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Abstract

In the past years, Khuzestan province which is located in the southwest of Iran has experienced severe droughts. Drought can be
explained by its characteristics known as duration or severity. However, combination of the two features by probabilistic approach is
appeared to be a well improved method to describe the phenomena. The aim of this study is to provide a more accurate statistical
method of determining drought based on simultaneous analysis of two drought characteristics. Here, precipitation data from twenty
stations were used to determine drought characteristics, by Standardized Precipitation Index (SPI). Joint probability function of two
variables were built via copula functions. The drought return period was calculated in the form of two scenarios. The first scenario is,
based on an assumption that drought is recognized by at least one of the two specific characteristics. Drought in the second scenario
is distinguished by the two characteristics in a joint probabilistic form. According to research results, there was no significant difference
between the north and south of Khuzestan in the study of single characteristics of drought. While analyzing two characteristics of the
drought, the return period in the north was shorter than the south. The return period of droughts in the east was always shorter than in

the west. The drought return period varies from 30 to 52 months and 50 to 87 months for the first and second scenarios, respectively.
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1 Introduction
Drought seems to be the biggest challenge among natural
disasters. So far, it has affected extensive areas in differ-
ent parts of the word and especially in Africa and Asia
for a longtime. Various drought definitions have been
introduced. But there is a quadruple classification that
is more popular [1, 2]. 1) Meteorological drought: When
the precipitation decreases and the temperature rises,
2) Hydrological drought: In this drought category, hydro-
logical variables are important, and it occurs when runoff
or volume of water reservoirs decreases. 3) Agricultural
drought: In this drought category, soil moisture is import-
ant, and it occurs when soil moisture decreases causing
crop losses. 4) Socio economic drought: In which drought
causes economic and social negative effects on people's
lives. For example, farmers' income decreases [3-5].

In Recent decades, drought has occurred frequently in
Iran [6, 7]. As a supreme threat, vulnerability has been
strongly increased by drought duration growth, especially

in rural areas [8]. Researches acknowledge worried con-
ditions regarding the drought growing trend in Iran, par-
ticularly in extreme state happened in recent years [9, 10].
In southwest of Iran, Khuzestan province which holds major
water resources of the country [11], has revealed a frequent
drought occurrence during the last decades [12]. At least
one extremely severe drought took place in the last fifteen
years in Khuzestan [13, 14]. The average temperature and
precipitation in Khuzestan are 23.3 °C and 322.6 mm per
year respectively [15]. Due to extensive drought damage in
Khuzestan province, providing a method for determining
the return periods of droughts (with different characteris-
tics) will be a powerful tool for decision makers. Therefore,
the main objective of the study is to provide a method for
estimating the drought return period in Khuzestan province.

Drought management is a function of drought char-
acteristics cognition. Perception of drought character-
istics (e.g. duration and severity) are powerful tools for
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decision makers. These features are determined on the
base of defined indicators. Many indices are presented in
drought estimation and the researchers have been reviewed
these indices [16-20]. Undoubtedly, the most widely used
drought index is Standardized Precipitation Index (SPI).
SPI was proposed to compute drought periods by Mckee
et al. [21], drought is occurred if SPI is negative and be less
than —1 at least once in its duration. Drought duration and
severity based on SPI and their best distribution functions
were studied by Shiau [22]. Afshar et al. [23] benefited joint
probability copula functions to compute the drought return
period. They applied SPI, run theory and copula functions
to specify the joint probability functions. However, return
period were calculated conditionally. Liu et al. [24] applied
Standardized Precipitation Evapotranspiration Index
(SPEI) to estimate drought duration and its severity. They
applied Akaike [25] information criterion to find the best
distribution function. Brito et al. [26] estimated the drought
based on SPI and Vegetation Health Index (VHI) indices in
Brazil. Three drought characteristics including frequency,
duration and severity were calculated based on each index.
Each characteristic was individually analyzed, and drought
trends were determined. Hameed et al. [27] calculated
drought characteristics based on Standardized Precipitation
Evapotranspiration Index (SPEI) in Iraq. The map of each
drought characteristic was drawn, and the dry periods were
determined. Yang et al. [28] determined the drought char-
acteristics in China with a new combined index. They used
the copula functions to combine drought characteristics,
which resulted in high accuracy of estimates.

Consequently, in most researches, linear or weight-
ing method has been used in the composition of drought
characteristics. Also, in most cases, drought trends have
been investigated and not the return periods of droughts.
Considering these points, in the present study, the non-
linear structure of the copula functions was used to com-
bine drought characteristics. Using the Copula functions,
the probability of the occurrence of different droughts and
their return periods are calculated.

Applying more than one drought characteristic increases
knowledge and thus increases the accuracy of estimates.
Among the methods of combining variables, Copula func-
tions have more reliable results due to maintaining the sta-
tistical structure of variables, which is why these functions
have been used in this study. Another important contribu-
tion of this study was the calculation of the return period in
two statistical states. By comparing the results, the effect
of drought on different areas can be determined.

Kavianpour et al. [15] analyzed the temporal-spatial
performance of the combined drought index. However,
in this study, an attempt has been made to calculate the
drought return period based on the common probability
function of drought characteristics.

First the study area is introduced, and then the research
methodology is reviewed. In the next section, the results
of the application of the proposed method in Khuzestan
province are presented and finally conclusions are drawn.

2 Methodology and study area

In this study, SPI index is used to obtain drought features
(duration and severity), then the joint probability function
was formed by copula functions. The drought return period
was examined under different conditions. Consequently,
here the methodology is completely explained.

Monthly precipitation data derived from 20 rain gauge
stations in Khuzestan province, southwest of Iran, between
1967 to 2012 was used to implement the proposed method.
The location of Khuzestan in the country, its rain gauge
stations, and spatial precipitation distribution are illus-
trated in Fig. 1. Annual measured precipitation occurs
from 154 mm to 1149 mm and shows almost 95 % between
November to April. Monthly rain distribution pattern is
shown in Figs. 2 and 3.

In current study, the precipitation data were collected
and the data gaps in the rainfall time series were found.
The data gaps for each station were filled according to the
best fitted distribution function. The distribution func-
tions were determined by Kolmogorov—Smirnov and Chi-
squared tests. The random values were generated and
placed in the series by Inverse Distance Weighting (IDW)
interpolation through three adjacent stations. Interpolated
data were ranked in descending order along with gener-
ated data to fill the blank time steps [29, 30]. Eventually,
rainfall time series were completed to compute the drought
index. Fig. 1 provides a typical example of observed and
generated precipitation data series.

Standardized precipitation index (SPI) is the most usable
index in drought monitoring for its simplicity [21], and its
accuracy compared to other indicators [31, 32]. To follow
the process, cumulative distribution function was first
computed by gamma distribution function, fitted into time
series. Then, SPI values were then calculated by transform-
ing data into an inverse normal distribution function with
mean and variance values of 0 and 1, respectively. Table 1
shows the SPI classification in different drought condi-
tions. Detailed explanation is referred to Guttman [33].
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Fig. 1 Typical examples of observed and generated gaps in time series
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Fig. 2 Khuzestan rain gauges and spatial precipitation distribution

Yevjevich [34] presented a method based on Run theory
to calculate the drought characteristics. Fig. 4 illustrates
the drought specification definition by Run theory in the
forms of drought duration and its severity.

Dry and wet periods were determined based on SPI.
Every drought has a starting point and an end point.
The distance between these two points is equal to the
drought duration. For example, if the distance between
these two points is four months, the duration of the drought
is four months. In this example, the severity of drought
is the sum of the index value in each of the four months.
According to Shiau [22], if D and S represent respectively
the drought duration and severity, we have.
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Fig. 3 Monthly rain distribution in Khuzestan rain gauges

Table 1 Drought categories based on the SPI

SPI Classification
SPI>2 Extremely wet
2>SPI>1.5 Very wet
1.5>SPI>1 Moderately wet
1>SPI>-1 Near normal
-1>SPI>-1.5 Moderately dry
—1.5>SPI>-2 Severely dry
—2>SPI Extremely dry
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Fig. 4 Drought characteristics based on run theory
D
S = —Z SPI, )
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In this equation, SPIi denotes the SPI value for the ith

time step. Both duration and severity follow specific dis-
tribution functions F(D) and F(S). Best distribution func-
tions were selected by Kolmogorov Smirnov and Chi-
squared tests. The procedure follows by calculating the
joint probability function.

F(D)=P(D<d) @

F(S)=P(S<s) ©)

Originally, joint probability function was limited to
input variables with identical distribution function. Copula
functions are able to model the dependence structure of
variables without considering their distribution functions.
For distribution functions F' (x) and F (y) with x and y as
variables, the copula function is defined as follows [22]:

F, (x0)=C(F.(x).F, (). @

Copula functions are divided into two general catego-
ries: parametric and nonparametric. Parametric functions
are preferred because their parameters are computable.
The parameter makes the Copula functions more accu-
rately fit on the input variable. Archimedean functions are
the most widely used parametric Copula functions due to
their symmetry and ease of calculation. In this study, three
bivariate Archimedean copula functions named Frank,
Gumbel and Clayton were applied. These functions are
indicated in Table 2.

Empirical Cunnane plotting position was used to cal-
culate empirical probability of drought characteristics. It
is an unbiased plotting position and useful for all distribu-
tion functions.

i—a
p=—"1"%  4=04, ®)
N+1-2a
Table 2 Applied copula functions
Copula Copula function Variables Con's1de-
name rations
—Ou —0v

Frank 1 (e _I)(e _1)

C =——In|l+———F—— ivari
35] (u.v) i 0 bivariate 0+£0

1

gl;nbel C(u,v)—exp[[(lnu)e +(lnv)e:i/61 bivariate 0>1
Clayton -1 R
[35]}/ C(u,v)= (max[u’e +v70 —l,OD % bivariate 6#0




where, N is sample size and i is the rank of datum in small
to large order of inputs. Root Mean Square Error criterion
(RMSE) was applied to test the fitting likelihood and to
find the best copula function to shape the joint probabil-
ity function. To check the errors, RMSE values were used
as follows. Better model has been considered to have the
lower RMSE value.

cv-ov)
RMSE = w ©)

where N is the sample size and CV and OV are calculated
and observed values, respectively. According to lowest
amount of RMSE, the best copula function was selected,
and joint probability function was formed. Drought return
period is the time interval between two successive drought
events. It is calculated in accordance with drought specifi-
cations, such as drought return period with 4-month dura-
tion or severity higher than five. Sometimes drought is
defined as a combination of its characteristics, like drought
with 6-month duration and severity upper than 4. In such
situation, a joint probability function is used. The general
form of the return period is as follows:

T==, @)
P

where T stands for drought return period, P is the drought
probability occurrence, and E is the expected drought
time interval [23]. Time interval is defined as the ratio of
total time to the number of drought events. The probabil-
ity of drought appearance was studied in two categories
named common and union. The first considers the proba-
bility mode of common form of two drought characteris-
tics. For example, the probability of a drought occurring
duration of 6 month and severity of 5. The Second class
considers the probability of a drought occurring duration
of 6 month or severity of 5. The following equations repre-
sent the calculation of these two probability formats.

E

E

P(D<dS<s) 1_p(D<dS<s)
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Based on the computed probabilities, the values of the
return period can be calculated. The flowchart of the meth-
odology is presented in the Fig. 5.

3 Results and discussion

3.1 Standardized Precipitation Index

In this study, rain time series were used to calculate stan-
dardized precipitation index (SPI). For each month, SPI
is the integrated 12 former months of rain. Fig. 6 illustrates
the SPI values for different rain stations in Khuzestan
province. It indicates 45 years frequent drought occurrence
in Khuzestan.

3.2 Drought characteristics

Drought characteristics in the forms of duration and sever-
ity were calculated and the results were provided in this
work. Drought duration is referred to negative SPI and
severity is referred to the summation of SPI in drought
time steps. Average drought duration and severity in rain
gauges are shown in Fig. 7. The longest drought phenome-
non in rain gauges was occurred in Mollasani with a dura-
tion of 68 months and severity of 94.5. Number of drought
occurrence varies from 20 in Botvand station to 30 in
Talezang gauge. Average of drought duration and severity
are 10 months and 8.5, respectively.
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Fig. 5 The flowchart of the methodology
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Fig. 6 Calculated monthly SPI index for different rain gauges in Khuzestan province (a-o0)
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Fig. 6 Calculated monthly SPI index for different rain gauges in Khuzestan province (p-t)
47°00'E 48°0'0'E 49°0'0'E 50°00'E 51°00'E
5 [l z
* . L
+
5 z
: il
4 il &
|ﬂ 6.3 H:|
|:| duration m m m
: ol §
3 H =
; — i <
: W .
3 02525 | 50 7500 &
47°00"E 48°00'E 49°00"E 50°00'E SI°00'E

Fig. 7 Drought duration and severity in rain gauge stations

3.3 Fitting distribution function

The best fitted distribution function of input variables
is necessary for computing joint probability function.
Whatever the distribution function has a better fit on data,
the calculated probability is more accurate. Therefore,
in this study, the best distribution functions were selected

by examining more than forty probability distribution
functions by EasyFit software. The abundance of each
distribution function is reported in Table 3. In Fig. &, two
fitted distributions are illustrated. The Best distribution is
used to calculate the joint probability function.
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Table 3 Distribution abundance in drought characteristics

Drought Duration Drought Severity
]]?ijlt;i})olgion Abundance Dli:sl::(]?;:)fn Abundance
Gen Pareto 9 Gamma 8
Gt 0 w7
Weibull 2 Beta 3

Log Logistic 2 Log Normal 2
Exponential 2

Gamma 1

Generalized

Extreme Value

Probability
o o
o o

drought characteristics, Kendall rank correlation coeffi-
cient was computed and used to calculate copula param-
eter (¢) by equations in Table 2. Copula functions param-
eter was found 5.06, 8.13 and 18.45 for Gumbel, Clayton,
and Frank, respectively. In Fig. 9, three copula functions
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Fig. 9 Different joint probability levels of drought duration and severity
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Fig. 8 Examples of best fitted distribution functions

3.4 Joint probability function

The research is completed by using copula functions to
combine best fitted distribution functions. The functions
combine variables with different type of distribution func-
tions which is a main reason of their popularity. Best fit-
ted distribution functions of each drought characteris-
tics were imported to copula functions. Based on Table
2, three Archimedean copula named Clayton, Gumbel
and Frank were used to determine the joint probabil-
ity. Supported by the best fitted distribution function on

—
08 /A/
0.6
0.4 /
02 /
5 5 15 25 35 45 55 65 75
Drought Duration and Severity

= Gumbel ——Clayton

4 Observed

~——Frank

Joint Probability

Fig. 10 Cumulative distribution function of three copula functions and
observed values

are plotted in different probability levels.

The best fitted copula was determined by RMSE crite-
ria. Cumulative distribution function (CDF) for the three
copula functions and observed data are illustrated in Fig.
10. In this figure, horizontal axis refers to drought dura-
tion and severity (same value) and the vertical axis rep-
resents the joint probability. Results of RMSE values for
each copula function are listed in Table 4.

Table 4 Results of RMSE criteria for each copula functions

Copula functions
Gumbel Clayton Frank
0.041 0.05 0.032

RMSE values
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Fig. 11 Joint distribution function in Sepid-Dasht station

Table 4 shows that, Frank copula function introduces
lowest RMSE value and therefore, it is selected to calcu-
late the joint probability. Drought duration and severity
are presented as inputs to this function and the output is
the corresponding probability. The joint probability func-
tion of drought variables in Sepid-Dasht station is plotted
in Fig. 11 by Matlab software.

Based on selected copula function, different drought
conditions have been analyzed to check the probability of
drought characteristics and their joint probability. Table 5
shows samples of the results for Sepid-Dasht station.
According to the table, the probability of drought occur-
rence in less than 10 months is 69 %, 71 % of droughts
show a severity less than 5.6, and the joint probability for
these two features is equal to 66 %.

3.5 Drought Return Period

The developed joint probability function was applied to
calculate the draught return period (RP). Drought return
period mentions the time period for the repetition of a par-
ticular drought. In this study, Egs. (8) and (9) are used
to calculate the drought return period. The difference
between these equations is referred to their probabilistic

Table 5 Probability of drought characteristics and their joint probability

Drought Drought Drought

Duration Duration ]S);s;lrgl’?; Severity pronoail:r:itlity
(month) probability probability

10 0.69 5.6 0.71 0.66

12 0.76 2.8 0.59 0.59

15 0.83 144 0.84 0.8

23 0.92 277 0.91 0.89

approach. Equation 8 make uses of two defined attributes
to calculate drought return period, while Eq. (9) is based
on at least one of the two characteristics. Fig. 12 illustrates
the duration and severity for various droughts with differ-
ent return periods at Sepid-Dasht station, based on Eq. (8).
For example, droughts with a six-years return period hold
9 months duration and severity of 5. According to the fig-
ure, increase in the duration to 11 months decreases the
severity to 2, or the severity of 6 for that drought implies
6 months duration. Fig. 13 shows the droughts duration and
severity with different return periods at Sepid-Dasht sta-
tion, based on Eq. (9). Droughts with six years return period
show 12 months duration or the intensity of 15. The results
of the two mentioned equations indicate their fundamental
differences. The probability of drought based on Eq. (9) is
higher than what is obtained from Eq. (8), however, Eq. (9)
introduces shorter return period.

3 yeQrs

14

— years
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e G yRQI'S
10

Drought Severity

4 \\
) — \

1 3 5 7 9 11 13 15 17
Drought Duration (Month)

Fig. 12 Drought return period calculated by Eq. (8) at Sepid-Dasht station
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In the chart above, the drought return period of Sepid
Dasht station was presented with two probabilistic
approaches. Such a chart can be drawn for any station.
But ArcMap software was used to better graphically dis-
play the results. First, a univariate drought return period
of at least six months was determine for each station.
The lowest return period was observed in the eastern
regions, which indicates the greater impact of the drought
in this region. For example, in Polshalou and Jokanak sta-
tions, the drought return period, which lasts at least six
months, is 31 and 33 months, respectively. In the north
of the province, the situation is better, as the six-month
drought return period at Talezang and Hamidieh stations is
45 and 40 months, respectively.

The shortest return period indicates a higher likeli-
hood of drought occurrence, which is about 47 months
and occurs in Moshragah and Ramshir stations. Eastern
regions of Khuzestan had shorter return time, while it was
about 80 months in the northern regions. Comparing the
two maps in Figs. 14 and 15 suggests different behavior
of the stations. This variation is associated with the two
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Fig. 13 Drought return period calculated by Eq. (9) at Sepid-Dasht station
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drought characteristics. In Gotvand and Ramshir stations,
drought return period is 36 months, which lasts six months.
However, the drought return period with the intensity of six
is 61 and 48 months in Gotvand and Ramshir, respectively.
These values were 35 and 66 at the Darkhazineh station.
For duration > 6, Pagachi station shows highest drought
return period of 51 months in Khuzestan province. In other
words, the probability occurrence of this mode at the sta-
tion is the lowest value in Khuzestan, but drought return
period of 61 months occurs for the severity > 6, which was
less than half of the stations. Few stations show similar
behavior like Polshalou and Jokanak with return periods of
31 and 53 months, respectively.

The results of simultaneous analysis for the two drought
characteristics derived from Egs. (8) and (9) in Khuzestan
are presented in Figs. 16 and 17. In Figs. 16 and 17, it can
be seen the effect of increasing intensity and duration on
the stations' return periods, simultaneously or individu-
ally. According to Fig. 16, the droughts return period with
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at least 6 months duration and minimum intensity of 6
is about 52 months in east and center part of Khuzestan
(e.g. Polshalou and Ahvaz stations). In Hamidieh (in the
west) and Talezang (in the north) stations, the droughts
return period is about 65 and 87 months, respectively.
According to Fig. 17, the droughts return period that
last at least 6 months or show minimum intensity of 6,
are almost identical in 60 % of the stations. In Ramshir,
drought return period for duration > 6 and severity > 6
(Case 1), and duration > 6 or severity > 6 (Case 2) is 48
and 38 months, respectively. The station shows lowest
value of drought return period in the first case, while it
is higher than 50 % of the stations in the second case.
Similar conditions at the Abshirin station is realized,
where the drought return periods for the 1st and 2" cases
are 54 and 39 months, respectively. At Darkhazineh sta-
tion, return periods is 65 months in Case 1, which is the
longest period and 35 months in Case 2, which is the least
value in the province.

Khuzestan province experiences diverse land uses,
which cover extensive agricultural, industrial, and urban
activities. The area enjoys major surface and underground
water resources. Approximately, 20 % of Iran's surface
water resources flows in this region. Therefore, by Using a
suitable probabilistic approach and drought characteristics,
a proper framework for planning the water resources and
reduce the drought effects can be achieved. The results of
this study showed the vulnerability in the form of drought
return period in different parts of the province as a func-
tion of duration and severity variation. In the Khuzestan
drought survey, Shokri Koochak and Behnia [36] found
that the probability of the continuation of drought condi-
tions rises from west to east. Comparing the drought in
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north and south of Khuzestan, Borna et al. [37] found that
the frequency of drought in the north is more than the
south. Both conclusions confirm the results of this study.
Compared to the drought researches in Khuzestan prov-
ince, Jamalizadeh and Borna [38] also introduced the SPI
as the most suitable index for analyzing the drought in
Khuzestan. Of course, they had determined the same drought
condition in the east and north of the province, but in the pro-
posed method, there was a big difference between the return
period of their droughts (Moazed et al. [12]). According
to the results of this study, they pointed out the difference
between droughts in the east and west of the province.

4 Conclusions

To reduce the drought affects, better understanding of
drought characteristics is an important task. Drought
aspects like duration and severity can be analyzed sin-
gly, but probabilistic analysis of their combination impact
is more useful. To find the drought periods, the SPI
index was computed monthly for twenty rain gauges in
Khuzestan province from 1967 to 2012. According to the
rain pattern, 12 months SPI was selected and Run the-
ory was applied to determine the drought characteristics.
For every station, the best fitted drought characteristics
distribution function was selected among various dis-
tribution functions like Normal, Logistic, Exponential,
Gamma and etc., based on Kolmogorov-Smirnov and
Chi-squared statistics.

Non-dependence on probabilistic conditions of input
variables in copula functions cause their widespread prac-
tice. In this study, three bivariate Archimedean copula
functions were applied to form joint probability function
drought duration and severity.

In order to find the best function, RMSE criteria was
used to compare their results with the Empirical Cunnane
plotting position. Drought return period was calculated by
two approaches. The joint probability approach assumes
jointly occurrence of the two drought variables (D > 6 and
S > 6), but the second approach assumes the occurrence of
at least one of the variables (D > 6 or § > 6). According to
the results, droughts are more intense from west to east of
Khuzestan. It also showed the blended and individual effect
of intensity and duration on return periods of the stations.

A drought analysis based on a characteristic had dif-
ferent results than simultaneous examination of the two
characteristics. For example, in a single survey of drought
severity, the northern and southern conditions were almost
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identical. But in the simultaneous analysis of the two
drought characteristics, the drought return period in the
north was lower than the south. The proposed method can
be used in combination of more than two characteristics of
drought (like frequency and so on), which will certainly
have more accurate results.
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