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Introduction

Drought is one of the most complex and destructive climatic phenomena, which can be perceived as
the least understood natural disaster (Kao and Govindaraju, 2010). The most important and
challenging characteristics of drought are frequency and return period (Bazrafshan et al., 2014; and
Zhang et al. 2015). This complexity is derived from the interdependence of drought characteristics
that make the univariate frequency analysis inefficient (Mirakbari et al., 2012). Therefore, instead of
using traditional univariate analysis, a better approach is to derive the joint distribution of drought
variables (Mishra and Singh 2010). Furthermore, insufficient data at the stations and the existence of
ungagged areas necessitate regional analysis. Regional frequency analysis, on the one hand, provides
the possibility of analysis for ungagged regions, and, on the other hand, provides better and more
comprehensive information for meteorological stations using a combination of points and regional
data. The main objective of this research is regional bivariate drought analysis in the semi-arid
climate of Fars Province, Iran. In this regard, the index variable based on linear moments is one of
the most advanced methods ( Nufiez ez et al., 2011).

Methodology

Located in the south of Iran, Fars Province has 42 rain gauge stations with different recorded
periods (1974-2014). In the current research, the data of 14 rain gauge stations located in the center
and northeast of the province were selected. These 14 stations have period length records of more
than 30 years up to a maximum of 47 years. Drought events are analyzed via the Standardized
Precipitation Index and run theory. For regional frequency analysis, the index drought procedure
coupled with the L-moments method is employed and the bivariate distribution of drought is
estimated through the copulas for a homogeneous region. The Linear moment method is used for
fitting appropriate regional distribution to a non-dimensional variable. One-parameter Archimedean
copula functions are used due to the simplicity of structure and being symmetrical.
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Results and Discussion

In the study area, the value of the heterogeneity index for variables of duration and severity of
drought was 0.69 and 0.70, respectively. Therefore, all 14 stations were non-discordant and the study
area was homogeneous. The second stage in the regional frequency analysis is the determination of
univariate marginal distributions of severity and duration. Gamma and exponential distributions were
confirmed at a 95% confidence level for duration and severity, respectively, and their parameters
were derived. The copula functions parameter can be estimated using the semi-parametric method.
According to the results, Clayton function is not acceptable for drought events series. In contrast,
Gumbel and Frank functions with p-values of 0.2 and 0.43, respectively, are acceptable. Using the
results in Table (1), Gumbel copula function with the maximum values of AIC, BIC and log-
likelihood function was selected as the most suitable copula function, which is in agreement with the
findings of Zhang et al., 2015. To construct the empirical copula, first, the variables of non-
dimensional duration and severity should be ranked based on their observed values. Then, empirical
CDFs are created based on the ranks. Thereafter, the empirical CDFs are used to evaluate the
empirical copula.

Table 1. Goodness of fit statistics of copula functions and values of calculated error (RMSE) of
theoretical functions

Log-

Copula RMSE likehood BIC AlC
Clayton 0.033 318.93 -631.3 -635.86
Gumbel 0.022 587.92 -1116.3 -1169.32
Frank 0.023 577.43 -1148.3 -1148.33

Fig. (1) shows the contour plots of marginal density functions for the Gumbel copula. Each contour
is correspondent to one pair of variables. The considered method estimates the bivariate quantile as
combinations that constitute the quantile curve for a given risk level p.
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Fig. 1- The joint probability of non-dimensional drought severity and duration %and % for a
given risk level p

The values of dimensionless drought severity and duration for the univariate return periods of 2,
5, 10, 20, 50 and100 years have been separately calculated. Afterward, for the corresponding
estimated values of the drought severity and duration of each univariate return period, the joint return
period has been calculated in both modes of TAND (D > d and S > s) and TOR (D > d or S > s).
Comparing the results shows that the return periods calculated from univariate marginal distributions
are always less than T D > d and S > s and greater than T D>d or S>s. Generally, TD>dor S>s
has fewer return periods than T D>d and S > s (D > d and S > s) for a given severity and duration.
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For instance, return period of D > d and S > s is evaluated as 195 years for duration and severity
exceeding 5.42 and 8.95, respectively. Nevertheless, the return period of these values is estimated as
100 years from univariate frequency analysis and the joint return period of D > d or S > s is about 67
years.

Conclusions

Drought analysis was implemented for the semi-arid climate of Fars Province, where wide areas
face water challenges due to frequent drought events. Copula approach was employed to assess the
joint behavior of duration and severity for historical droughts defined by standardized precipitation
index (SPI). In this study, bivariate frequency analysis was performed regionally using linear
moment method. Based on Bayesin and maximum likelihood criteria as well as root square error,
Gumbel copula function was selected as the most suitable function, similar to the results of the
studies of Zhang et al. 2015 and Tosunoglu and Can 2016. Based on Gumbel copula function, the
bivariate probabilistic properties of droughts such as joint probabilities and bivariate return periods
are also investigated to demonstrate comprehensive drought assessments. The results also indicate
that the return periods calculated from univariate marginal distributions are always less than T
(D >dands >s) and greater than T (D > dorS > s ).
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Table 1- Parameter, generating function and correlation coefficient of three Archimedean Clayton,
Frank and Gumbel functions
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Table 2- The results of (Z) statistic test for drought duration and severity data

Distribution Z, Z,
Gen. logistic 13.3 7.02
Gen. extreme 1.71 6.51
value 97 459
Gen. normal

6.94 1.32*

Pearson type 11
6.99 419
Gen. Pareto

Accepted distribution

Sleis Do 9 Dud S e Sy (P-value) K-S ool b -F J9as
Table 3- The results of K-S test (p value) for severity and duration variables of drought

Severity  Duration % of goodness of fit**
0.86 0.45 100

7.%0f accepted stations

AR 2 (FeKis Do 9 Oud (b pitie LS Slddlain SR H95 S yolyl —¢ J9u>
Table 4- Selected regional distribution parameters for on-dimensional severity and duration
variables of drought

Duration Severity
(exponential) (Gamma)
£=0.048 a=0.46
a=0.95 B=215

P 2l oslawl b 3l 295 b -0 Jou
Table 5- The results of goodness of fit using Cramer function

p value
Copula  parameter Ta Rate (mean)
Clayton 7.34 0.786 8 0.024
Gumbel 4.67 0.786 100 0.2
Frank 16.86 0.786 100 0.43

39 &5 593 @lei (RMSE) sibiduibone (Sl Ol 3w 9 bado @ilgi i3l 9 (295 Syl -1 Jous

% Jado b 4wl
Table 6- Goodness-of-fit statistics of copula functions and values of calculated error (RMSE) of
theoretical functions

Log-
Copula RMSE likehood BIC AlC

Clayton 0.033 318.93 -631.3 -635.86
Gumbel 0.022 587.92 -1116.3 -1169.32
Frank 0.023 577.43 -1148.3 -1148.33
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Fig 2- The joint probability of non-dimensional drﬁught severity and duration for a given risk level p
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Fig *- Joint return period of drought severity and duration (a): (D =dandS > s) (p): (D=o0rS >s)
( D > dandS ZS):(b)(DZOFS 25)(a) Flois S g Ol Olojed CiF b 0398 - S

Veeg0e Yo dde 0 Sld CulS 3l 0590 58 0 piiosT  Jloeskis vy o DAl 9 Do pdlio-Y Jou

Table 7- Values of non-dimensional severity and duration of univariate drought in return periods of
Y 0 Ve Yo 00 Ve

Return period Duration Severity
2 1.7 1.88
5 2.57 3.39
10 3.23 4.62
20 3.89 5.89
50 4.76 7.62
100 5.42 8.95

0 pii09d (SIS )b 0598 10 JlweKis v o Do 9 DUl polio -A oo
Table 8- bivariate return periods of various duration and severity

Severity Duration D >dandS = s D >dorS > s
1.88 1.7 2.4 1.67
3.39 2.57 7.57 3.73
4.62 3.23 12.36 8.39
5.89 3.89 24.72 16.76
7.62 4.76 75.75 37.31

8.95 542 195 67
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