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Abstract
Drought is a natural phenomenon that occurs when precipitation is below normal levels over period of
time and is characterized by duration, severity, intensity, and frequency. Due to climate change, these
characteristics have changed, necessitating updated monitoring methods. Drought characteristics
were often examined separately through univariate - analyses; however, drought is an interrelated,
multivariate phenomenon whose attributes are dependent on one another. Therefore, recent
studies have recommended joint analysis of drought characteristics using multivariate
probability functions. This study used copula functions to analyze drought duration and severity
jointly. Daily precipitation data from Bandar Anzali (wet, 1755 mm average annual rainfall) and
Kerman (dry, 131 mm average annual rainfall) were analyzed from 1959 to 2020 using ERAS5-Land
reanalysis. The Standardized Precipitation Index (SPI) was calculated for six time scales (1, 3, 6, 9,
12, and 24 months). After fitting marginal distribution functions to the variables and confirming the
correlation between drought duration and severity, the best copula functions were selected for each
timescale. The results showed that in the "AND" condition (D>d AND S>s), the probability of similar
droughts was higher in Kerman than in Bandar Anzali, while in the "OR" condition (D>d OR S>s), the
probability of droughts with either high duration or severity was greater in Bandar Anzali. Furthermore,
estimating return periods by considering both duration and severity jointly provided a more accurate
assessment of drought events. The resulting curves, which demonstrate the relationship between
drought duration, severity, and return period, can serve as standard references for the Bandar Anzali
and Kerman stations across various time scales. These curves remain applicable as long as the
statistical distribution of drought duration and severity does not change. They provide a practical tool
for monitoring drought across different time windows and devising more effective strategies for water
resources management and mitigating drought impacts.
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Introduction

Drought is characterized by prolonged periods of below-normal precipitation, leading to water
shortages affecting ecosystems, agriculture, and human activities. Key attributes used to describe
drought include duration, severity, intensity, and frequency. The importance of these characteristics in
the design of water supply systems cannot be overstated. In recent years, changes attributed to climate
change have been observed in these characteristics, highlighting the need for improved methods of
monitoring drought. Given their random nature, studies on drought characteristics are frequently
conducted using probabilistic theories. While many previous studies have focused on examining
drought characteristics separately through univariate analyses. It has been established that drought is a
multivariate phenomenon. Characteristics such as duration and severity are interdependent; therefore,
accurate monitoring cannot be achieved using univariate functions alone. As a result, recent research
has advocated for studying drought and its associated characteristics through multivariate probabilistic
functions. Copula functions and joint probability distribution approaches allow researchers to analyze
multiple related variables simultaneously (e.g., Drought duration vs. Drought severity) rather than
independently treating them as separate time series data. Addressing the complexity of drought through
multivariate approaches enables researchers and practitioners alike to develop robust monitoring
frameworks essential for sustainable environmental management amid changing climatic conditions.
In this study, copula functions and the ERAS-Land reanalysis dataset were utilized to conduct a
comprehensive analysis of drought characteristics at two stations located in southern and northern Iran
during the period from 1959 to 2020.

Materials and Methods
ERAS-Land data

The ERAS5-Land reanalysis product is recognized as an enhanced version of the original ERAS
dataset, which was developed by the European Centre for Medium-Range Weather Forecasts
(ECMWF). Various climate variables, including temperature, humidity, precipitation, and wind, are
provided by both ERAS and ERAS5-Land products; however, a distinction in their spatial resolution
exists (Mufioz-Sabater et al., 2021).

Standardized Precipitation Drought Index (SPI)

In this study, the Standardized Precipitation Index (SPI) was employed for monitoring drought
conditions. A drought event is identified when the SPI value fallsbelow zero according to Run Theory
(Yevjevich, 1967). Utilizing this theoretical framework with SPI enables calculations of both duration
and severity related to drought events. The duration of a drought is defined as a continuous time period
in months during which SPI values remain below zero. Additionally, the severity of a drought is
characterized as the cumulative sum of SPI values throughout that period.

Marginal and copula functions

In this analysis, after calculating both duration and severity associated with drought conditions
while examining correlations between these two variables using Kendall's tau statistic, 11 marginal
distribution functions were fitted for each variable. Following the identification of optimal marginal
functions, 7 copula functions were utilized at each station for comprehensive joint monitoring of
drought events. Finally, calculations were conducted to determine joint probabilities of occurrence and
joint return periods under two scenarios: "and" (D>d and S>s) and "or" (D>d or S>s).

Results and Discussion

ERAS5-Land showed better performance in estimating monthly precipitation for Kerman compared
to Bandar Anzali. However, overall accuracy was found to be good at both stations when considering
the values of the evaluation criteria. It has been noted that alternating periods of drought and wet years
have been experienced at the Bandar Anzali station, while longer and more severe drought periods
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have occurred at the Kerman station, with the most intense drought recorded between 1960 and 1970.
By evaluating marginal distributions, it was shown that among the examined distribution functions, a
good fit for duration and severity of drought in various time windows was provided by generalized
Pareto, Nakagami, GEV, Normal, log-logistic, and Weibull distributions. The correlation among the
studied pair variables was confirmed; results from copula function analysis demonstrated that
Galambos Copula offered the best fit at 1-, 6-, and 24-month scales; Frank copula showed optimal
fitting at a 9-month scale; while Gumbel-Hoggard exhibited superior fitting at a 12-month scale. It was
found that the joint probability of drought occurrence over a 24-month period with a duration of less
than 8 months and severity below 8 is approximately 16% for Bandar Anzali and about 20% for
Kerman. For both stations at a one-month scale, this joint probability is roughly estimated to be around
75%. Furthermore, drought severity can be estimated with varying probabilities for specific durations.

Conclusion

Based on the results and as indicated in earlier studies, it has been observed that the computational
return period in the "and" scenario is greater than in the "or" scenario. This suggests that the likelihood
of two events occurring simultaneously is significantly lower, resulting in longer return periods.
Additionally, a general review of the presented graphs reveals that in the combined "AND" case (D>d
AND S>s), a higher probability of similar droughts occurring is found for Kerman compared to Bandar
Anzali. Conversely, in the "OR" case (D>d OR S>s), a greater probability of drought occurrences with
any characteristics related to duration or severity is noted for Bandar Anzali. It has been determined
that estimating return periods by considering both drought duration and severity together can provide
more useful and precise outcomes for comprehensive analyses of drought events. In fact, the curves
produced to illustrate relationships between duration, severity, and return period (probability of
occurrence) for droughts can be utilized as standard curves for both Bandar Anzali and Kerman stations
across various time scales. These curves remain effective as long as there are no changes in the
statistical distributions of drought duration and severity values at these stations; therefore, they can
enhance monitoring efforts regarding an essential component of water resources—precipitation—more
accurately over different time intervals while offering more effective solutions to mitigate drought
impacts.
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Table 1- Copula functions properties (Shiau, 2006)

Cop ul.a Abbreviation Equation Parameter Range
Function
Clayton Cly Cu,v) = (u®+v9—-1)-1°¢ 6>=0
Ali-Mikhail- uv
c = —

Hagq AMH (u,v) 1= 00 =)= 1<6<1
Farlie-
Gumbel- FGM Clu,v) =uv[l+6(1 —u)(1 —v)] -1<6<1
Morgenstern

1 (e —1)(e % -1)
Frank Fra C(u,v) = —Eln 1+ = 0+0
Galambos Gal C(u,v) = uv exp {[(—ln w7 + (—In v)‘e]_l/e} 0=1
Gumbel- 0 011/0

= —|(— — >
Hougaard GH C(u,v) exp{ [(~Inw)? + (~Inv)?] } 0>1
1
Clu,v) = m{l +@—-1Du+v)

Plackett Pla ( ) 6=0

-1+ 6 —-1)(u+v))?
—46(6 — Duv]'/?}
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Table 2- Evaluation metrics of ERAS-Land for monthly precipitation estimation

Statistic NSE RMSE R? PBIAS KGE
(mm)
Bandar Anzali 0.58 89.9 0.77 29.7 0.56
Kerman 0.76 10.3 0.67 1.2 0.7
800 Bandar Anzali 17 Kerman
= = 80
RS
8 £ 7
g w0 | g
= B a0
3 3
& 200 l &
20
0 0 -
Observation ERAS5-Land Observation ERAS5-Land

Fig. 3 - Violin plots of observational values and ERAS-Land reanalysis product at Kerman and
Bandar Anzali stations
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Fig. 4- SPI temporal change at Bandar Anzali station
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Table 3- Statistical evaluation metrics of fitted distribution functions on drought duration and

severity at Bandar Anzali station at time scales of 1, 3 and 6 months. The best distribution functions
are shown as bold and underlined numbers.

SPI-1 SPI-3 SPI-6

?;itg?gglon Severity Duration Severity Duration Severity Duration

NSE RMSE NSE RMSE NSE RMSE NSE RMSE NSE RMSE NSE RMSE
Normal 091 8.49 0.9 9.32 099 224 0.96 6.09 091 8.49 0.9 9.32
Log-Norman  0.95 6.24 0.89 9.43 0.88 10.19 0.87 10.62 0.95 6.24 0.89 943
Exponential ~ 0.96 6.05 088 10.19 0.82 12.14 053 1979 096 6.05 0.88  10.19
Gama 0.98 4.14 0.9 9.06 0.93 7.45 0.91 8.91 0.98 4.14 0.9 9.06
GEV 0.96 5.74 0.65 17.19 0.99 3.07 0.96 5.54 0.96 5.74 0.65 17.19
Logistic 0.93 7.82 0.9 9 0.99 2.69 0.96 5.68 0.93 7.82 0.9 9
Log-Logistic ~ 0.97 4.71 0.9 9.05 0.94 6.9 0.94 7.34 0.97 4.77 0.9 9.05
Rayleigh 057 1898  0.82 124 0.98 44 083 11.86 057 1898 0.82 12.4
Nakagami 098  3.64 091 8.85 0.96 5.68 0.93 7.82 098  3.64 091 8.85
g:r’;’;ahzed 094 701 093 743 094 713 081 1261 094 701 093 743
Weibull 0.98 4.42 0.91 8.82 0.96 5.55 0.95 6.46 0.98 4.42 091 8.82
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Table 4- Statistical evaluation metrics of fitted distribution functions on drought duration and

severity at Bandar Anzali station at time scales of 9, 12 and 24 months. The best distribution
functions are shown as bold and underlined numbers.

SPI-9 SPI-12 SPI-24
Distribution Severity Duration Severity Duration Severity Duration
Function RMS
NSE RMSE NSE RMSE NSE RMSE NSE RMSE NSE RMSE NSE E
Normal 0.8 1291  0.82 1233 054 1964 076 14.19 044 21.73 0.6 18.33

Log-Norman 0.94 7.38 0.97 5.37 0.99 3.48 0.97 53 0.94 6.85 0.86  10.95

Exponential 0.98 432 085 11.09 054 19.76 092 8.34 3487 042 2214

0.44

Gama 098 445 095 658 096 591 095 679 079 1329 077 13.98
GEV 099 259 097 487 097 466 07 1587 098 417 oo 3008
Logistic 095 669 094 723 08 1301 089 97 057 1897 069 16.08
Log-Logistic 098 383 097 47 098 395 096 548 096 595 089 9.9
Rayleigh 025 2511 07 1584 So 4452 T, 3097 o 4682 o 3887
Nakagami 092 799 089 98 085 1125 087 1032 072 1532 071 1561
[C,’aer‘;(r)ahzed 097 475 088 987 097 519 097 477 098 443 089  9.64
Weibull 097 46 093 755 099 319 096 562 09 923 083 1199
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Table 5- Statistical evaluation metrics of fitted distribution functions on drought duration and

severity at Kerman station at time scales of 1, 3 and 6 months. The best distribution functions are
shown as bold and underlined numbers.

SPI-1 SPI-3 SPI-6

DiStriPUtiOH Severity Duration Severity Duration Severity Duration
Function NS RMS NS RMS NS RMS NS RMS NS RMS NS RMS

E E E E E E E E E E E E
Normal 093 756 093 759 099 209 094 734 1 1.93  0.96 5.7
Log- 0.73 149 083 1186 0.76 14.06 085 1124 097 527 0.94 7
Norman
Exponential 0.8 12.87 0.81 126 049 207 031 2409 066 1686 044 21.6
Gama 0.79 1337 0.87 10.54 091 8.7 0.80 952 098 357 095 645
GEV 096 548 095 646 099 2.07 094 7.06 099 219 096 5.54
Logistic 094 679 094 724 099 282 094 7.03 099 212 096 587
Log'- . 0.81 12.66 087 1043 098 456 093 749  0.98 3.8 095 641
Logistic

Rayleigh 0.87 1056 089 976 085 1123 0.62 17.8 097 526 081 1261
Nakagami 0.8 13.04 0.89 951 0.95 6.53 0.91 859 099 222 09 6.02

g;r’;gahzed 092 835 095 624 076 1432 06 1827 086 1075 079 13.39

Weibull 0.8 1288 089 976 098 378 094 7.3 1 181 09  5.59
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Table 6- Statistical evaluation metrics of fitted distribution functions on drought duration and

severity at Kerman station at time scales of 9, 12 and 24 months. The best distribution functions are
shown as bold and underlined numbers.

SPI-9 SPI-12 SPI-24

l?li;tgli?;:ion Severity Duration Severity Duration Severity Duration

NSE RMSE NSE RMSE NSE RMSE NSE RMSE NSE RMSE NSE RMSE
Normal 079 1325 07 1586 07 1593 081 127 0.7 1605 085 1131
Log-Norman 095 67 093 793 099 348 096 58 096 6.03 094 713
Exponential 098 438 084 1155 061 1821 095 64 0.46 214 089  9.62
Gama 098 409 088 102 097 466 096 589 095 6.7 096  6.18
GEV 099 329 094 711 098 392 094 697 095 6.57 071  15.64
Logistic 093 786 085 1121 081 1278 091 848 079 1326 089  9.64
Log-Logistic 098 43 095 668 099 26 096 609 095 6.23 095  6.79
Rayleigh 011 2737 029 2448 053 3595 0.8 2631 -049 3571 025 2528
Nakagami 093 745 078 1366 094 728 092 831 094 742 095 644
g:r‘::(r)ahzed 098 37 084 1151 098 444 097 495 093 778 092 807
Weibull 098 404 087 1058 099 295 097 53 0.96 6.18 095 625
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Fig. 6- Correlation of drought duration and severity using Kendall’s Tau at Bandar Anzali Station
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Fig. 7- Correlation of drought duration and severity using Kendall’s Tau at Kerman Station
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Table 7- Evaluation metrics of copula functions and 0 values at Bandar Anzali station at time scales
of 1, 3 and 6 months. The best copula functions are shown as bold and underlined numbers.

Time Scale  Copula Function RMSE NSE  AIC 0
Cly 0.1 0.89 -8.96 2.63
AMH 0.13 0.8 -8.88  0.99
FGM 0.19 055 -7.82 -0.48
SPI-1 FRA 0.08 092 -9.22 20
Gal 0.05 097 927 3.82
GH 0.08 092 -927 596
Plak 0.1 0.88 -9.11 20
Cly 007 093 82 46
AMH 0.11 0.85 -8.08 1
FGM 0.18 0.63 -7.02  -0.61
SPI-3 FRA 0.06 0.95 -8.41 20
Gal 0.06 096 846 2.06
GH 0.06 096 -8.46 7.64
Plak 0.07 094  -8.26 20
Cly 0.1 0.89 -8.96 2.63
AMH 0.13 0.8 -8.88 0.99
FGM 0.19 055 -7.82 -0.48
SPI-6 FRA 0.08 092 -9.22 20
Gal 005 097 927 3.82
GH 0.08 092 -927 596

Plak

0.1 0.88 -9.11 20
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Table 8- Evaluation metrics of copula functions and 0 values at Bandar Anzali station at time scales
of 9, 12 and 24 months. The best copula functions are shown as bold and underlined numbers.

Time Copula

. RMSE NSE AIC 6
Scale Function
Cly 0.09 0.91 -8.11 7.38
AMH 0.17 0.66 -7.9 1
FGM 0.26 0.17 -7.05 -0.87
SPI-9 FRA 0.08 0.93 -8.23 20
Gal 0.08 0.93 -8.18 19.82
GH 0.08 0.93 -8.18 6.05
Plak 0.11 0.85 -8.09 20
Cly 0.09 0.89 -7.64 9.79
AMH 0.18 0.6 -7.36 1
FGM 0.28 0.07 -6.57 -0.97
SPI-12 FRA 0.1 0.89 -1.7 20
Gal 0.13 0.9 -1.67 14.74
GH 0.09 0.9 -1.67 1.37
Plak 0.13 0.79 -7.56 20
Cly 0.16 0.71 -6.97 10.14
AMH 0.23 0.34 -6.62 1
FGM 0.33 -0.31 -5.99 -0.9
SPI-24 FRA 0.16 0.69 -6.96 20
Gal 0.12 0.81 -5.84 19.94
GH 0.17 0.65 -6.82 4.7
Plak 0.19 0.54 -6.82 20
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Table 9- Evaluation metrics of copula functions and 0 values at Kerman station at time scales of 1, 3
and 6 months. The best copula functions are shown as bold and underlined numbers.

Time Scale Copula Function RMSE NSE AIC [
Cly 0.1 0.88 -8.74 2.34
AMH 0.11 0.85 -8.7 1
FGM 0.15 0.72 -7.54 -0.51
SPI-1 FRA 0.1 0.87 -8.95 20
Gal 0.1 0.87 -8.98 5.09
GH 0.1 0.88 -8.97 3.56
Plak 0.1 0.88 -8.86 20
Cly 0.1 0.89 -7.97 3.8
AMH 0.13 0.79 -7.9 1
FGM 0.22 0.43 -6.83 -1
SPI-3 FRA 0.08 0.93 -8.21 20
Gal 0.07 0.84 -8.29 19.99
GH 0.07 0.94 -8.28 1.5
Plak 0.09 0.91 -8.06 20
Cly 0.06 0.96 -7.94 5.43
AMH 0.12 0.84 -1.75 1
FGM 0.19 0.59 -6.74 -0.51
SPI-6 FRA 0.05 0.97 -8.09 20
Gal 0.07 0.93 -8.12 19.92
GH 0.04 0.98 -8.12 6.86
Plak 0.07 0.94 -7.95 20
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Table 9- Evaluation metrics of copula functions and 0 values at Kerman station at time scales of 9,
12 and 24 months. The best copula functions are shown as bold and underlined numbers.

Time Scale Copula Function =~ RMSE NSE AIC 0
Cly 0.11 0.84 -7.95 6.07
AMH 0.18 0.59 -1.77 1
FGM 0.29 0.02 -6.96 -0.93
SPI-9 FRA 0.1 0.87 -8.03 20
Gal 0.08 0.92 -7.02 4.34
GH 0.11 0.86 -8 4.97
Plak 0.13 0.78 -7.94 20
Cly 0.1 0.89 -7.36 5.95
AMH 0.17 0.66 -7.19 1
FGM 0.26 0.18 -6.56 -0.94
SPI-12 FRA 0.08 0.91 -7.45 20
Gal 0.09 0.9 -7.45 4.89
GH 0.09 0.91 -7.45 5.85
Plak 0.12 0.83 -7.35 20
Cly 0.09 0.91 -6.51 8.87
AMH 0.16 0.68 -6.28 1
FGM 0.25 0.23 -5.72 -1
SPI-24 FRA 0.09 0.9 -6.51 20
Gal 0.11 0.85 -6.57 5.76
GH 0.09 091 -6.57 8.18
Plak 0.12 0.82 -6.43 20
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(Mirabbasi et al., 2012)
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Fig. 10- The joint return period of drought duration and severity for “and” state at Bandar Anzali
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