile precipitation 
amount should not exceed by the lowest 10% of the total. 
The second decile is the amount between 10 and 20% of the 
total and so on. The severity of the drought can be assessed 
by comparing the amount of precipitation in a month or over 
a period of several months with the cumulative distribution 
of precipitation over a long term period. The 20% of lowest 
precipitation falls is termed to be much below normal (decile 
1 and 2). Decile 3 and 4 (20–40%) shows below normal, 
decile 5 and 6 (40–60%) indicate near normal and so on. The 
Box-Cox transformation is used to normalize the monthly 
rainfall time series (McMahon 1986).

Percent of normal precipitation index (PNPI)

Morid et al. (2006) and Masoudi and Hakimi (2014) used the 
following equation to monitor drought in the region. 

where Pi is the total precipitation of each year, P is the aver-
age climatology for a period from 1951 to2014.

Palmer drought severity index (PDSI)

It is the most significant meteorological index used in the 
United States to monitor drought (Heim 2002). Palmer 
(1965) considers precipitation, temperature and soil water 
content to calculate PDSI. Several studies (e.g., Karl 1986; 
Alley 1984; Zoljoodi and Didevarasl 2013) described the 
calculation procedure of this index. The final equation of 
PDSI is as follows; 

where PDSI is dry and wet period of initial month, Z 
anomaly of the Palmer moisture index. The constant val-
ues of 0.987 and 1/3 are derived from the linear slope of 
line accessed from the extreme droughts. According to 
Wells et al. (2004), the development of Sc-PDSI resolved 
many deficiencies experienced earlier in PDSI and its data 
is freely available on the Koninklijk Netherlands Meteoro-
logical Institute (KNMI) website of Climate Research Unit 
(CRU) (http://climexp.knmi.nl/select.cgi).The data set has 
been calculated globally for a period more than 110 years 
(1901–2012) with the horizontal resolution of 0.5° × 0.5° 
on monthly basis.

(16)PNPI =
Pi

P
× 100

(17)PDSIi = 0.897PDSIi−1 +
1

3
Zi

http://climexp.knmi.nl/select.cgi).Th
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Composite index (CI)

Zhang et al. (2006) developed this index to monitor the 
drought in China. The same index was employed to analyze 
the spatial and temporal characteristics of drought in Paki-
stan at annual basis. CI uses the data of standardized precipi-
tation index (Z) and relative moisture index (M) as follows; 

where  Z30 and  Z90 indicates the SPI index for the 1-month 
and 3-months, respectively,  M30 shows the monthly moisture 
index and a, b, c are the coefficients, whose values are 0.47, 
0.36, and 0.96 respectively. 

Here, P is the precipitation, and PE is the potential evapo-
transpiration on monthly basis. The potential evapotranspira-
tion was calculated by the Food and Agriculture Organiza-
tion (FAO)-Penman–Monteith method (Allen et al. 1998).

Percentage area weighted departure (PAWD)

According to Rhynsburger (1973), it is commonly used in 
the fields of meteorology and hydrology. The PAWD is a 
very good tool to monitor drought conditions in Sindh prov-
ince of Pakistan and its adjoining region. Thiessen Polygon 
Method (1911) is used to determine the area factor of pre-
cipitation in Pakistan. First the area factor is multiplied by 
the monthly or annual rainfall then the following method is 
used to calculate PAWD. 

where  xi is the precipitation of ith month, X̄ is the normal 
precipitation.

Reconnaissance drought index (RDI)

Reconnaissance drought index (RDI) is a meteorological 
index that is used for drought assessment. It is expressed as 
initial, normalized and standardized values (Eq. 21). The ini-
tial value (αk) is based on the ratio between precipitation and 
potential evapotranspiration (PET). The PET is very help-
ful for identification and assessment of drought events. RDI 
does not depend upon the PET calculation method (Vangelis 
et al. 2013). The normalized  RDIn is the arithmetic mean of 
αk values, whereas the standard  RDIst uses the assumption 
that αk values follow the log normal distribution. So, RDI is 
computed by using the following equations as suggested by 
Tsakiris and Vangelis (2005). 

(18)CI = aZ30 + bZ90 + cM30

(19)M30 =
P − PE

PE

(20)PAWD =

[(
Xi − X̄

)

X̄

]
× 100

where  Pij and  PETij are the precipitation and potential evapo-
transpiration of the jth month of the ith year, N is the total 
number of years, �̄�k is the arithmetic mean of �i

k
.  yk is the 

ln(αk
(i)), ȳk is arithmetic mean and σyk is standard deviation 

(see Table 2).
The CZI, the SPEI, the MCZI, the Z-Score, the S Index, 

the RVI, the WASPI, the SSMAI and the SPI have simi-
lar numerical value range (Table 3). Therefore, it is easy to 
compare these items. However, the range of Decile (DI), 

�
(i)

k
=

∑k

j=1
Pij

∑k

j=1
PETij

, i = 1 to N

RDI(i)
n
=

𝛼i
k

�̄�k
− 1

(21)RDI
(i)
st
=

yk − ȳk

𝛼yk

Table 2  Different statistical error and performance test name along 
with their equations where xi and yi shows the values of SPI and the 
other indices respectively, X̄ and Ȳ shows the long-term data average

Name Equations

Standard deviation
Stobn =

�∑n

i=1
(xi−X)

2

n−1

Root mean square error
RMSE =

�∑n

i=1
(yi−xi)

2

n

Mean bias error MBE =
∑n

i=1
(yi−xi)

n

Mean absolute error
MAE =

∑n

i=1 �yi−xi�
n

Standard error of estimate
SEE =

�∑n

i=1
(xi−yi)

2

n−2

Standard error of mean SEM =
Stdev√

n

Relative error (%) RE(%) =
MBE

X
× 100

Coefficient of residual mass CRM =
∑n

i=1
xi−

∑n

i=1
yi∑n

i=1
xi

Coefficient of adjustment
CA =

∑n

i=1
(xi−X)

2

∑n

i=1
(yi−X)

2

Ratio r =
yavg

xavg

Concordance index
D = 1 −

∑n

i=1
(yi−xi)

2

∑n

i=1

����yi−X
���+

���xi−X
���
�2

Confidence level C = R × D

Correlation coefficient
r =

∑n

i=1
(xi−X)(yi−Y)√∑n

i=1
(xi−X)

2 ∑n

i=1
(yi−Y)

2

Efficiency
EF =

∑n

i=1
(xi−X)

2

−
∑n

i=1
(yi−Y)

2

∑n

i=1
(xi−X)

2
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PNPI and %AWD values has been categorized into similar 
classes (Table 3). Here, the DI classes of 5 to 6 is classified 
as normal 4–5 slightly below normal, 3–4 below normal, 
2–3 is much below normal, 1–2 very much below normal. 
The value excess of 90% is considered as normal period, 
the value less than 60% is considered as very much below 
normal, 70% much below normal, 80% below normal, 90% 
slightly below normal.

References

Abramowitz M, Stegun A (eds) (1965) Handbook of mathematical 
formulas, graphs, and mathematical tables. Dover, New York

Adnan S, Khan AH (2009) Effective rainfall for irrigated agriculture 
plains of Pakistan. Pakistan J Meteorol 6:61–72

Adnan S, Ullah K, Gao S (2015) Characterization of drought and its 
assessment over Sindh, Pakistan during 1951–2010. J Meteorol 
Res 29:837–857

Allen RG, Pereira LS, Raes D, Smith M (1998) Crop Evapotranspi-
ration-Guidelines for computing crop water requirements. FAO 
Irrigation and drainage paper 56, vol 300. FAO, Rome, p D05109

Alley WM (1984) The palmer drought severity index: limitations and 
assumptions. J Clim Appl Meteorol 23:1100–1109

Ansari H (2003) Monitoring and zoning of drought using fuzzy logic 
and GIS, PhD dissertation, Tarbiat Modarres University

Bergman KH, Sabol H, Miskus D (1988) Experimental indices for 
monitoring global drought conditions. In: Proceedings of the 13th 
Annual Climate Diagnostics Workshop, Cambridge, U.S. Dept. of 
Commerce, pp 190–197

Coughlan MJ (1987) Monitoring drought in Australia. In: Wilhite DA, 
Easterling WE (eds) Planning for drought: toward a reduction of 
societal vulnerability. West View, Boulder, pp 131–144

Du J, Fang J, Xu W, Shi P (2013) Analysis of dry/wet conditions using 
the standardized precipitation index and its potential usefulness 
for drought/flood monitoring in Hunan Province, China. Stoch 
Environ Res Risk Assess 27:377–387

Edwards DC, McKee TB (1997) Characteristics of 20th century 
drought in the United States at multiple time scales. Atmos Sci 
Pap 634:1–30

Fan Y, van den Dool H (2004) The climate prediction center 
global monthly soil moisture data set at 0.5° resolution for 
1948 to present. J Geophys Res 109.D10102, https://doi.
org/10.1029/2003JD004345

Fan Y, Van den Dool H (2008) A global monthly land surface air tem-
perature analysis for 1948-present. J Geophys Res 113:D01103. 
https://doi.org/10.1029/2007JD008470

Gibbs WJ, Maher JV (1967) Rainfall deciles as drought indicators, 
Bureau of Meteorology Bulletin No. 48. Commonwealth of Aus-
tralia, Melbourne, p 29

Gocic M, Trajkovic S (2013) Analysis of precipitation and drought 
data in Serbia over the period 1980–2010. J Hydrol 494:32–42

Gocic M, Trajkovic S (2014) Analysis of trends in reference evapo-
transpiration data in a humid climate. Hydrol Sci J 59:165–180

Guha-Sapir D, Hoyois P, Below R (2014) Annual disaster statisti-
cal review. In: 2011: The numbers and trends. 2012. Centre for 
Research on the Epidemiology of Disasters (CRED), Institute of 
Health and Society (1RSS) and Université catholoque de Louvain. 
Louvain-la-neuve, Belgium

Guttman NB (1998) Comparing the palmer drought index and the 
standardized precipitation index. J Am Water Resourc Assoc 
34:113–121

Hayes MJ (2000) Revisiting the SPI: clarifying the process. Drought 
Network News 11314

Hayes MJ, Svoboda MD, Wall N, Widhalm M (2011) The Lincoln 
declaration on drought indices: universal meteorological drought 
index recommended. Bull Am Meteorol Soc 92:485–488

Heim RR Jr (2002) A review of twentieth-century drought indices used 
in the United States. Bull Am Meteor Soc 83:1149–1165

Karl TR (1986) The sensitivity of the Palmer drought severity index 
and Palmer’s Z-index to their calibration coefficients including 
potential evapotranspiration. J Clim Appl Meteor 25:77–86

Kendall MG, Stuart A (1977) The advanced theory of statistics. High 
Wycombe, London, pp 400–401

Kouchakzadeh M, Nikbakht J (2004) Comparison of different methods 
for estimation of reference evapotranspiration in various climates 
of Iran by use of standard FAO Penman-Monteith method. J Agric 
Sci 10:43–57

Lyon B (2004) The strength of El Niño and the spatial extent of 
tropical drought. Geophys Res Lett 31:L21204. https://doi.
org/10.1029/2004GL020901

Malik KM, Taylor PA, Szeto K, Khan AH (2013) Characteristics 
of central southwest Asian water budgets and their impacts on 
regional climate. Atmos Clim Sci 3:259–268

Masoudi M, Hakimi S (2014) A new model for vulnerability assess-
ment of drought in Iran using percent of normal precipitation 
index (PNPI). Iran J Sci Technol 38:435–440

McCuen RH, Snyder WM (1975) A proposed index for compar-
ing hydrographs. Water Resour Res 11:1021–1024. https://doi.
org/10.1029/WR011i006p01021

McKee TB, Doeskin NJ, Kleist J (1993) The relationship of drought 
frequency and duration to time scales. In: Proceedings of the 8th 

Table 3  Drought indices values 
and their classes

Class SPI, SPEI, RDI, 
PDSI values

DI AWD (%) CI PNPI

Extremely wet ≥2.0 ≥ 90 > 80
Severe wet 1.50 to 1.99 80 to 90 50 to 80
Moderate wet 1.00 to 1.49 70 to 80 20 to 50
Mild wet 0.50 to 0.99 60 to 70 10 to 20 > 110
Normal 0.49 to − 0.49 40 to 60 − 10 to 10 − 0.6 90–110
Mild drought − 0.50 to − 0.99 30 to 40 − 10 to − 20 − 1.2 to − 0.6 80–90
Moderate drought − 1.00 to − 1.49 20 to 30 − 20 to − 30 − 1.8 to − 1.2 70–80
Severe drought − 1.50 to − 1.99 10 to 20 − 30 to − 40 − 2.4 to − 1.8 60–70
Extremely drought ≤ − 2.00 ≤ 10 < − 40 ≤ − 2.4 < 60

https://doi.org/10.1029/2003JD004345
https://doi.org/10.1029/2003JD004345
https://doi.org/10.1029/2007JD008470
https://doi.org/10.1029/2004GL020901
https://doi.org/10.1029/2004GL020901
https://doi.org/10.1029/WR011i006p01021
https://doi.org/10.1029/WR011i006p01021


1899Comparison of various drought indices to monitor drought status in Pakistan  

1 3

Conference on Applied Climatology, Anaheim, CA. American 
Meteorological Society. Boston, MA, pp 179–184

McMahon TA (1986) River and reservoir yield. Water Resources 
Publications, Littleton, p 56

Mendicino G, Senatore A, Versace P (2008) A Groundwater 
Resource Index (GRI) for drought monitoring and forecasting 
in a Mediterranean climate. J Hydrol 357:282–302

Mishra AK, Desai VR (2005) Drought forecasting using stochastic 
models. Stoch Environ Res Risk Assess 19:326–339

Morid S, Smakhtin V, Moghaddasi M (2006) Comparison of seven 
meteorological indices for drought monitoring in Iran. Int J Cli-
matol 26:971–985

Obasi GOP (1994) WMO’s role in the international decade for natu-
ral disaster reduction. Bull Am Meteorol Soc 75:1655–1661

Palmer WC (1965) Meteorological drought, research paper No. 45. 
U.S. Department of Commerce Weather Bureau, Washington, 
DC

Palmer WC (1968) Keeping track of crop moisture conditions, nation-
wide: the new crop moisture index. Weatherwise 21:156–161

Ped DA (1975) On indicators of droughts and wet conditions. Proc 
USSR Hydrometeor Centre 156:19–39

Rhynsburger D (1973) Analytic delineation of Thiessen polygons. 
Geogr Anal 5:133–144

Rossi G (2000) Drought mitigation measures: a comprehensive 
framework. In: Voght JV, Somma F (eds). Drought and drought 
mitigation in Europe. Springer, The Netherlands, pp 233–246

Sen PK (1968) Estimates of the regression coefficient based on Ken-
dall’s tau. J Am Stat Assoc 63:1379–1389. https://doi.org/10.1
080/01621459.1968.10480934

Smakhtin VU, Schipper EL (2008) Droughts: the impact of seman-
tics and perceptions. Water Policy 10:131–143

Tabari H, Somee BS, Zadeh MR (2011) Testing for long-term trends 
in climatic variables in Iran. Atmos Res 100:132–140

Tabari H, Abghani H, Hosseinzadeh Talaee P (2012) Temporal 
trends and spatial characteristics of drought and rainfall in arid 
and semiarid regions of Iran. Hydrol Process 22:3351–3361. 
https://doi.org/10.1002/hyp.8460

Tanny J, Cohen S, Assouline S, Lange F, Grava A, Berger D, Teltch B, 
Parlange MB (2008) Evaporation from a small water reservoir: 
direct measurements and estimates. J Hydrol 351:218–229. https://
doi.org/10.1016/j.jhydrol.2007.12.012

Thiessen AH (1911) Precipitation averages for large areas. Mon 
Weather Rev 39:1082–1084

Thornthwaite CW (1948) An approach towards a rational classification 
of climate. Geogr Rev 38:55–94

Triola MF (1995a) Elementary statistics, 6th edn. Addison-Wesley, 
Reading

Tsakiris G, Vangelis H (2005) Establishing a drought index incorporat-
ing evapotranspiration. Eur Water 9:3–11

Ullah K, Gao S (2013) A diagnostic study of convective environment 
leading to heavy rainfall during the summer monsoon 2010 over 
Pakistan. Atmos Res 120:226–239

Vangelis H, Tigkas D, Tsakiris G (2013) The effect of PET method on 
reconnaissance drought index (RDI) calculation. J Arid Environ 
88:130–140

Vicente-Serrano SM, Beguería S, López-Moreno JI (2010) A multi-
scalar drought index sensitive to global warming: The standard-
ized precipitation evapotranspiration index. J Clim 23:1696–1718. 
https://doi.org/10.1175/2009JCLI2909.1

Vicente-Serrano SM, Gouveia C, Camarero JJ, Beguería S, Trigo R, 
López-Moreno JI, Azorín-Molina C, Pasho E, Lorenzo-Lacruz 
J, Revuelto J, Morán-Tejeda E (2013) Response of vegetation to 
drought time-scales across global land biomes. Proc Natl Acad 
Sci 110:52–57

Wackernagel H (2003) Multivariate geostatistics: an introduction with 
applications. Springer Science & Business Media, Berlin Heidel-
berg and New York

Wells N, Goddard S, Hayes MJ (2004) A self- calibrating Palmer 
Drought Severity Index. J Clim 17:2335–2351

Wilhite D (2000) Drought preparedness in the U.S.. In: Vogt JV, 
Somma F (eds) Drought and drought mitigation in Europe. Klu-
wer, The Netherlands, pp 119–132

Willmott CT (1982) Some comments on the evaluation of model per-
formance. Bull Am Meteorol Soc 63:1309–1313. https://dx.doi.
org/10.1175/1520-0477(1982)063<1309:SCOTEO>2.0.CO;2

Willmott CJ, Wicks DE (1980) An empirical method for the spatial 
interpolation of monthly precipitation within California. Phys 
Geogr 1:59–73

World Meteorological Organization (1975) Drought and agriculture. 
WMO/TN 138. WMO, Geneva, p 118

World Meteorological Organization (2012) Standardized precipitation 
index user guide (M Svoboda, M Hayes and D Wood). WMO, 
Geneva

Wu H, Hayes MJ, Weiss A, Hu Q (2001) An evaluation of the Stand-
ardized Precipitation Index, the China-Z Index and the statisti-
cal Z-Score. Int J Climatol 21:745–758. https://doi.org/10.1002/
joc.658

Zare-Abyaneh H, Moghaddamnia AR, Bayat VM, Ghasemi A, Shadm-
ani M (2010) Spatial variations of evaporation from pan and com-
parison with the models of evaporation estimation in Iran. J Soil 
Water Knowl 1:113–130

Zhang Q, Zou XK, Xiao FJ (2006) Meteorological drought level GB/
T20481-2006. Standards, Beijing

Zhang Q, Xu CY, Tao H, Jiang T, Chen YD (2010) Climate changes 
and their impacts on water resources in the arid regions: a case 
study of the Tarim River basin, China. Stoch Env Res Risk A 
24:349–358

Zhang A, Zheng C, Wang S, Yao Y (2015) Analysis of streamflow vari-
ations in the Heihe River Basin, northwest China: trends, abrupt 
changes, driving factors and ecological influences. J Hydrol Reg 
Study 3:106–124. https://doi.org/10.1016/j.ejrh.2014.10.005

Zoljoodi M, Didevarasl A (2013) Evaluation of spatial–temporal vari-
ability of drought events in Iran using palmer drought severity 
index and its principal factors (through 1951–2005). Atmos Clim 
Sci 3:193–207

https://doi.org/10.1080/01621459.1968.10480934
https://doi.org/10.1080/01621459.1968.10480934
https://doi.org/10.1002/hyp.8460
https://doi.org/10.1016/j.jhydrol.2007.12.012
https://doi.org/10.1016/j.jhydrol.2007.12.012
https://doi.org/10.1175/2009JCLI2909.1
https://doi.org/10.1175/1520-0477(1982)063%3C1309:SCOTEO%3E2.0.CO;2
https://doi.org/10.1175/1520-0477(1982)063%3C1309:SCOTEO%3E2.0.CO;2
https://doi.org/10.1002/joc.658
https://doi.org/10.1002/joc.658
https://doi.org/10.1016/j.ejrh.2014.10.005

	Comparison of various drought indices to monitor drought status in Pakistan
	Abstract 
	1 Introduction
	2 Data and methodology
	2.1 Study area
	2.2 Data
	2.3 Drought indices
	2.4 Statistical tests
	2.5 Significance test
	2.5.1 Mann–Kendall test
	2.5.2 Sen’s slope method


	3 Results and discussion
	3.1 Analysis of drought indices
	3.2 Statistical analysis
	3.3 Drought episode (1999–2002)

	4 Conclusions
	Acknowledgements 
	References


