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Extended Abstract

Introduction

In recent years, the study of climate change has gained significant importance due to the exposure of many regions
to climate change conditions. Iran, with its predominantly arid and semi-arid climate, is no exception. Groundwater
is a vital resource for Iran’s drinking water, agriculture, and industry, playing a crucial role in its economic
development. The horticulture and agriculture sectors in the Urmia aquifer plain heavily depend on groundwater
resources. Over the past three decades, reductions in precipitation and excessive extraction of water resources for
agricultural and other purposes have led to severe drought, causing irreparable damage to agriculture, industry,
and human life. Groundwater drought is characterized by reduced groundwater levels or storage and is influenced
by natural and human-induced factors, such as climate change and excessive groundwater extraction. The SPI and
SPEI are commonly used to monitor meteorological drought, while the SGI measures hydrological drought. This
study examines sustainable management and protection strategies for the Urmia aquifer, with a focus on the
impacts of climate change and drought on its groundwater resources. The findings highlight the need for climate
change adaptation measures.

Materials and Methods

To analyze the status of the Urmia aquifer, monthly groundwater depth data from piezometers within the aquifer
were used to calculate the SGI index. Monthly precipitation data from the Urmia meteorological station in the
aquifer plain were utilized to derive the SPI and SPEI indices. The analysis used monthly data from the Urmia
aquifer, providing consistent 20-year datasets for each month. While 30 years are generally recommended as the
standard for drought indices, statistical tools such as the correlation coefficient (CC), coefficient of determination
(R?), root mean square error (RMSE), Hanna and Heinold index (HH), kappa coefficient (k), Cramer coefficient
(V), and class correlation percentage were employed to compare and validate the SPI and SPEI indices for both
20- and 30-year periods. The Pearson correlation coefficient was used to compare SPI and SPEI at 3-, 6-, 9-, and
12-month scales with the monthly SGI index. ArcGIS generated a groundwater drought hazard zoning map,
ranking each piezometer based on drought severity, duration, and hazard. The drought severity and duration values
were classified into five classes using the Jenks natural interval classification method. The final drought risk
values, graded from 1 to 9, were assigned to areas covered by each piezometer using the Thiessen polygon method.
Additionally, the correlation for different time lags was estimated to analyze the impact on the correlation between
meteorological and hydrological drought indices.

Results and Discussion

The SPI and SPEI indices from 2001 to 2021 exhibited a strong positive correlation with those calculated from
1991 to 2021. Based on the Pearson coefficient, evaluating the correlation between the SPI and SPEI indices and
the SGI index at 3- to 12-month time scales for each piezometer revealed that correlations were insignificant at
the 3- and 6-month scales in most piezometers. However, the highest correlations between SGI and SPEI were
observed at 9- and 12-month scales. Applying a time lag initially improved correlations across all scales, but
correlations diminished beyond a certain point. On average, a time lag of 3 to 5 months increased the correlation.
Analysis of the duration and intensity of hydrological drought events indicated that areas with prolonged but low-
intensity droughts remained in a drought state for extended periods, struggling to return to equilibrium. Conversely,
areas with shorter but more intense droughts experienced intense droughts over short periods; however, despite
the severity, they managed to return to equilibrium. These findings provide practical implications for
understanding and predicting drought conditions, offering valuable information for effective groundwater
management strategies.
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Conclusion

This study investigated the relationship between the hydrological drought SGI derived from groundwater level
data and meteorological drought indices over a 20-year statistical period (2001-2021). The shorter analysis period
was due to the lack of statistical data and the adequate correspondence between the 20-year monthly data for
meteorological drought indices (SPI and SPEI) and the drought index time series obtained from 30-year monthly
data. The hydrological drought index (SGI) in the piezometers, which correlated significantly with the drought
indices (SPI, SPEI), is primarily influenced by climatic conditions. The low correlation between SPI, SPEI, and
the SGI index can be principally attributed to human factors. Groundwater extraction and social and economic
issues are the primary causes of drought in aquifer regions with low SPI-SGI correlation. By assessing drought
duration and severity across Thiessen polygons affected by the piezometer, a hydrological drought risk zoning
map was developed for the Urmia aquifer. The results indicated that hazard levels 9 and 8 dominated the southern
areas of the aquifer, covering 14% and 13% of the surface area, respectively. This map can be a critical tool for
selecting the most suitable methods to maintain groundwater level balance. Management plans in high-risk areas
should prioritize monitoring human activities, such as drilling and water withdrawal, as well as changes in crop
patterns and the implementation of artificial recharge projects. Climatic factors exerted heterogeneous effects on
the occurrence of hydrological drought across the entire aquifer. These measures can substantially help planners
and managers in the Urmia Lake Restoration Headquarters and the Regional Water Organization.
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Figure 1- The location of the study area in Iran and Urmia Lake Basin

luy! 3 SPI, SPEL SGI Jlu&is (slayasls anbxo gl
5 ol S bl Jols s 3p9m it (Sl (s
Sloj ke 3 i Ol Sl iy 55 g ps
bl Jansl JBs ol G )] 5 e b ookl calale
O o o3y 3l edly Jloj s ly sl
oyl sloodly SPEI 4 SPI JlSis (glajadls
IS e SGL Jlsas jadls 5 dweg)l Suginw
lal Hl38le 5 dtan 5l edliznl b dsegyl losul (sl jiagim
SPEI et s dubes (gl o dnolxs R oo )5 (SPEI)
Sloj S Olgisd Jeaily §p5 9 355 9 5L S
Vicente-Serrano et al., ) <é,5 ;1,3 solitwl 3)50 ilalo
Jlas e 5 oy Vs ySole 2, 5l oy ol 0 (2010
G5 gy Dyglp ly el 35 ayed 53 g laedly
Burman and ) . salael (V) alaly olslp slale Juwsls
:(Pochop, 1994; Allen et al., 1998
ET = 0.0023(Ra)(T ()
+ 17.8)\/Tiax — Tin
a5 R (jg) )3 yodes) 355 9 w3 ljg) (L ET o5
s sSle Tonax bod (sSlee T clale ol il

! Hargreaves

Sajabapion g obinilyh JUSuis o msli Y-¥
035 bl (il ©ygots (e o] Jluslis
Sl 25l Jladl g b Jelg ) o3 ggniyes cslocs]
i jslatods 398 g0 ol ol ol Slioy b bl g (sorld
Ol Ges osd (65050l dlale (slaodls I ¢lgsul Cunsg
5 SGI jas s gl sl (el sl (olojtogsy 5> (e
Cubd 50 @bly dpog)l wlidlan oS! o)L dlale slaoals ;I
SPEI 4 SPI _oliilgs asls g3 glyswwl (lp ool
sl 3 baasls ol 143 3 M 45 jobo lan s ealisl
oolitl 03,58 oty JLSiS Lo 3 oll 5 15> 3blis
Leelaruban et al., 2017; Yeh and Chang, ) cul sas
ua>li (2019; Guo et al., 2021; Song et al., 2023;
)b a3l alie ¢ e 5 Ol o 3 |kl asls L SGI
oyt ool a8 Cosl SPEL a3l o SPT o )il
i A Goe dlale Sloj (s b il 33l sylel i
(aale V¥ 63) (Sloj (oo po 5> Cguw & yiaghn 2 )
ol gl Sl 58



YYA g owlndlgd JUuSUis g ad L bLiyl g ooy o JluSis Jad caioaips

Voo BAYYY dlo Yo (gylol 0,93 5l .ol 0392 D990 ¢ lg5e]
Jusiis slapasls glzal )3 @ ye Sloj 89 Olgica
9 SPI JLuSlid (sl jadls c i pn b odlatwl wliblen
2 slale glaodly ywlul 5 SGI 599,00 a3 Ls o SPEI
S5 psY s gl sl (WAVYF- ) dlo Ve (o)l 39
a0lgy 2 ) palts g il ( JSiis bl gy dlis ol
2 bolugy ol Sy @jleds oy Sy Sy wlis
ol Gt ol pglss Jg 0392 S 3530 o slo i
by oy, ol w@ale ¥ SPEI L SPI j»
Mohseni ) col zlgwl BB ol e 5 JluSzs
(oot opl ,d (Saravi et al., 2005; Bazrafshan, 2015
alo VW s 1 & N i wlie o JlSis sl jasls
SuSis sloasls Sljsmw calls A5 dusbxe
L gy S0 bl Yo g ¥ oylol 8,93 )5 wlilen
o 290 el gl sl 53 (gylol 895 Jobo I adly o

Cowl 48,5 ,1,8

S et Bl g (Siwod (b5l s bre -£-Y
oliilon JlnSuis

i liie] g duolie gl odlizal 3)50 (gyle] (slaylime
Al Yo (ylol 5,95 5 SPEI o SPI asls Stuusan oliso
{CC) (Stsod oy Jolis (dlo ¥+) gyo 5ol 595 L
o (RMSE) Lot Sl (S iz (R?) s o
2233 9 (V) yolS o p (k) LI o (HH) Jgion 5 Ll
ool o 1Y Jodo 3 lids  Sivwads

olo y (513 olw) Jolis glod 1Sle Trnin g alale yiSlas
ol plo {(Hargreaves and Samani, 1982) cuwl jlas 550
&S uejys ol 5l polie 5l eolil L SGI asls jlade .
dpusleo (V) ]y olisly i (o Cums Jlop o)lel @i
Dy.m — Up.m (Y)

SGly, =
ym Op.m

b )3 e o 0 3 lnikil asls Sily SGlym &5
» el i Ol Gos @ly o D ceslmoole 5y
5 oSle Rl ci4 Opm 5 Mpm Sl (ko) yiegi
Fogin > i 350 olo (sly (g)lel 0)93 )3 D jlno Bl

.(Mendicino et al, 2008) sl o dslllas 590

&bl 2y95 LI -¥-Y
Canddy ol 5 Jsis (adls Glulwe p Sbej 5ye0
Jolus ) oxlizwl McKee et al. (1993) 5,38 o 55l ol
0,8 sl SPT b5yl (sl 1y ailale 55L ool Jlw Y-
colel 89 S ool ¢ pulidlon Slaa plojls ez
03,5 4pogi oelBl o iaghy (gln ] lod g ()b polie b ¥
by9d ibdS o jimeh S yiw 4o IV (WMO, 2008) cuwl
g JSis slagasls gl o dle Yoo bl
(Svoboda et al., 2012) coul 48,5 |13 Luo K59l 0m
5 haid ey Ol paw dilale (claosls (psls img 5
3 &ly yegim Y 5 (Jlo Vo) VFer BAYAY (glol 3,6

SSiis sl ad L Gl g (Siwmod (25,0 512 5 bl sbaybre =) Jgua

Table 1- Statistical criteria to evaluate relationship and agreement between drought indices

Criterion Equation Range Reference
e ZL®-R(T-T
Correlation Coefficient - > — -1)-(1) (Pearson, 1907)
P ® - fmm -
2
. o LiRi—R(T-T) .
Coefficient of Determination R% = 0)—(1) (Wright, 1921)
=2 =2
\[Z?=1(Ri - R) \[Z?=1(Ti - T)
n
Root Mean Square Error RMSE = lz (T; — Ry)? (0) — (o) (Hampel, 1974)
N Laj=y
n (T, — R.)2
Hanna and Heinold HH = 2"1('7') (0) — (0) (Hanna and Heinold, 1985)
i=1 TiR;
NTK Xy — 2K Xy X Xy
Kappa — 21—21 ii - 21_1( i+ +1) (_1) _ (+1) (Cohen, 1960)
N2 — i=1(Xi+ X X+i)
X2/
Cramer V= [— -1)—(+1) (Cramér, 1999)
min (k—1,r—1)
Class Correlation Percentage Number of same classes of data X 100 (0)—(100) (Abu Arra and Sigman, 2024)

Total number of data
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Table 2- Classification of drought severity
(McKee et al., 1993; Nalbantis and Tasakiris, 2009)
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T ) Extremely humid >+2
ArcGIS jl38ls 5 5l jolate (pds Al paw i ey (Addis Very humid +1.5t0+2
» u” $id )]a> 3@)3 Ry s - b(\' < ) 15 onlazl Medium wet +lto+1.5

Normal -1to 1
Al aloais plad jlas do )y (slaadsl Colod )d ylegin Medium dry -1.5t0-1
el Canddy (Y Jgan) polli—cud g pglds woss Very dry 2to-1.5

Extremely dry <-2
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Table 3- Drought hazard rating matrix

Drought Severity Title

5 4 3 2 1 Degree _§

5 4 3 2 I 1 g

6 5 4 3 2 2 a

7 6 5 4 3 3 %D

7 6 5 4 4 ]

7 6 5 5 a
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Figure 2- Location of piezometers and Theissen polygons in Urmia aquifer
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Figure 3- Monthly SPI index (2002-2022) on 3-12-month time scales (a: 20 years, b: 30 years)
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Table 4 - Correlation and agreement between monthly SPI and SPEI indices based on 20- and 30-years data

Drought Index SP1 SPEI
Time Scale 3 6 9 12 3 6 9 12

Correlation Coefficient 0.991 0.996 0.997 0.997 0.988 0.990 0.990 0.986
Coefficient of Determination 0.982 0.991 0.994 0.993 0.975 0.980 0.979 0.973
Root Mean Square Error 0.138 0.109 0.162 0.223 0.194 0.187 0.218 0.256
Hanna and Heinold 0.145 0.119 0.183 0.262 0.198 0.201 0.245 0.293
Kappa 0.847 0.795 0.638 0.446 0.733 0.705 0.623 0.532
Cramer 0.88 0.77 0.68 0.64 0.73 0.69 0.64 0.66
Class Correlation Percentage 92.50 89.58 82.92 77.08 85.83 85.42 81.67 78.75
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Table 5- The maximum duration and intensity of drought events based on SGI index

Max Drought Max Max Drought Max
Number Name Duration Drought Number Name Duration Drought
(Month) Severity (Month) Severity
1 Taze Kand-e Jenizeh 66 47.6 23 Shur Kand 37 453
2 Saatluy-e Beyglar 42 37.8 24 Dangaralu 23 21.1
3 Mogaddam 80 76.2 25 Jihad-e Keshavari 39 434
4 Birlan 86 82.2 26 Shirabad 31 30.9
5 Geoy Tape 84 78.4 27 Shah Mirza Kandi 21 20.5
6 Qaraguz-e Salimaqa 76 63.1 28 Taze Kand-e Ordushahi 18 15.8
7 Dulama 85 74.2 29 Yorqunabad 19 30.5
8 Tappeh Maki 20 19.4 30 Sopurghan 67 76.2
9 Owzarlu 42 28.3 31 Abdollah Kandi 41 36.7
10 Qeshlag-e Shakur 22 26.4 32 Saatluy-e Baranduz 21 31
11 Karimabad 74 61.2 33 Bashlan Beshlu 72 61.2
12 Baran Duz 21 342 34 Jarchelu 18 243
13 Kelisa Kandi 85 79.6 35 Tala Tappeh 18 13.7
14 Emamzadeh 81 90.6 36 Owsalu 19 16.8
15 Arabluy-e Baran Duz 58 63.9 37 Darazam 26 39.9
16 Mirshekarlu 66 79.2 38 Tupraq Qaleh 18 15.6
17 Shams-e Hajjian 9 16.8 39 Qarah Aghaj 24 37
18 Taleb Abad 81 86 40 Yuvalar 27 453
19 Fuladlu 26 21 41 Kordlar 30 25.2
20 Igdir 62 75.7 42 Khaneqah Sorkh 20 19.5
21 Gaznaq 22 31.1 43 Valindeh 28 41.7
22 Owch Ovlar 26 25.2
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Figure 5- Hydrologic hazard map in Urmia aquifer based on SGI index
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Figure 6- Spatial variability of Pearson correlation between SPI and SGI indices in Urmia aquifer
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Figure 7- Spatial variability of the Pearson correlation between SPEI and SGI indices in Urmia aquifer
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Figure 8 - Correlation between SPI and SGI indices with 0-12 lag times at Khangah Sorkh piezometer
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Figure 9 - Correlation between SPEI and SGI indices with 0-12 lag times at Khangah Sorkh piezometer
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