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Abstract

Background and Objectives

Drought is typically defined as a temporary deficit in water resources compared to normal
regional conditions. This slow-onset phenomenon occurs across all climate zones but
demonstrates complex structures and region-specific impacts. Extreme droughts are characterized
by their severity, falling into severe or very severe categories. In drought research based on
conventional indices, identifying extreme droughts requires analysis across different time scales.
The concept of super-drought expands this framework by accounting for drought occurrences
across multiple time scales, thereby offering a broader perspective beyond extreme droughts.
Detecting super-droughts involves the statistical integration of drought signals across various time
scales. International studies on super-droughts, initiated nearly a decade ago, have greatly
enhanced our understanding of drought dynamics. This phenomenon is critical because it reflects
the prolonged influence of droughts on regional water and ecological systems. Accordingly, this
study aims to investigate the potential occurrence of super-droughts, examine their characteristics,
and assess their effects on vegetation, using Khuzestan Province as the case study area.
Methodology

This research utilizes daily meteorological data—including precipitation, temperature, relative
humidity, wind speed, and sunshine hours—from five synoptic stations in Khuzestan Province
(Ahvaz, Bandar Mahshahr, Masjed Soleyman, Safiabad Dezful, and Bostan) covering the period
1990-2019. Additionally, NDVI data derived from the MODIS satellite (Terra sensor, product
MOD13A3, spatial resolution of 1 km?) spanning 2000-2019 were analyzed.

For each station, an 81-pixel region (9x9 grid) was selected, and the median NDVI value was
calculated monthly to serve as the vegetation index. After performing quality control and gap
filling, the Standardized Precipitation-Evapotranspiration Index (SPEI) was computed across five
time scales: 3, 6, 12, 24, and 48 months. Subsequently, the Composite Drought Index (CDI) was
derived using the Vine copulas technique, which captures the complex dependence structure
among the indices. The statistical relationship between CDI and NDV1 was then modeled for each

station.
Results
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The findings revealed that the Vine copulas method effectively assessed dependence across the
five SPEI time scales. The resulting CDI enabled the identification of super-drought events within
the study area. While some stations experienced overlapping drought periods, no single dry spell
was common to all five stations. For instance, the most intense drought episodes occurred at
Masjed Soleyman in December 2001, and at Ahvaz, Bandar Mahshahr, and Safiabad Dezful in
various other years. Furthermore, the regression relationship between CDI and NDV | was positive
and significant at all stations during most months of the year, with the strongest correlations
observed at Safiabad Dezful, from February to April (r > 0.7). At Bostan station, NDVI and CDI
exhibited a positive and significant correlation in nearly all months. However, at Safiabad Dezful,
during the two warm months of the year, a significant negative correlation between NDVI and
CDI was detected.

Conclusion

The results demonstrated that Vine copula functions are highly effective in analyzing the
dependence among the five SPEI time scales. By calculating the composite CDI index, super-
droughts were successfully identified in the selected stations of the study area. However, no
common super-drought event was detected across all five weather stations. For example, the most
severe super-droughts were recorded at Masjed Soleyman in December 2001 and at Ahvaz,
Bandar Mahshahr, and Safiabad Dezful during different years. Moreover, the regression
relationship between CDI and NDVI was positive and significant at all stations in most months,
with the highest correlations observed at Safiabad Dezful, from February to April (r > 0.7). At
Bostan station, NDVI and CDI displayed a consistently positive and significant correlation
throughout nearly the entire year. In contrast, at Safiabad Dezful, a significant negative correlation
between NDVI and CDI occurred during two of the warmest months of the year.

Keywords: Khuzestan, Super-drought, standardized precipitation-evapotranspiration index, time
scale, vegetation.



YOV Y old TY ale ol bl 5 @0 Sl ale 425

Ol g Vbl 18 AL g b OT daly § JWKiS ol w)y g

ol sl 5 s bl sa
Ol S ol oBtils (535508 saStils (T 5 el i 05 8 ) poli ;IS (g smtils -
Olpl g S ole ol (55,50 0aSasls ¢ T 5 ol waign 05 8 Gletils o sts oty 5 — Y
jbazr@ut.ac.ir : s Seay

VEF/0/TY rols VER/XF ek g VEEY/TY e Sl b SR ZRAVAY PO

ouuS>

RV K] A.LL./

Dgd o0 iy AT e aibie S o Jby bl e w cas ‘_J @\-‘-‘ D50 35S Sl 0,90 Sy D ysen ‘5\5):541 (s
st s BB sba a8 550 a5l le Ll sl o sl o) Slamsy dad 3 5 358 0 Sl aSay sy ol
Sses was sl b was olidb s oS sss G JLSis o 3 b Jlslas a8 .6 Jfﬂa sibkie 4 adbie S
Sl elide 4 anly o b s JlSas Ll e o Glapas e 5l ool b JlSas Oldllae 53 X5l o SAGALS
SlaKas uils 53 ghde ot 5 0 )’L&—T S ans K3 LJM Lo o b Jlsles ol aia; o aMr\ed\ Slalas a aal s
s ol | wilate s LS g s ol wle s JleSas Sy b1 b JLSias il 5y sl ol 03528
ok A iy T 5T )5 T Slasis Jlos 5 b JLSas ol g 585 oSl s caios ol 51 Ban el Ay

o S ol sl & 5ai plste 4 ol s ol skt cal lp s

ST

T & b aliss i s ST Slele 5ol ce e rd Cashy os (L ol elislon slassls 5l caddlae cyl s
S YNV bl 50 sl (ol 5 Js35s sbT o cpladen dms gales iy Glsal) gl s o) St stam oK)
Sy 3161 L MOD13A3 J gams 5 TEIMA skinics 43 b 32 e MODIS 6l sale (NDVI) (alS it g sazJle i (2 li slaesls
a2 ol o8l a GBI s (4 53 9) JuSy AV Joli (glos s ays S oolizad YoV A=Y e y55 4 by o e 20 kS
oasli (bl gL s 5 S J S 5l e s a8 8 5 s sle ol NDVI Lasls plyiea ol s 55 NDVI alas
SeSiis 2l (o a2 Al sl FA 5 YF Y 8 Lol aly Sl elde 5o SPED 5wl 6w ini= 204
D-Vine L2, 5 CDI aralons (51 d03 8 anlons SPEI Sl lie gy 555 (ViNE) (ol divas s Jlesl L (CDD) oS5
o Skl 55 culg 5o s | glasle sls e Sals Gl JLSlas sson Sl le g5ludse ol 45 4 ol
23 8 s e selBas) 55 (NDVD) sacdle ; alS iy asls 5 CDI o

ol a5l SPEL SLs elis = ;:...;.\3 Jedes 5o el satal s (Vine) o)y dien Cz‘}}' &S ools gles CL..
o0 edd glels Sas )l b, wae plels Wl adble Cs ey o b Jles ) CDI .S 5
Waas laeay oz plube wlale Nt e 2 S ia J\..MS..._'» > o Lol canzls qu.,\& b i b o\Ke!



bl 5 JlSas ) s

o Js850 ﬂjgﬁ—ﬂ 5 aalnn Gl o) 55 5 Yoo\ Jwles 5o pledi s o8ay) s b JlsSes )l o i
JU il slgale (el 53 Walias) als 53 NDVI 5 CDI iy g S5 alaly conl nosdhe wus S oo ciliine sl
{r>0.7) conlmolasl Ko 51 5V JossT b 458 slaale 53 I35 sbl oo ol 53 la Siad ol 5 350 Jlgine 5 Sute
Ul i oGl 53 g adl.otls 55m 5 CDI 5 NDVI s sine 5 corte  Kterad Sl slgnle aon s s ol oSl 5

w2l 3525 CDI g NDVI sl e e Sisad Sl ¢ S oo 53 55 585

S don
sla i u-<'¢-.‘ﬁ Sz B8 s by Gl ele &= o> SPEI Sl Gl b cply Aren @\3 Sob olas b )
S ol I s ol b glalis o Y bl oyes b csate salans) 5o 1, JlSlas ) snny el asly (Sl
2 o 5 JuSas l gopame sl Gl lie w55 SPEL olie e anslie b L 5 aas o 5l oolinal 50
@b ol wsls NDVI G VG (Saan (CDI) o8 5 JLsias jasle oz plulis JLSes ) mos i oS
iy e 3 Sl cas (3L Jle leale i 5o sl LS ns g Sas glae s g plelid 5o ol
St e 4 ISz 2025 4 (05 sleale) Lale 51 sasame ol oS 25 o s 45555 g0 428 (NDVI le)
bt 51 CDI s b 4 4z 5 b 3o LS ity hiniss el Sl (25 ablie ool 53 ai o 6] iy
e ax 5 3550 s Sl 53 5580 Jols 53 4 CDI s ol 23Y (o 3 JLSizs ¢85 sl 5 SPEI JiL;

YOA

..5}5)\}3

Sl obde sluliad Goa i j30L e le e (S i (JlSlis i eadS bl

5 b Jlsas ¢l (Haileetal., 2020) aas ) 5
—alasl 5 50 (sislaS pmlial e b s
el o eliitlon JUSas S 55 elaned
o) Sahs Sl Iyl s 4 cand (35l 35S (S
5 S cush s gnS (iosleS JLSas sps e iy
JSir a8 s b Jeame s Sles il
Wlisgy olm) e slal mle 5508 4 55050
by (o505 <505 5 5 (o 5 4zl
sS4 JSas elaml-olasl py 50
Lol b amglia s ooluasl GV 5 &Y e 45 2
.(Mishra and Singh, 2011) 5315 ,, .
s ol sl eele Sl JlsSas b esls
Sladay ailte S s b JLSes cunsy w1
SApaiwd 350 (At bais 5l asls pl ) 0
2 b pgas 3 Sl (Sas 5 s S )5 alis s
oS JSlis basls o8 K5l axsl asls

doddo
2o pS s cmeadh bl W o4 JLSas
S s anlr p olasl babiles y (g5,5laS
Comre Ol el 53 anb Ol ks o gobo s
Gas oy Sl pmlBl wle sl cbass sss .
a3l ole GbLe 51 ol 5o Hlians B LSUJW-;
(Ault, 2020; Van Loon, 2015) cul sas o)l

S 4S 6?\»)' 90 K O g ‘aks))l"% J\ < os
e ik S 53 b Bl s 4 el ) e s

Aed D 5 24l e )L&—T 6*‘35‘*‘. Y Q—!.‘ Dgd e A
aikie 4 aikie K ) st B Dsba 4S5l lodumy
ks (AghaKouchak et al., 2021) S« 55 30
5 s okl gt e 3l planis Lle JLSes
la b g al JA\S., ol 62 o U::JL.S....:- Lo Pz
Cod \) s bjl'.mg o ',SJQ.A ;6‘4&-&:.4 ij AR




Yod

S Cagb (Gl [ 5l Gt Gesls 5o et
(S iy oazdly sasle 5 ope) e slas
St 23 S &)1, (CDI) oS 5 JlSes asls
s i sbiasls 5l S s 5l ity SPEL L CDI oy
53 CDI &S s abutie o354 -5 SPEL L 555 5 i
JlSen s Gy b Slee asle & Lol
s W S I SR VSN NPT S
e JuSias S5 sbpasle cale ¢l dies
oolal T 5l olaw 4 Layl 5o &5 s § 15 eslis]
el Shesliad L (Y- 1Y) AghaKouchak , Hao .s5s
|, (MSDI) s itesia >,laitinl JLSas ails wiies
2 ) elidley b s ol (nl ¢l
2 o) ooskaS 5 (SPI) woluldd gl esls
oslizd .05 S &) (SSI) ea lwlial S csb, asla
ol sl b (D) pls g asle wies &b )
3 53 ) (SDI) iyl 5 (SPI) wlizlsn JLSas
S 5 Ma s S b Gl A Y=Y Sl sl
et 28 Lanli s w5l ealised b (Y410)
b5 sboebis s 1, (SPDIIDD) L sl
L (YY) o, 5 Mirabbasi .5 pe slgrag 48
Slarie 53 SPy nn ol 35S Gasla 5 eslisd
olialsn sl JLSes a4 el ol VY Y b
(Y-10) ol,&aa s Bazrafshan ..s S o)l ) o 2l s
s 51, D1 MSPIL S5 sbesls s Slae
2 oop s was b Jlsas g el

a5 W3 5ed bl olal e elizlon sbaelKany)
s Jlses o, Kal JUlg 26 DI oS s 8
oS D3 wad s Jlsles [P CCO VWSS
ol el
4 Ses 5 (Super-drought) JLsSies o) ¢ ks o sgie
25 8 e (YN P) oL, s Wang ke 5 3 460 S
Wang et al.,) > S lay sldes ai Y-YY Jlo o Ul
G 3l 8 cels S ey ol iy (2022
iy bl b o JlSas el o3V JLSas

Yool VY il oLl 0l 5 @ e Olados ke 4y s

ey sbesle Sl s as L S el
(SPD) sylwleed ool asle a olye JlaSos
4o pitadir s asle 5l (V44Y) ol 5 McKee
Vicente- (SPEI) s,luleal G w5 wsei— i exls
USes oBuus 5l s S ejlal (Yo -) o), 5 Serrano
il S5 b st el S JlKs claasls
5 JeSer Lasls K ) W sie clbiasls
s sboasls 5l Glassame 5l S5 sbesls
cloasls el b K osle 4 a8 o eslin]
h s 0 S aalllan |y JLSies g5 S b ol e s e
g5 M b o5 sl (S sbasle S8
Podr o JlSis
LSS 5l Jusas sbpasls LS5 ¢l
5 B 058 55 5 S spa eslixl ol iless
Sheslanal b (ooly Ollae s o Gatiamads Jas 8
Gusas glgasls (S5 o sl s gl
s Keyantash e e 25 (gl 51 5 oS ailes el
Surd sl p aes bl (Y--¥) Dracup
Lososlas w\mj (bl Jels Jlsis
Gsas sl (ol gadze Jdow 2 5l eolad
olL,&as 5 Bazrafshan .5 S &1, 1, (ADD) a» LS
oaxle Jol badze Judow o) 5l ealimal L (Y20 Y)
o li s sad S 1 (MSP o ianis 5 luiked 2
o3 e eliia 5 >lleal L2l asla ol L S5
S e s b IS ap LS (il G by oy
L (Y+VA) 5, , Cheraghalizadeh .oz £),) Cilzsee

ol Ol o4 el s b 2, 5l eola
fJ'fT O 03 w\wj s okl b Jlss
SPI Lasle 5l oshte cpl gl s 5 (oha50) oS
SDI Lasls 5l 5 selizl JLSas (5L o), SPEI ,
o plas b e eslinal ebin] JlSas mb o,
5395 ol S S5 el s St slaejp 50 &S
A8 el ) JlSes cunsy i s jasls
s o S5 5l eslaad L (Y4Y4) oL 5 Liu



...... A\L.ﬂlj_} Jm‘;{l IR

St ol 5o S e o 5 g8 samaplas JLSes )
ol sl e Sh) o Js b e ol ml
5 Sox bl oo s sl A8 e g JLSes
o ol o sl lSer s oS e
oea 5 Wang (JSaw ol Jo lp a5 eoland
sl s elels @l | aes mb SSE(Y- YY)
L3 gad Bae b JlSzs

JlSan ) sbolas, lelis (i ol 5l Gas
K O v R T R P SR E [
S5 ol Sooskn ol el el ol
b il Loy b elie 55 SPEL ;e JLSizs
NEINY @\js PV PR BN VNN @\,: S eolanl
2 JLSes S5 cbasla calu 5o s b
o\ s Mohammadi gl s slel 550554 5 ol )
s 4 aios opl 5o ol 4 851 5 eolinad 550 (Y- YY)
5 oedin o b ) adsl b e slas a3l
(om Gl iy o s sl eolat] s Bl ed
e o g o gt o3l 5550 Sla 295 5 Waeols Tz
2 oLl 5o 28 e 18 S 3 5e 0sel Ceoty ol
Sl palgiin 5 0,8 e S5 Cou 2550 5 SARpex
i e Sl ean) Ol

g, g lge

SLSis 4l psgie 2L ol

35S Blste a4 ol o 1) JlSis ) (S5 s )
53 el BB 0T b bty b s (S Ol
Sl b ol sy, e Sl S s S ks
Wang et al., ) aS cooi 1, by owlds o slas,
Ssles Hoba Ve (2016; Wang et al., 2023
SlSes Bla aas e plas | JLSas ) o ek
ol sl daliy & L 1 (N L) s 55 sle 51
e b (n2,n-1) 8 clnels w4 oS4,
sl sl & 5L elie ol Ko ols L
S ol 5l aalsl 5l sle oL b oS s ls oLl

Y5

o310 &S 35 o i 5 g3l 4 esolal i 5las 8
s sy aal pme Sao Kl ol b VG o
ety Sz 5l ol o351l &S el ol oy o8 sl
s5lalaS el golaus, YU 3l s, b aal a8 aesls

Klein Tank ) azly ;8,5 besls w5 25 Sao 5 ol

‘cj\, » Juses sbesle (and Zwiers, 2009
oA SlSas 5w s o o lalidd oS

ol olie 5l Mg O e Sl elde o
¥ L (esls iy Sao) =V/0 wle] 5 JlSas
6” S os 5) iy %S u;\ D9l g0y AT (Woals Jol Suo)

obie wx coale b JLSes ST S oS 2] s
@b S 5l el Sloy lide gla olidie 53 ullys o 5 WLl
Cople (ola Hsba sy sl Caeady 5 b
O e ol 45 5l 5Ll l 4 JlSlas plbons
(B e sad R) d\-‘“&j S b Al o s LB
JG ba Of sS4 o3le o33 5 wlios, ol
Sl Sl wlde 4wy 5 cwd Splin o
Seo &S J sl sl (Vicente-Serrano et al., 2012)

am oo JeSas ble sy, oba 8
dibaie 5lad 53 35 pe St sl Sl (San (1S s
s bl s (o,slas oY pame Jle ol e @)
(Vicente-Serrano et al., 2010) sl awzls osb
Ay ol 5 SIS e cnl ssde sbul &S s
oy saalin Sl Sboalie a5 o b JlSas
o JSes smalin | sl ar o JLSes in
oAl (JSie cpl Jo sl sls ame Gles elide S o
4, L, s L (YN F) LSk 5 Wang L
ol o 8 555 L ) SPE Las s ome JLSs
ke by sbelde s (=1/0 3 xS SPEI
Slkia S Al L Jlsias ol psgie o p Ao
SLILSas gl 585 4 JLSas ) oUl By
S Sl Ll o5l samte Ly bl 3 o b




Y&

ssde .o oI R Lams 5 hyfO (15300 5 s FillGap()
loools Sl addllas pl ool gl olislyn rosls
MODIS &l sl (NDVI) sl 2t g sl asls
o315l L MOD13A3 J g 5 Terra saimin 4 by
553 3 e slaols 0 03liied e ashS Sy
bl oy 5 ead catls 03, V8 Gy bl o
N JPN LT N RTINSV P RN SR
ad gy as ws § ks oKl Gl bI s S
1508 eagame ol ad abw ol ol b S
sad ool s ol b o8l 2 Gaalm (e e shS
SWlae ailaie 51 6 g G e NDVI laesls oS el
Bazrafshan et al., 2022; Rahimzadeh Bajgiran ) s\,
&b O Glolele ol a5kl sl (et al., 2008
»> MODISTools (¢, 3ls 3 azes 51 Mt_batch_subset()
A eolazel R Lo
WalS ik 55 31 ol ool sllas ailate
bl ool ond JSlas Slan S 5 o)l &yl
3 e Sl s 5 Jaime Sl (a5 Sliwa S

s Sl A sl &)T lola S ol 5
5 orr Caw & A l&e oy sl
ang 5 e ~.j Sleo g MOt U S
Uass  5d 0 b glols oLl 4 Sl
SYsb Lolials 5 Jamme 5055 Al ol o glinse
b o sloole oo Ly (aolSan) aer s ol ¢ 5
Sk pols el Ll Sas o K el
YL JU S o o b S laele 5 et Baas
5855 SWl o 5 plade dms SLol&ans) L 204
R UV RN PO LI IR T CI [ SR R0
i b $¥sm ol 5o 1 les Il i 5lsal s

S 0 425 gk 4253 YA/D

Yool VY il oLl 0l 5 @ e Olados ke 4y s

et gl gl Gk Sl slaolie 5y S
w\-wj 5 oS B 5l ool ekl des
Gt $laele 3 3l Ly s o] 5l | 35S
Sl e &S ) 4w ) 5 S Al
sl | JlsSas o dsb sl el
oS e Sl e £ b K plsie 4 S S
S o Jas ol 5l b S s osb ey Ses el
Ko b s l sa aals plas \ S s &S skl
e b S S Ll s 4 e o6l aaslan oo
oo Sl sl 5o Gsb e Bl 2 s Sl el
Sy SLSas Lo Sl elie 31 ssls 55y
P e ‘pe.;..gv. oy Jlsles ) ol ¢y sl
2 o s Jlses ol g5y 4 Sl |

Aol eslal saxe Sl b el

Slallae adhis 5 5L 5,0 glresls
Qb@\ BYEUN.Y w\.:.:;\,.a: a\f;;...ﬂ = 51 s Qﬁ\ BY)
Wl o olade dme ganloyun Sleal) gl
Syee esls (Y JSK8) ws S eslima (plies 5 Js830
T SR PR KV D - BV A I RN P
5wl oelde o ol Slele 5 sl Co (oo
bl o595 Wasls ol ooz il 98wl s plesle
QJL.L«.C solaz! )‘ J.d MQ@ Lf"‘"‘”f \) Y+\4 (& V44 -
G aoss sl ey S cbad xS deesls ol
VST r\qu‘\ P Kb o ol
el U Soven Jhow 35, 31 olel b
9 Y\.l L;<«.~.~A.B= 45 d\.ho\iu.u‘ -4\).);/ o)\.&.‘.’.w\ )j\qu
L eobel D oo S o amals L o&aas| b Sls jine
JS .X;.B; )\Jﬁ a.)\.é;:.w‘ )90 OJM.L:- &}wjf) k):})
Cg\.’; Sheslaal b sdae slaosls JuuSo 5 plolis al 3



...... AL:‘)_; JW‘;{‘ IR

Y#y

Time
>
essssssssesasssssnsssnnansnnnnnnn; n-2 n-1 n
~
o
0
-t _,%/—\'
o
'9‘ [
: D?
@ -
9 g L/_\
0 r Al
- §3 [ 1
8 3 D £
ol 3 : c—— :
b s = o
B g 12 "
% D} §
% r f’ﬁ a
>
o O—
D%
X
A Dis

SLszs ol o sgie Slad Jlspei -\ IS
O S U DV S R PRI U] A I WA CC S U R O SSPSCIURMIT J COMF T 5 ) WLt KSR G- Pg-- I LW
o i slmols samnglas bl whas asie Ky 5,5 bl s bSh &ypw 4 ol sk obie Kb 8 slaole 5 ol sns Laseza 505 555 4
ol bg o Sl ool 55 aams O 4315e sainayLis D48 , DN24, Dnl12,DNn6,DN3 L asle FA 5 YF AY & ¥ Jols oy (olde L2 o

.(Wang et al., 2016)

Figure 1- Schematic diagram of the concept of super-drought.
The horizontal arrow at the top indicates the time evolution; the vertical arrow on the left indicates the time scale from short to long
term. The month under consideration in the figure above is marked in red, and the months before a specific time scale are marked as
yellow blocks and dots. Dots indicate omitted months. The six timescales include 3, 6, 12, 24 and 48 months with Dn?*, Dn'?, Dy, Di®
and D" indicating the cumulative water balance at the corresponding time scale (Wang etal,, 2016).
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Figure 3- Standardized Precipitation-Evapotranspiration Index for different time scales at Masjed Soleyman
station.
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Table 1- Super-droughts that occurred at the stations in the study area based on the SPEISs at five time scales.

Station Year Month SPEI-3 SPEI-6 SPEI-12 SPEI-24 SPEI-48
Ahvaz 2000 5 -2.28 -1.74 -2.10 -2.05 -1.64
2000 6 -1.94 -2.10 -2.11 -2.01 -1.66
Bandar Mahshahr 1994 7 -1.75 -1.82 -2.12 -1.75 -2.13
1994 8 -1.86 -1.85 -2.17 -1.84 -2.14
1994 9 -1.56 -1.72 -2.15 -1.80 -2.09
1994 10 -1.61 -1.75 -2.18 -1.80 -2.06
Bostan _ _ _ _ _ _ _
Masjed Soleyman 2001 11 -1.62 -1.59 -2.12 -2.36 -1.56
Safiabad Dezful 2018 1 -1.50 -2.04 -2.32 -1.76 -1.50
2018 3 -1.53 -1.73 -2.29 -1.80 -1.57
2018 6 -1.52 -1.67 -1.95 -1.90 -1.60
2018 7 -1.98 -1.73 -1.87 -1.97 -1.62
2018 8 -2.03 -1.88 -1.82 -2.02 -1.64
2018 9 -1.98 -1.89 -1.85 -2.06 -1.66
2018 10 -1.73 -1.95 -1.77 -2.06 -1.65
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Table 2- Optimal structure of multivariate copula functions (D-Vine) at Masjed Soleyman station.

Tree Nodes” Copula™ Parameter 1 Parameter 2 Kendall’s Correlation

1 1,2 SBB1 0.34 1.85 0.54
2,3 N 0.64 0 0.44
34 SBB8 3.18 0.94 0.49
45 F 7.06 0 0.56

2 3,12 [ - - 0
4,2;3 SJ 1.07 0 0.04
5,3;4 J 1.18 0 0.09
3 4,1;3,2 SJ 1.08 0 0.04
4,3;5,2 C90 -0.1 0 -0.05

4 514,32 Tawn270 -20 0.01 0

*Nodes1,2,3,4,and 5 re?resent the SPET at the scales 3, 6, 12, 24, and 48 month, respectively.
** The abbreviate names of the copula functions used in VineCopula R package.
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Figure 4- Spatial visualization of tree copula functions of SPEI indices at the selected stations (ui1 and uiz are the
marginal functions of SPEI at the scales 1 and 2, respectively) (Scales 1 and 2 may be each one of the timescales
3,6, 12, 24, and 48 months).
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Table 3- Characteristics of super-droughts monitored by CDI at the selected stations.

Average of super-

Number of super-

Peak of Longest super-drought

Station droughts
drought events . super-drought (months)
Duration (months)

Ahvaz 11 2 2000-05 6(2000-03 to 2000-08)
Bandar Mahshahr 5 4 1994-08 11(1993-12 to 1994-10)

Bostan 8 3 2003-10 5(2009-01 to 2009-05)
Masjed Soleyman 8 3 2001-11 7(2001-06 to 2001-12)
Safiabad Dezful 2 11 2018-09 20 (2017-05 to 2018-12)
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Figure 5- Time series of the combined drought index (CDI) with the truncation levels -1.5 and -2 at the study
stations.
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Figure 6- Monthly NDVI time series (Median of 81 pixels around station) in the selected stations during 2000-
2019.
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Figure 7- Regression relationships between CDI and NDVI in different months of the year at Masjed Soleyman
station. The numbers 1-12 correspond to the months Jan-Dec, respectively.
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Table 4- Regression equations between NDVI and CDI at the study stations along with Pearson’s correlations.
The bold and Italic numbers represent the statistical significance at 95% confidence level.

Parameter Month Ahvaz Bandar Mahshahr Bostan Safiabad Dezful
Regression Jan y =0.00165 x + y =0.0099x + y =0.03044x +
Equation 0.1005 0.1000 0.3568 y =-0.00209x + 0.4448
Feb y =0.00397 x + y =0.0181x +
0.1017 0.1063 y =0.0275 x + 0.4651 y=0.04111x + 0.5135
Mar y =0.00652 x + y =0.0176x +
0.1055 0.1065 y =0.0165 x + 0.4734  y =0.07020 x + 0.5638
Apr y =0.00503 x + y =0.0091x + y =0.00483x +
0.0993 0.0901 0.2668 y =0.05244 x + 0.4767
May y =0.00602 x + y =0.0070x + y =0.00788x + y =-0.01844 x +
0.0994 0.0849 0.1997 0.3544
Jun y =0.00303 x + y = 0.0064x +
0.0977 0.0809 y =0.0148 x +0.1750 y =-0.0339 x + 0.3031
Jul y = 0.00467 x + y =0.0074x + y =0.01735x +
0.0972 0.0814 0.1642 y =-0.02055x + 0.2564
Aug y =0.00390 x + y =0.0082x + y =0.02171x +
0.0993 0.0841 0.1673 y =0.01349 x + 0.2909
Sep y =0.00469 x + y =0.0087x + y =0.01909x +
0.1052 0.0856 0.1657 y =0.02057 x + 0.3116
Oct y =0.00839 x + y =0.0119x +
0.1075 0.0858 y=0.0194x +0.1699 y=0.0181x +0.3386
Nov y =0.01053x + 0.1091 y=0.0043x +0.089 y=0.0179x+0.1745 y=0.00228 x + 0.374
Dec y =0.00800 x +
0.1069 y =0.0056 x +0.096 y=0.0242x +0.2304 y=-0.0095 x + 0.4147
Correlation Jan 0.132 0.676 0.301 -0.036
Coefficient Feb 0.302 0.616 0.266 0.721
Mar 0.586 0.614 0.149 0.767
Apr 0.590 0.568 0.103 0.798
May 0.630 0.655 0.243 -0.377
Jun 0.386 0.633 0.613 -0.606
Jul 0.523 0.663 0.745 -0.601
Aug 0.486 0.582 0.761 0.302
Sep 0.461 0.578 0.712 0.409
Oct 0.519 0.568 0.645 0.329
Nov 0.604 0.256 0.638 0.043
Dec 0.599 0.499 0.404 -0.158
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