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In this study, the Permanent Scatterer Interferometric Synthetic Aperture Radar
(PS-InSAR) technique was applied to Sentinel-1 imagery acquired in 2022 in
order to assess the impacts of land subsidence on urban structures in the
southwestern part of Tehran. For this purpose, the GMTSAR and StaMPS
software environments were employed. In addition, using groundwater level
measurements from observation wells within the study area, the standardized
cumulative groundwater level variations were calculated. The interferometric
processing results indicate displacement rates ranging from +3 to —95 mm per
year along the satellite line of sight across the southwestern of Tehran. The
maximum subsidence is associated with the southern part of district 18 and the
western part of district 19, with an annual rate of approximately —70 mm. The
vertical displacement and lowering of bridge decks caused by subsidence were
estimated to range between 2.3 and 4.5 cm per year. Field inspections of the
studied bridges reveal that at bridge No. 3 (the intersection of Kazemi
expressway and Shokoofeh boulevard), the manifestations of ground
subsidence are clearly evident. The results of the correlation analysis between
groundwater level fluctuations and the elevation changes recorded by bridge
selected permanent scatterers demonstrate a strong relationship between the two
variables. This high correlation indicates that, in addition to the downward
motion associated with regional subsidence, hydrological saturation of the soil
contributes to localized elevation changes affecting both the ground surface and
human-made structures.
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EXTENDED ABSTRACT

Introduction

Land subsidence is the response of the earth surface to the development, exploitation and evolution of
underground spaces caused by natural and human factors. Due to climate change, reduced rainfall,
population growth and increasing water demand, human intrusion into groundwater aquifers has intensified
and groundwater abstraction is the most common cause of subsidence. Subsidence induced subsurface voids
can lead to severe consequences for structures, which highlights the need for geosynthetic reinforcement
methods to mitigate these effects. Using radar interferometry, potential displacements of man-made
structures can be monitored on a monthly and multi-day time scale. Furthermore, two main features make
the interferometry technique attractive to the scientific community. First, it provides a high-resolution two-
dimensional representation of deformation over distances of 10-100 km. Second, it allows high accuracy
(up to 1 mm/year) in measuring deformation. Previous research on Tehran subsidence has mostly focused
on preparing subsidence maps and defining its limits. So far, no study has examined the impact of
subsidence on urban structures and infrastructure in Tehran. In this study, radar interferometry and the
permanent scatterer method were used to investigate the behavior of road bridges in Tehran in relation to
the subsidence zone and to quantify the extent to which bridges have been affected. These bridges are
located in the southwest of Tehran, in municipal areas 17, 18, and 19. This area of Tehran corresponds to
an alluvial plain with alluvial sediments of the Quaternary period.

Material and Methods

In this study, single look complex (SLC) radar images of the Sentinel-1 satellite in VVV polarization were
used for the year 2022 with a 12 days revisit interval. A total of 28 images were selected. The images are
in descending orbit and were selected from path 35. The dataset was processed using the PS-InSAR
technique with GMTSAR and StaMPS software. INSAR processing, including selecting the desired band
from the image, initial processing, image cropping, and interferogram formation, was performed using
GMTSAR software, and PS processing, including PS selection and retrieval, and preparation of time series
graphs of bridge displacements, was performed using StaMPS software.

The main innovation of PSI approaches is the possibility of analyzing specific points on the Earth's
surface (PSs) and monitoring their deformation time series. PSs are characterized by a stable amplitude and
a coherent phase throughout the entire set of images in a dataset. PSs are usually fixed features on the Earth
such as man-made structures and infrastructure (e.g., railways, buildings, bridges, towers), rock outcrops,
and any other permanent feature that reflects a stable signal to the satellite.

Standardized cumulative groundwater level values were calculated using data from piezometric wells in
the study area for the period 2002 to 2022. Also in order to investigate the relationship between groundwater
level changes and bridge height changes, the correlation between the time series graph of PS points and
changes in piezometer water levels for the same time period (2022) was determined.

Results and Discussion

Radar processing results indicate displacement rates ranging from +3 to -95 mm per year along the
satellite line of sight in 2022. Maximum subsidence was observed in the southern part of district 18 and the
western part of district 19, with an annual rate of approximately at -70 mm/year. Vertical displacement and
lowering of bridge decks due to subsidence ranged between +2.3 and +£4.5 cm per year. Field inspections
indicated that most bridges were affected by ground subsidence, manifested as crack initiation in abutments
and cracking of bridge deck asphalt. Bridge No. 3 (located in the intersection of Kazemi highway and
shokoofeh boulevard on the east-west route) clearly showed the most pronounced effects of ground
subsidence, including a localized 20 cm deep hole, collapse of the bridge wall facade, sinking of side steps,
and outward deflection of the side parapets. Standardized cumulative groundwater level measurements in
the subsidence area all indicate a sharp decline since 2013. To investigate the relationship between
groundwater level changes and bridge elevation changes, the correlation between PS points time series and
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piezometer water levels changes for the same period (2022) was calculated. The correlation coefficient was
0.37, which is statically significant. The time series changes of PS points of bridges No. 2 and 5 were
compared with the changes of water level of the piezometer closest to each bridge. The correlation rate of
permanent scatterers of bridge No. 2 was at least 0.922 and at most 0.957. Also, this rate was at least 0.423
and at most 0.794 for bridge No. 5.

Conclusion

The results of radar processing indicate a displacement rate of between +3 and -95 mm per year along
the satellite line of sight. In fact, the center of subsidence is located in the southern plain of Tehran and has
spread to the southwest of Tehran. The maximum subsidence is related to the south of area 18 and the
western part of area 19 at -70 mm per year, which is spatially consistent with the research of Haghshenas
& Moategh (2019) and Babaei et al. (2024). The results of the study of permanent scatterers selected on the
bridge decks indicate the impact of ground subsidence in 2022. The displacement and lowering of the bridge
decks due to subsidence was about +2.3 to +4.5 cm per year. Field visits to the studied bridges indicate that
the bridges are mostly affected by ground subsidence in the form of opening of the bridge wall cracks and
cracking of the bridge deck asphalt. Meanwhile, Bridge No. 3 clearly shows the effects of land subsidence.
This bridge, which is located at the intersection of Kazemi highway and Shokoofeh boulevard, has
noticeable subsidence at its western base. In this part, a 20-centimeter-deep hole has been created, the bridge
wall facade has collapsed, the side steps of the bridge have sunk, and the side tables of the bridge steps have
curved outwards.

The results of the standardized cumulative values of the piezometers in the subsidence area all indicate
a sharp drop in groundwater since 2013. The results of investigating the relationship between groundwater
level changes and bridge height changes indicate a high correlation between the height of the piezometers
and changes in permanent scatterers. From the high correlation between the two, it can be understood that
the land surface is strongly affected by changes in groundwater level, and the rise and fall of the water level
of the aquifer will directly affect the land above it. With this in mind, it can be seen that excessive
groundwater withdrawal and continuous decline in its level have a direct role in land subsidence in
southwest Tehran, which can have irreparable effects on man-made structures in this area. The behavior of
the selected permanent diffusers on the bridges shows that in addition to being affected by the long-term
subsidence process caused by the decline in the groundwater level, the bridges are also severely affected
by its short-term fluctuations, so that the rise in the groundwater level has caused an upward trend in the
permanent diffuser diagram, which is consistent with the research of Elani et al. (2020), in monitoring the
health of the old Aylesford bridge located in Kent, England, using the radar interferometry technique, which
has shown that the upward and downward displacements of the bridge correspond to the soil saturation
process during the hydrological cycle.
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Table 1- General characteristics of Sentinel-1 satellite radar images
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12 Centimeter Wide 5.66 cm 5.4 GHz Sentinel
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Table 2- Characteristics of Sentinel-1 satellite radar images used in this research
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-324 -39 Descending  TW2 SLC 35 2022/01/23 2
-312 -71 Descending  TW2 SLC 35 2022/02/04 3
-300 -24 Descending  IW2 SLC 35 2022/02/16 4
-288 21 Descending  TW2 SLC 35 2022/02/28 5
-276 -105 Descending  TW2 SLC 35 2022/03/12 6
-264 -65 Descending  TW2 SLC 35 2022/03/24 7
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Table 3- Location and characteristics of the studied bridges in Tehran

N s i iy Jrostos
Bridge deck Bridge width Bridge length Relati iti Bridge
height (m) (m) (m) ¢lative position Number
SRS S 0 e ool lek g (sann bl ey ol 5550 obolis
7 22 200 The intersection of Ayatollah Sacedi Highway and Baradaren 1
Bahrami Boulevard in the east-west direction
et 33 (G Al T o350 (9, 51 s ool ol jgae jsliie 4
7.5 15 50 S 2
In order for the Tehran Railway to pass over the Ayatollah
Saeedi Highway on the east-west route
s e 3 3555 sl 5 oIS ol )5 ool
7 24 250 The intersection of Kazemi Highway and Shokoofeh Boulevard 3
on the east-west route
S e 5> 3RS s g (LS ol 55 ablis
7 34 200 The intersection of Kazemi Highway and Shaghayegh 4
Boulevard on the east-west route
sy Lo s 15 ST o 5 5 oIS by ool
7 34 110 The intersection of Kazemi Boulevard and Azadegan Highway 5

on the north-south route

Fig.2. Processing Steps of the PS-InSAR Method



ol ¢ ,LiasS) lwlw

1)
e 1yl g Lolid (619 PS-INSAR Sis (655,15 &

YoVY Jbo Gl oylsale oo Lo sbinly ;o Jlo jo ads -0 B +Y o sloals #5 sauaslis g loly (o5ls s

30 Ol e Sy 8 Boes cdalllas 0,90 b.;u)’ 550 30 (Buios cpl yo ool w&q‘sil?ql?uﬁsqqglg.(\‘ J58) el

Cd )8 Cunidg,d 35 e ably ;o aibgo VA 9 VA VY (gl 0l bl Juld a5 conl dingy £98s 4 0 ol 08 g

Srond 9 WA dibie Coiz 4 by Connitg B didin Cenl 00,5 lag (508 G5 D Ceen a5 000 13 (s 29

2ol Cosdse & S5 layiegia g addlls 3550 sl Comdse w3loo Jlo o e Ve Gl 419 adlaie 02

&l 3BT s oS wloods yaseie o,leds b addi 10 o iegim 5 oy 5l plaS Ho sl 0003 ,F jaduiie Cawiidg,d Al (g,
A dalg sols zsgi aslsl jo lagT O mlaw 4

51°20'0"E

B =
| o -

51°25'0"E

35°39'0"N

4
£
e
o
@
S
)
o

subsidence in the satellite LOS direction w¢ e
+ Bridges mm/year :
wm High:3
® Piczometer -
B L. Low : -95.1281 0 075 15 3 45 6
|| Municipal Areas - Km

VoY Jlo addlae 5,50 80905t Canciig,d ylime dids - ¥ K&
Fig.3. Map of land subsidence in the study area for 2022

o318 gl ,KaST . 3310 1 3 ol gulis
U5 o a8 s ol L IS5 U35 a8 oY - YNV YIVY) (635 o g s o ppgbiad GlSe g oo (slive Lo 4y azg3

Sl (PS) (sedle [SKiaSTy ¥ely 2 adie (59, p danidy,d il o bl oloals (lie vy jolaie 45055 soo0ls i F
C;u.d‘ W) oo)ﬂa de)é&;‘bds;ﬁb()" Mtaéyodsw‘ AW



WY YFF oybimmo oF 0 Lo Pl o ano o blos g Ll yir 4y i

Sentinel-1 PSI

Spatial Baseline (m)
[
N
w
!

=751

~100 { f

~125 1 *

N v N S o

3 N A N &

« « ¥ £ ® ¢
Acquisition Date

G35 3 s g S o) Gl g Gloj CopaBse 4y azgi b la)lS5 S5y asts - F IS

-

Od s (9,8 Cgiz dalllae 0550 glaJy adye (55, » ool Bl (eilo (slo SiiSTyy Coadas —O S
Fig.5. Location of selected permanent scatterer on the decks of the sampeled bridges in southwest Tehran



e 1yl g Lolid (619 PS-INSAR Sis (655,15 &

Slime ) o)lads b 0 am0 oo lis |y asdlas 0,90 sla s alije jo adly codls sla,KicSTy 5l Jol> sla jloges & S
o Ollug 4 azgi baldl oo (Yo VY) dalllas 0,50 0590 Job j0 yianBlo YO U VD lie 4 s ad e 03B Dl s oros
el o]y (pmgmme (SienS (5l Sle il adlioe b adpe 0 (o3 oSl g,y Lo abiB ¥ e 18 lages
bgrre 6ol o b aS aib oo o adye law] 153, 90,000 ;0 BlSLs 0959 > 10 3 5zl Jlows Ol puss g doo o L
Olime a0 ¥ ojlets b adiye 5B Ol psd  xemd liwe bl oo o] OYLas] e 50 o5l Slis g b ojle (09 4SS s 4
odwdgy Judo ol oo by adi ey Canig B WS> Wy, JSly aats T e (L, ail e Sl S Jeb o el YO L YLD
3 5y 1 Al ISl (o (35,0 55 b (ol csloo s 385 5 5 conlll, gk Bl (sloeis Sa by e o
)O)...o.»...»l...u fOLY.D u‘)—a—dd—)‘\“ o)l.o...':.v J.' M).C p_v‘lﬂ u‘).u.u G’ML)‘)'“'A QPHW sualine ws) MWBPJ
Connid G dals Lol adl oo o ddye 10 Coniidg)d oS> Wiy, Slo alais oo (L8, aSyl @ a> g9 Lol oo Jlo S Job
S 15 590 b 5| e az03l Cand it C Jlogas 5 (55 4 o5 oablosn Yo YT Jlo plaz oo 51 ade 5o eS
sl O e a bojles Sadlas Ceond ol o all o ol S Sy pgar 4 b lal o ugwsone Ceds
Vo Goe @) Jsla (s M oo (BB g bl Jslaz 50 pegene mhav STy o)lps sled I (piSu (3 958
o5 Gl el bled Vs glar jo aS canl oolidl Gl acils sloaly Sloe Ceond (58,9,8 yuizmen g (jiepiile
abass ¥ oy )L, abloo (VoY) dndllas 8,50 Jlo G Job )0 el YV U YY flise a0 F ojleds |y alh e oS8 Ol s
sl B e 4y S a5 aye JLatl e 53 oy ol ot Bl 50 0l b abye 4o Catis p oSl aiy, Sy
R L)‘)“"’ "\"“’L’u’" J.: SYlasl O 09290 alold Jgeme 0> )| )35)).’ 9 Cewl Y e o)‘}g‘é 5 e as Sl oady sl
Ny, Glei oo aais T oo L8, 4 ax e bl Jlo Job jo penle Y U YD ol 40 b o)leds fy alje 3B Ol s
ojlw ol 6J;m,.,b 31 b Wlgs o aS el adriie jloged o ;MTYL Dy eloged slel Ho Lol Wo Zasg 4 |y Cancisg 3
520 oslad 9 mgmine Sl 5 L B3 5 0520 (Fabsl 08l i) ol i Sl

Jlo 5l siwey s ol aas il 5l Sl Sod iy b 00900 10 39290 (sl ying s ol o lasliv] rezs jlake gl
s s pladl ey olas ) Sl s b e o e Olass bLS,1 e oy yglate 40 (AJSE) 35,00 am 4 VYAY
ol (VoYY Jlo) (eSS Sloj 0,90 <SG sl b ying i o gebans &l s U PS blis Sloj (6w 51005  Sod ()
ol gl Sl L0 oyl o PS blas &l s o F o,leds yiogim ol mhaw Sloas LY o)les 3 PS bl ol i jslaie
Slade g ol mlaw Ol odd loges 5 dls sla,KaSTy 5l SO loged gl 8,5 1,8 dnlie 050 ) o)leds agie
P9 S0y Hloged LS j0 b e baype Sloj s slaylogei Ve g1 USKE 50 1000,5 dile ouds 8 lasliwl ez
C.b.w U‘)"’A (f JQJ}) ML}GA 6@3‘0 L;LQ)“‘)J 9 Lb)m5).».: 6&[.; M ul)..uo )il.\.) GL..) | On.\AT <\.b5.1).a J.’ 4
5 )JL».A S 4y () gk 45 Suagd Glg3 0 90 (pl GYb (Saao 5109 <YV L plp T aesl 5l oolaiwl b aosls (5 lolixe
Loo)S smlys Sl meins Oyg0 a1 955 Vb e cplel Ol b (528 (s 9 YU g Cool (im0 el Sl
Cnniiig 8 s Sy 4 Wlg5 o )] O rbans pgloe 2l g ey o 5las 51 Lien cadlo oS il yo olgs co Slogl oyl
3N ey e S lapladl glaojle 6 nlplea Sl g 994 (e



VP i) oF 0 los VPl o anmo il yblo 5 Ll yior ag i

Displacement (mm)

Displacement (mm)
(onlee) 61"0[’

(rosleo) (olml>

Displacement (mm)

Bridge Number 1 Vo )Lﬁ.& Jﬁ

25
20 y =-32.031x + 64787
R?=0.8919
15
A 10 A
L3
Y% 5 B
: 0 c
' 2922 .000 2022.200 4 202 - 2.8 023.000 D
-10 ARG ceeeeenes Linear (D)
-15
-20
Ju
Year
Bridge Number2 Y o,led fy
40
30
y =-39.929x + 80761
~ B
25 || R? = 0.9068
A
10 | B
0 i (o
2022.000 2022.200 2023.000 D
L o Y I 7 2 .\ A IO Linear (B)
<20 |
-30
Year JL..
25 Bridge Number 3 Y o)m J%
20
15
y =-25.175x + 50919 A
10 R2=0.5611 B
R RVA VA \ W'Y c
------- D
O .
2022 2023.000""" Linear (B)
T e | / A VAR WA A ] ] O
-10
-15




ol ¢ ,LiasS) lwlw
e 1yl g Lolid (619 PS-INSAR Sis (655,15 &

Bridge Number 4 g °)L“"‘."' J{.
25
20 | ™

E
15 | 1

y =-22.205x + 44911
R?=0.7288

’é‘ A 10 | A
£x
g Y 5 B
Z i 0 c
3
é k! 2922.000 ‘D

-10 | Linear (A)

-15 |

-20

Year JL—'
Bridge Number5 0 ol Jy

25

20

- y =-21.853x + 44201

R? =0.5894
A

B

C

(Fonds) 2>
)

Displacement (mm)

2922.000 2022.200
-10 Linear (C)
-15
-20
Jls
Year

addllas 8,50 slo s adye jo w8ly ool slo KaaSTy, ks, 5l Lol sl loges —F S
Fig.6. Time Series of Permanent Scatterer Behavior on the Decks of Studied Bridges
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Sefidrood Basin

The Sefidrood Basin in northwestern Iran, located within the tectonically active
Alborz—Central Iran transition zone, displays considerable structural complexity.
This study employs mathematical and geometric patterns, particularly the
Fibonacci sequence and the golden ratio, in combination with advanced statistical
approaches such as the gamma distribution, the chi-square test, and Fisher’s exact
test, to investigate the morphotectonic and neotectonic conditions of the basin and
its sub basins. Topographic and structural data were derived from maps and
satellite imagery and analyzed using a GIS framework. A quantitative
classification system based on Fibonacci ratios was applied to categorize the
basin into five classes reflecting varying levels of morphotectonic activity. The
results show that 96% of the basin lies within the range of weak to strong
morphotectonic activity, whereas 4% is affected by neotectonic processes,
primarily concentrated along the Qezelozan—Shahroud valleys, where
neotectonic activity is most pronounced. Gamma based analysis confirms
dynamic equilibrium with a skewness value of 0.7171 and a kurtosis of 0.782.
The chi-square test indicates that the sub-basins behave independently with
respect to morphotectonic activity, and Fisher’s exact test demonstrates that all
sub-basins operate within a shared ergodic structural framework. The findings
indicate the presence of a negative cybernetic system with exponential memory
that is adjusting the basin toward its base level in the Caspian Sea.
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EXTENDED ABSTRACT

Introduction

The Sefidrood Basin, a key sub-basin in northwestern Iran, features complex tectonic processes. Given
its geographical and tectonic significance, identifying morphotectonic patterns and assessing its long-term
equilibrium state are essential. This study adopt a Fibonacci-based geometric patterns and statistical
analyses, including gamma distribution, chi-square tests, and Fisher’s exact test, representing Iran’s first
integrated application of numerical approaches in morphotectonic analyses and distinguishing this work
from prior studies.

Fibonacci sequences and the golden ratio (¢ = 1.618) have been employed across disciplines, including
architecture, geology, biology, and system modeling. In the Sefidrood Basin, these patterns serve as
guantitative tools to identify potential zones of tectonic and neotectonic activity, differentiating this work
from earlier qualitative assessments.

Material and Methods

A hybrid framework combines mathematical-statistical techniques with geomorphological analyses to
evaluate the morphotectonic and neotectonic status of the Sefidrood Basin and its sub-basins. Key stages:

Data Collection: Topographic maps (DEM), field geological data, and 350 geospatial/elevation points
were gathered and integrated in ArcGIS Pro to characterize tectonic features.

Fibonacci-based Classification: Morphotectonic data were categorized using Fibonacci ratios (0.236,
0.382, 0.5, 0.618, 0.764) to define five levels of tectonic activity, enhancing spatial pattern recognition.

Statistical Techniques: To address non-normality (right-skewed data), non-normal methods were
employed: (1) Gamma distribution analysis for probabilistic modeling of long-term tectonic patterns; (2)
Chi-square tests to assess independence between sub-basins and the main basin; (3) Fisher’s exact test to
compare variability where appropriate.

PDF/CDF Plots: Probability density functions and cumulative distribution functions were generated from
the gamma distribution to visualize tectonic activity distributions.

GIS-Based Spatial Analysis: Overlay of fault lines, tectonic indices, Fibonacci patterns, gamma curves,
and PDF/CDF maps in ArcGIS Pro provided insights into spatial relationships among tectonic features.

Comparative and Inductive Analyses: Two sub-basins were analyzed in detail (inductive approach), with
remaining sub-basins summarized in tables (comparative approach) to identify commonalities and
differences.

Moment Analysis and Inference: Statistical moments (mean, variance, skewness, and kurtosis) described
the distribution of tectonic activity, enabling a robust characterization of the basin’s statistical structure.

Results and Discussion

The Sefidrood Basin shows a highly organized large-scale structure despite tectonic complexity. About
96% of the basin area falls within the weak-to-intense morphotectonic activity range, with 4%
neotectonically active, concentrated along the Qezelozan—Shahroud corridor (Manjil Fault). This pattern
aligns with regional tectonic models of Arabia—Eurasia convergence, suggesting a phase of relative tectonic
guiescence.

Interpretations include a negative-feedback, memory-dependent dynamics driving long-term stability,
and a heterogeneous, nonlinear regime with localized deformation. These findings have implications for
spatially targeted hazard management.

Gamma-distribution results (skewness 0.7171, kurtosis 0.782; mean 1.45, second moment 0.27, SD
0.519) indicate a stable system with no signs of imminent morphotectonic instability, consistent with non-
normal probability approaches highlighted by Khosin & Wang (2022).

Chi-square and Fisher’s exact tests show sub-basins are statistically independent from the main basin
(chi-square values 6.2-53; all within 99% CI), suggesting a shared underlying tectonic driver within an
ergodic framework.
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GIS maps identify the highest activity along the Qezelozan—Shahroud corridor and Manjil Gorge;
Rudshur lies outside the 95% CI, indicating independence from Zanjanrood.

Validation results show a confidence level of 90.85% with a two-tailed error margin below 8.9%,
supporting the reliability of the methods. The study advances Fibonacci-based and gamma-distribution
approaches for morphotectonic analysis and offers a framework for sub-basin dynamics within a unified
tectonic system, with implications for water resource management, urban planning, and hazard mitigation.

Conclusion

An innovative approach combining Fibonacci patterns and gamma statistics reveals a dynamic
equilibrium in the Sefidrood Basin, with only 4% neotectonic activity concentrated along major fault zones.
Sub-basins are statistically independent yet integrated within a larger ergodic system, indicating shared
long-term tectonic control. Fibonacci ratios and gamma distributions provide effective tools for hazard-
zone identification and tectonic modeling, offering a framework for future research in similar basins and
suggesting multi-scale, and spatial modeling methods for seismically active regions.
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EXTENDED ABSTRACT

Introduction

The exploitation of environmental resources necessitates a conscientious and protective approach, one
that pursues development and sustainability concurrently. Alluvial rivers are dynamic landscape
components that react to alterations in flow, sediment, vegetation cover, and climatic conditions.
Fundamentally, channel dynamics govern the structure and function of river and floodplain ecosystems. In
recent decades, intensified human activities and modified hydrological regimes have driven significant
transformations in river systems worldwide. While natural fluvial variability is essential for ecological
balance, a pronounced increase in anthropogenic interventions has extensively altered natural river courses.
Consequently, many rivers are now experiencing substantial adjustments in width and depth. These changes
present considerable challenges for nations worldwide, impacting policymakers, resource managers, and
communities reliant on these aquatic systems. The long- and short-term consequences of river system
alterations are particularly acute in densely populated mountainous regions, where land scarcity and high
population density amplify risks. Thus, this issue remains a persistent and critical challenge in
environmental management discourse.

As a mountain river, the Khoramroud River has undergone significant morphological changes in recent
decades, each with distinct environmental and societal implications. To date, no comprehensive study has
guantified the scope and drivers of these changes. This research therefore aims to (1) examine evolutionary
trends, (2) quantify the magnitude of morphological change, and (3) identify the relationship between these
trends and their controlling factors from 2006 to 2025. The findings are intended to inform improved river
management strategies and mitigate adverse impacts.

Material and Methods

Study Area: The study area encompasses a 34-km segment of the Khorramrod River, located within and
adjacent to the city of Khorramabad. It is divided into two sections: a northern segment (Reaches 1-7) and
a southern segment (Reaches 8-13). The northern section, extending approximately 16,700 m, runs parallel
to the Khorramabad—Kermanshah road from Darhoz Village to the Falak al-Din Martyrs Bridge. The
southern section spans approximately 17,250 m, from the Yadgar Imam Bridge at the city’s downstream
limit to the Kesht e Sanat Complex Bridge.

Based on data from the Bahram Jo and Cham Anjir hydrometric stations (2004-2024), the river’s
average discharge is 2.02 m3/s and 7.87 m3/s, respectively. Geologically, the area lies within the Lorestan
region of the Zagros folded thrust belt, northwest of the Dezful depression. The oldest exposed formation
in the core of the Khorramabad anticline is the Gro formation.

Climatic data from the Khorramabad meteorological station show a mean annual precipitation of 517
mm and a mean annual temperature of 16.8 °C. According to the De Martonne aridity index, the regional
climate is classified as semiarid (Mediterranean type).

Data Collection: This study investigated morphological changes in the Khorramrod River channel
between 2006 and 2025. Data were collected through field surveys, direct observations, and physical
measurements. Spatial data were processed and digitized using ArcGIS software.

Given the river’s length and the central position of Khorramabad city, the study area was divided into
northern and southern sections. Following the reach scale analysis framework of Rinaldi (2013), the
northern section was further subdivided into six reaches (containing 17 cross sections), and the southern
section into seven reaches (containing 18 cross sections). Detailed maps for each section and reach were
produced in ArcGIS.

Morphological Change Analysis: Bankline and channel adjustments were assessed using multi temporal
satellite imagery and field verification. To quantify planform change, the left and right banks of each reach
were delineated for each study year. Superimposing these banklines allowed calculation of the displaced
area, from which rates of erosion and accretion per reach were derived using the River Network Change
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Index (RNCI). A positive RNCI value indicates net erosion dominance, while a negative value indicates
net sedimentation.

Channel dynamics were analyzed by digitizing the channel centerline for each reach and year.
Aggregating these centerline shifts yielded the total area of channel displacement, providing a measure of
interannual channel mobility.

All quantitative data were processed in Microsoft Excel to generate summary tables and graphs. Finally,
spatiotemporal patterns of riverbank change and channel dynamics were compared between the northern
and southern sections across the study period, and an integrated analysis of channel variation was
conducted.

Results and Discussion

Analysis of channel dynamics across four distinct time periods in the first study section revealed the
intervals with the highest rates of change. These were interval 5 in the first period (2006-2017), interval 2
in the second (2017-2019), interval 2 in the third (2019-2025), and interval 6 in the composite fourth period
(2006-2025). The highest average rate of change for this section occurred during the second time period,
at 2.82 m per year. In the second study section, the highest centerline dynamics were observed in interval
1 of the first period, interval 4 of the second, interval 7 of the third, and interval 7 of the fourth period. Here,
the highest average dynamics also occurred during the second time period, at 2.92 m per year.

An assessment of river planform changes in the first section showed that the right and left banks were
entirely compact in type during the first, second, and fourth time periods. In contrast, all banks were erosive
in type during the third period. The greatest average periodic changes in this section were recorded during
the second time period, measuring 1.38 m on the right bank and 5.46 m on the left bank. For the second
study section, bank types varied temporally: in the first period, right banks were compact while left banks
were erosive; in the second and fourth periods, all banks were compact; and in the third period, all banks
were erosive. The highest average periodic changes in this section also occurred during the second time
period, reaching 2.24 m on the right bank and 5.09 m on the left bank.

In the first study section, multi-temporal imagery and field observations over the 20-year study period
(2006-2025) revealed extensive and significant changes in the river reaches. Prior to major flood events,
these reaches experienced erosion accompanied by a notable reduction in channel width. Following flood
events, however, a sudden increase in sediment supply and the presence of highly erodible banks triggered
substantial lateral expansion in addition to continued bed erosion. A comparative temporal analysis
indicated that the six examined reaches underwent not only bed erosion but also a reduction in channel
width of up to ten meters.

In the second section, the river exhibited different behavioral patterns. Before major floods, reaches
experienced only minor erosion with negligible widening. In the post-flood period, a combination of
increased sediment supply, removal and thinning of riparian vegetation, and bed erosion led to significant
channel expansion. Temporal comparison showed that the seven studied reaches in this section were subject
to both bed erosion and a cumulative channel widening of eight meters.

Conclusion

Although channel banks particularly in alluvial rivers are rarely stable and naturally fluctuate over time
due to compaction and erosion, the magnitude of change observed in the study reaches during the
investigation period suggests an unnatural river condition. Lateral channel migration is a critical process
that sustains river ecosystems and forms an integral part of natural river dynamics; the deviations observed
here, however, imply potential anthropogenic influences or altered hydrological regimes.

Given the high land value in this mountainous region, flooding can lead to the loss of agricultural land
and damage to infrastructure and residential areas. In addition to affecting agriculture and rural settlements
along both river sections, the extent of this vulnerability is significantly greater and more severe in the
northern section than in the southern part of the study area. This disparity is largely attributable to the
downstream location of the city of Khorramabad. Therefore, to enable more effective and efficient river
management in this section, it is essential to identify and regulate areas prone to severe channel adjustment.
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Table 1- Stream channel dynamics in the initial channel reaches during the study periods (m/y)

Slojoyge
2006-2017  2017-2019  2019-2025  2006-2025 Time pf”"d
o3k
Reach

0.77 3.01 0.88 0.30 1

0.74 3.94 1.04 0.50 2

0.44 1.18 0.54 0.25 3

0.56 227 0.78 0.24 4

1.05 313 0.87 0.60 5

0.76 3.35 1.65 0.65 6

0.72 2.82 0.97 0.42 wtls oSl

Average CA
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Table 2- Stream channel dynamics in the second channel reaches during the study periods (m/y)
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Time period
2006-2017 2017-2019 2019-2025 2006-2025 .
o3b
Reach
1.07 3.6 1.16 0.9 1
0.22 2.4 1.01 0.34 2
020 1.79 0.62 0.13 3
0.70 3.97 1.30 0.44 4
0.34 2.22 0.57 0.25 5
0.64 3.63 0.89 0.45 6
0.41 3.01 3.46 1.08 7
0.51 2.95 1.29 051 g oSl
Average CA
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Table 3- Planform changes of reaches in the initial reach based on channel area during the study years (m/y)
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Fig.6. Planform changes of the river in terms of depositional and erosional conditions in the studied reaches
of the initial reach
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Table 4- Planform changes in the second reach based on channel area during the study years (m/y)
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Fig.7. a) Riverbed cross-section; b) bank erosion in the second reach
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River during the period 2006-2025

b ol p wed iz g Jod S 90 50 9g,m,5 albog, JUI (Sulsd a0 Dlyd gy 4 pol> dalllas

Jelge )...,L: o QT S8, g oyl L3 JU tele jo b e Olyoss ool L.,.....: Gylmbl Cunsg yo U
gy dagi Lo LS Sl ioguy Bl ) Sladl Glacdled g (g b 5 (20 Dl M) (Si3els e
anls alize gbo,go jo ailbog, ((Jlod idn [0 .ol oo (S (6631 s 50,k 5l Slusl slacJled 2L
oM J1 o 2o TV a4y Guli8l e o o051 loo,g90 50 o YA 4 Fe 5l als) oy, (6,0 wuals Sllugs
dudw.: GLQU)L.M: 83.93 ) ‘5\..:1.: LJ.Q.: u‘),...uu U"‘ el 0092 (JLM: B ).m Y/AY L:) JL:U 6;),0 QS’L?UL? 9 (dudw.:
J&uu ‘L{bo)LlS WL..:)S 4 e as 009 (Jgm) )L: MK 9 (ML: » u&o}m Y. /ay = l) YA u)LM: ale)
D S (e LS ol o ax 516049, 55l L 5> e blae jo el oads gy yao g Do glacio
VEIFD) i MB s S (GBS gy B oo, l,d s & locodlom 5] oy (g el JUIS

D) 4|y (e
w.mlf s(;La.w u,..?u o o 009y u;ﬁl..f wy u,....n.» 9 ‘;4)5.’5)..\.& u‘f....su 4 u...S‘s L) ‘u..au 99 k51»4‘ ueL‘u
GQL.S wy LG:P u.....?u e aS ‘5jl.> e ‘(44‘0 w)o) (5]5‘)5 ul.:}m) Jl.sls u..\...u A&' L> V\.Cl; &) )la 9 LS’O

T o Sl LSS g o LS ialw 3 AYAA Jlo Sy 0w 3l ey (Jg 05 6059l (poye (oS 5l ]
el ols i Silo asl coanl gam sbaslag, 5l Aoy, syl 6 i il oaims las Lsas Ol s ol ol
Slead by (90 Sllwgs Jolds Ol podd ol 50 0udS Jolge cpl plo sl (5998590 (55lubl asais jo Sl
Ol wais b cons o ol b i g (CiS G a®d g, udls ) Sl lacadled « oo, b



S0l g 03l
Y
s 99 p 5 AilB09; 30 lo)US ulw,yd g JUB 2Ll

docle 5 65)0laS Slacre; waed b asl 03 ) Jioue | ailsog) (Su59d98 509,000 Jolas oSl Sl s (l oy
55 olya 4 s (sloaely olTe > b b sl o) Jlad ik o s

ohady (JUI &l s ]S ol Sl sloo paly 3Bul &g 00 51 S Giegh ol sloadl ( 20 e By
aisle Slaladl 5 ls o e s 1) (o yiin cloixl 5 solamdl s wlla s pd 4 (Soop oS Cool Jlod 25w 5o
Gl 4 Wlgiee Cgw, cBlon SRS g (AL Gils Copde «S3elsST cwsige oty b bao,lS oS
).’4.3 o9 ‘_;mboﬁﬁ)}n 6L®JM )‘ oolaiwl la OMT ulj.u.u (5"“"&)”"" (o A5 S8 43[.5&5) (rainsd LSJJ.MWT
657,50 Seal p aslllas (pleoles 50 39 oo ety gk o el Gleie @ iaeldl i Slag L 3855
Syl oS 8T slaaslog, ol Cupnoe o Sludl 5 b Jaloe

References

Abedini, M., Fateh Elahi, P., & NezafatTakle, B. (2024). Investigating the lateral erosion of Darehroud river
and its classification using Rasgen model (Case study: Horand city - East Azerbaijan). Journal of
Geography and Environmental Hazards, 13(3), 101-128. [In Persian]
https://doi.org/10.22067/geoeh.2022.78374.1272

Ali, P. Y., Jie, D., Khan, A, Sravanthi, N., Rao, L. A., & Hao, C. (2019). Channel migration characteristics of
the Yamuna River from 1954 to 2015 in the vicinity of Agra, India: A case study using remote sensing
and GIS. International Journal of  River Basin Management, 17(3), 367-375.
https://doi.org/10.1080/15715124.2019.1566238

Annayat, W., & Sil, B. S. (2020). Changes in morphometric meander parameters and prediction of meander
channel migration for the alluvial part of the Barak River. Journal of the Geological Society of
India, 96(3), 279-291. https://doi.org/10.1007/s12594-020-1548-3

Avrian Tabar, H., Jabbari, E., & Farahpour, M. M. (2021). Investigating the Role of the Movements of Khorram
Abad’s Hidden Thrust Fault in the Evolution of Khorram Abad River’s Drainage System. Geographical
Research, 36(2), 205-216. [In Persian] https://georesearch.ir/article-1-1020-fa.html

Azim, N. M. A. (2024). Long-term hydro-morphological changes in rivers: a case study. Water Practice &
Technology, 19(8), 3285-3296. https://doi.org/10.2166/wpt.2024.196

Comiti, F., Lucia, A., & Rickenmann, D. (2016). Large wood recruitment and transport during large floods: a
review. Geomorphology, 269, 23-39.https://doi.org/10.1016/j.geomorph.2016.06.016

Esmaeili, R., & Daliri, R. (2019). Morphological and morphodynamic analysis of meanders of the Shelman
Rud River, Gilan Province. Earth Science Research, 10(39), 141-153. [In Persian]
https://doi.org/10.52547/esrj.10.3.141

Esmaili, R., & Nourizadeh Nesheli, N. (2024). Evaluation of the morphological changes of Haraz river
following human pressures in the Amol city, Mazandaran. Journal of Hydrogeomorphology, 11(40), 57-
40. [In Persian] https://doi.org/10.22034/hyd.2024.61151.1733

Garcia-Martinez, B., & Rinaldi, M. (2022). Changes in meander geometry over the last 250 years along the
lower Guadalquivir River (southern Spain) in response to hydrological and human
factors. Geomorphology, 410, 108284. https://doi.org/10.1016/j.geomorph.2022.108284

Ghosh, S., Hoque, M. M., Islam, A., Barman, S. D., Mahammad, S., Rahman, A., & Maji, N. K. (2023).
Characterizing floods and reviewing flood management strategies for better community resilience in a
tropical river basin, India. Natural Hazards, 115(2), 1799-1832. https://doi.org/10.1007/s11069-022-
05618-y


https://doi.org/10.22067/geoeh.2022.78374.1272
http://dx.doi.org/10.1007/s12594-020-1548-3
https://georesearch.ir/article-1-1020-fa.html
https://doi.org/10.1016/j.geomorph.2016.06.016
https://doi.org/10.52547/esrj.10.3.141
https://doi.org/10.1016/j.geomorph.2022.108284
https://doi.org/10.1007/s11069-022-05618-y
https://doi.org/10.1007/s11069-022-05618-y

5 VFeF oyl F o)lods IF il ¢ lano @l blio 3 Ll i 4 i

Hosseinzadeh, M. M., Esmaeili, R., & Nabizadeh Bahnamiri, M. (2022). Analysis of temporal changes and
stability of the Neka River watershed planform - Mazandaran. Quarterly Scientific-Research Journal of
Geographic Information "Sepehr", 31(124), 39-52. [In Persian]
https://doi.org/10.22131/sepehr.2023.555968.2881

Hosseinzadeh, M. M., Salehi Milani, A. R., & Hydari, S. (2024). Hydrogeomorphic changes of the Cheshmeh
Kileh River in the coastal plain Western Mazandaran. Physical Geography Research, 56(3), 95-114. [In
Persian] https:/jphgr.ut.ac.ir/article_100260_en.html

Hosseinzadeh, S. R., Rashidi, M., Sepehr, A., Zarei, H., & Khaneh Bad, M. (2018). Study of geomorphological
changes in the Karun River bed and its causes from 1954-2011 (1955 to 2012). Quantitative
Geomorphological Research, 5(1), 43-59. [In Persian] https://doi.org/20.1001.1.22519424.1395.5.1.4.4

Konrad, C., Berge, H., Fuerstenberg, R., Steff, K., Olsen, T., & Guyenet, J. (2011). Channel dynamics in the
Middle Green River, Washington, from 1936 to 2002. Northwest Science, 85(1), 1-14.
https://doi.org/10.3955/046.085.0101

Lauer, J. W., & Parker, G. (2008). Net local removal of floodplain sediment by river meander
migration. Geomorphology, 96(1-2), 123-149. https://doi.org/10.1016/j.geomorph.2007.08.003

Magdaleno, F., & Fernandez, J. A. (2011a). Hydromorphological alteration of a large Mediterranean river:
relative role of high and low flows on the evolution of riparian forests and channel morphology. River
Research and Applications, 27(3), 374-387. https://doi.org/10.1002/rra.1368

Magdaleno, F., & Fernandez-Yuste, J. A. (2011b). Meander dynamics in a changing river
corridor. Geomorphology, 130(3-4), 197-207. https://doi.org/10.1016/j.geomorph.2011.03.016

Magliulo, P., Bozzi, F., & Pignone, M. (2016). Assessing the planform changes of the Tammaro River (southern
Italy) from 1870 to 1955 using a GIS-aided historical map analysis. Environmental Earth
Sciences, 75(4), 355. https://doi.org/10.1007/s12665-016-5266-5

Magliulo, P., Bozzi, F., Leone, G., Fiorillo, F., Leone, N., Russo, F., & Valente, A. (2021). Channel adjustments
over 140 years in response to extreme floods and land-use change, Tammaro River, southern
Italy. Geomorphology, 383, 107715. https://doi.org/10.1016/j.geomorph.2021.107715

Qin, Y., Jin, X, Du, K., & Jin, Y. (2024). Changes in river morphology and influencing factors in the upper
Yellow River over the past 25 years. Geomorphology, 465, 109397.
https://doi.org/10.1016/j.geomorph.2024.109397

Rahimi, N., Khaleghi, S., Salehipour Milani, A. (2024). The effect of floods on river morphology changes Case
study: Sadij River, Hormozgan Province. Hydrogeomorphology, 11(38), 141-160 [In Persian]
https://doi.org/10.22034/hyd.2024.59641.1717

Rezaei Moghadam, M. H., Mohammadfar, A., & Valizadeh Kamran, K. (2013). Changes Detection and
identification of erosion risk areas of Aji Chay River between Khaje to Vanyar. Geography and
Environmental Planning, 23(4), 1-14. [In Persian] https://doi.org/20.1001.1.20085362.1391.23.4.1.5

Rinaldi, M. (2003). Recent channel adjustments in alluvial rivers of Tuscany, Central Italy. Earth Surface
Processes and Landforms: The Journal of the British Geomorphological Research Group, 28(6), 587-
608. https://doi.org/10.1002/esp.464

Rinaldi, M., Surian, N., Comiti, F., Bussettini, M., Belletti, B., Nardi, L., ... & Golfieri, B. (2012). Guidebook
for the evaluation of stream morphological conditions by the Morphological Quality Index
(MQI). Version, 1, 85.

Ruiz-Villanueva, V., Piégay, H., Scorpio, V., Bachmann, A., Brousse, G., Cavalli, M., ... & Wyzga, B. (2023).
River widening in mountain and foothill areas during floods: Insights from a meta-analysis of 51


https://doi.org/10.22131/sepehr.2023.555968.2881
https://jphgr.ut.ac.ir/article_100260_en.html
https://dor.isc.ac/dor/20.1001.1.22519424.1395.5.1.4.4
http://dx.doi.org/10.3955/046.085.0101
http://dx.doi.org/10.1016/j.geomorph.2007.08.003
https://doi.org/10.1002/rra.1368
https://doi.org/10.1016/j.geomorph.2011.03.016
https://link.springer.com/article/10.1007/s12665-016-5266-5
https://doi.org/10.1016/j.geomorph.2021.107715
https://doi.org/10.1016/j.geomorph.2024.109397
https://doi.org/20.1001.1.20085362.1391.23.4.1.5
http://dx.doi.org/10.1002/esp.464

S0l g 03l
2N
s 99 p 5 AilB09; 30 lo)US ulw,yd g JUB 2Ll

European Rivers. Science of the Total Environment, 903, 166103.
https://doi.org/10.1016/j.scitotenv.2023.166103

Saffari, A., Ghanavati, E., & Alipour, D. A. H. (2023). Investigation of morphology changes in Karun River
and its hazards (Case Study: Bandagir to Khorramshahr). Applied Researches in Geographical
Sciences, 23(68), 199-222. [In Persian] http://dx.doi.org/10.52547/jgs.23.68.199

Surian, N., Rinaldi, M., Pellegrini, L., Audisio, C., Maraga, F., Teruggi, L., ... & Ziliani, L. (2009). Channel
adjustments in northern and central Italy over the last 200 years. In: James, L.A., Rathburn, S. L. &
Whittecar, G. R. (Eds.). Management and restoration of fluvial systems with broad historicalchanges
and human impacts. Geological Society of America, 451, 83-95. https://doi.org/10.1130/2009.2451(05)

Wang, Z. B., Van Maren, D. S., Ding, P. X,, Yang, S. L., Van Prooijen, B. C., De Vet, P. L. M., ... & He, Q.
(2015). Human impacts on morphodynamic thresholds in estuarine systems. Continental Shelf
Research, 111, 174-183. https://doi.org/10.1016/j.csr.2015.08.009

Winterbottom, S. J. (2000). Medium and short-term channel planform changes on the Rivers Tay and Tummel,
Scotland. Geomorphology, 34(3-4), 195-208. https://doi.org/10.1016/S0169-555X(00)00007-6

Yamani, M., & Goorabi, A. (2015). Prediction of kordan river geometric changes in the meandering
Range. Environmental Erosion Research Journal, 5(3), 1-14. [In Persian]
https://doi.org/20.1001.1.22517812.1394.5.3.1.1


https://doi.org/10.1016/j.scitotenv.2023.166103
http://dx.doi.org/10.52547/jgs.23.68.199
https://doi.org/10.1130/2009.2451(05)
https://doi.org/10.1016/j.csr.2015.08.009
https://doi.org/10.1016/S0169-555X(00)00007-6
https://doi.org/20.1001.1.22517812.1394.5.3.1.1

Vol. 14, No.4, Winter 2025, p. 66-84 ISSN (Print):2322-1682  ISSN (Online):2383-3076

Journal of Geography

and Environmental Hazards <534
Alin pwgdyd oL T

Ferdowsi University of Mashhad

RESEARCH ARTICLE DOI: 10.22067/GEOEH.2025.94360.1591 OPEN ACCESS

Landslide Susceptibility Analysis with Emphasis on Earthquake Impacts
(Case Study: Karand to Sarpolzahab Corridor)

Hamid Ganjaeian "='**, Milad Firozeh 2, Ali Mirakhorli 3, Toktam Yazdani*

" Ph.D. in Geomorphology, University of Tehran, Tehran, Iran
2 M.Sc. in Urban Engineering, Urban Planning Major, Allameh Tabatabaei University, Tehran, Iran
3 Ph.D. Student in Geomorphology, University of Tehran, Tehran, Iran
4 Ph.D. in Geomorphology, University of Tabriz, Tabriz, Iran

ARTICLE INFO ABSTRACT

Article History: Landslides are among the most significant hazards threatening many
mountainous regions. One such high risk area, due to its geomorphological and
tectonic characteristics, is the transport corridor between Karand and
Revised: 09 September 2025 Sarpolzahab in Kermanshah Province. In this study, Sentinel-1 radar imagery,
Accepted: 11 September 2025 MODIS satellite images, the 15190,000 digital geological map of the area, and

the 12.5 m ALOS PALSAR Digital Elevation Model were used as the primary
Available Online: 14 September  data sources. The main analytical tools applied included GMTSAR, Google

Received: 15 June 2025

2025 Earth Engine, and ArcGIS. Using relative weight coefficient methods, fuzzy
logic, and radar interferometry, landslide-prone areas were identified while
Keywords: considering the impacts of the Ezgaleh earthquake. Results indicate that vertical

ground displacements in the study area ranged from —5 to 334 mm. Given that
such displacements can significantly contribute to slope instability and trigger
Earthquake landslides, zones exhibiting both high susceptibility to landslides and vertical
displacements exceeding 100 mm were classified as areas with the greatest
landslide risk. Accordingly, mid-slope areas and those adjacent to Sarpolzahab
Remote Sensing city, owing to both their environmental susceptibility and substantial vertical
displacements, were identified as the most hazardous zones in terms of
landslide occurrence.

Landslide Susceptibility

Earthquake-induced landslide

Slope Stability

* Corresponding author: Hamid Ganjaeian E-mail address: h.ganjaeian@ut.ac.ir

How to cite this article: Ganjaeian, H., Firozeh, M., Mirakhorli, A., & Yazdani, T. (2025). Landslide
Susceptibility Analysis with Emphasis on Earthquake Impacts (Case Study: Karand to Sarpolzahab Corridor).
Journal of Geography and Environmental Hazards, 14(4), 66-84.
https://doi.org/10.22067/geoeh.2025.94360.1591

©2025 The author(s). This is an open access article distributed under Creative Commons
EY Attribution 4.0 International License (CC BY 4.0)


h.ganjaeian@ut.ac.ir%20
https://doi.org/10.22067/geoeh.2025.94360.1591
https://orcid.org/0000-0001-5611-4160
https://doi.org/10.22067/geoeh.2025.94360.1591

Ganjaeian et al.

Landslide Susceptibility Analysis with Emphasis ... 67

EXTENDED ABSTRACT

Introduction

Landslides are among the most destructive geomorphological hazards, involving the sudden or gradual
movement of soil, rock or debris downslope under the influence of gravity. This phenomenon is particularly
common in mountainous and steep terrains and can result in severe consequences, including infrastructure
damage, loss of agricultural land, human casualties and disruption of transportation and communication
networks. Landslide occurrence is influenced by both natural and anthropogenic factors. Natural triggers
include intense rainfall, earthquakes, snowmelt, erosion processes and geological conditions, while human
activities such as unplanned road construction, deforestation, landuse change, and construction on steep
slopes can significantly increase landslide susceptibility. The impacts of landslides are not limited to
physical damage but also extend to economic, social, and environmental dimensions. Economically, they
impose substantial reconstruction costs and lead to the destruction of farmlands and infrastructure. Socially,
landslides may cause fatalities, displacement, forced migration and a decline in quality of life.
Environmentally, they contribute to vegetation loss, habitat destruction, and the formation of landslide
dams. Therefore, landslides represent a multidimensional hazard that threatens both human security and
environmental sustainability. Due to variations in geological, geomorphological, hydrological and
topographic conditions, different regions exhibit varying levels of landslide susceptibility. Iran’s
geographical setting has made large parts of the country prone to landslide hazards, particularly the western
regions of Kermanshah Province within the Zagros mountainous belt. This area is characterized by steep
slopes, high elevations, extensive transportation networks, and intense human activities, resulting in high
vulnerability to landslides. Moreover, the active tectonic setting and frequent earthquakes, including the
Mw 7.3 Azgaleh earthquake in 2017, have played a crucial role in slope destabilization. Beyond their
immediate impacts, such earthquakes induce subtle changes that weaken slope stability and increase
landslide potential. Accordingly, this study aims to identify landslide-prone areas along the transportation
corridor between Kerend and Sarpol-e Zahab cities, with a particular emphasis on tectonic factors.

Material and Methods

This study utilized Sentinel-1 radar images acquired before (07/11/2017) and after (19/11/2017) the
Azgaleh earthquake, MODIS satellite imagery from 2020 to 2024, 1:100,000 geological maps of the Kerend
and Sarpol-e Zahab sheets, and a 12.5 m resolution ALOS PALSAR digital elevation model as the primary
datasets. The main analytical tools included GMTSAR (version 6.0) for interferometric processing and
ArcGIS for data standardization and map production. The research was conducted in three main stages.
First, landslide susceptibility was assessed using eight parameters: distance to roads, distance to rivers,
elevation, slope, aspect, lithology, distance to faults, and vegetation cover. All layers were standardized to
a common scale ranging from 0 to 1. Weights were assigned to each parameter based on expert judgment
from ten geomorphology specialists using the relative weighting method. In the second stage, the effects of
the 2017 Azgaleh earthquake were evaluated using Differential Interferometric Synthetic Aperture Radar
(DInSAR). Sentinel-1 images acquired before and after the earthquake were processed to calculate vertical
ground displacement over a 12 day period. In the final stage, the landslide susceptibility map was integrated
with the vertical displacement map. Areas exhibiting both high displacement and high susceptibility were
identified as zones exposed to landslide hazard.

Results and Discussion

The results of this study indicate that the 2017 Azgaleh earthquake played a significant role in
intensifying slope instability and increasing landslide susceptibility within the study area. The analysis of
Differential Interferometric Synthetic Aperture Radar (DINSAR) data demonstrates that, beyond its
immediate and visible impacts, the earthquake induced subtle but highly influential changes in slope
structures. One of the most critical of these changes is the substantial vertical ground displacement, which
can be considered a key factor in weakening the geomechanical equilibrium of slopes. Based on the vertical
displacement map derived from Sentinel-1 imagery, ground surface deformation within the study area
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ranged from —5 to 334 mm. This wide range of displacement values reflects the heterogeneous response of
different geological units and slope conditions to seismic stress. In particular, areas characterized by weaker
lithological units, moderate to steep slopes, and proximity to active faults experienced the highest levels of
vertical displacement. These findings are consistent with previous studies conducted in the seismically
active Zagros region, which emphasize that earthquakes can alter slope structures and significantly increase
the likelihood of subsequent landslides over short to medium-term periods. In this research, areas exhibiting
vertical displacement greater than 100 mm were classified as unstable zones. The integration of these zones
with the landslide susceptibility map revealed a strong spatial correspondence between areas of high
landslide potential and zones affected by intense seismic-induced displacement. This overlap is especially
pronounced in the midslope sections of the region and in the vicinity of Sarpol-e Zahab city. These areas
are characterized not only by favorable geomorphological conditions for landsliding such as appropriate
slope gradients, unstable lithologies, and sparse vegetation cover but also by direct exposure to earthquake-
induced stress and deformation.

Conclusion

The results of this study demonstrate that integrating radar remote sensing data with multi criteria
decision making models is an effective approach for identifying and zoning landslide prone areas in
mountainous and seismically active regions. The application of the fuzzy gamma method for combining
environmental information layers such as slope, lithology, elevation, distance to faults, and vegetation cover
enabled the simultaneous analysis of multiple contributing factors while reducing uncertainty inherent in
spatial data. The findings indicate that the central sections of the Kerend—Sarpol-e Zahab transportation
corridor exhibit the highest landslide susceptibility due to their specific geological and geomorphological
characteristics. The analysis of the 2017 Azgaleh earthquake using the DINSAR technique revealed that this
seismic event played a decisive role in exacerbating slope instability. Significant vertical displacements,
exceeding 100 mm in several locations and reaching much higher values in certain areas, highlight the
profound impact of the earthquake on slope structures and stability. Although such deformations may not
immediately result in landslide occurrence, they substantially increase slope vulnerability and predispose
hillslopes to failure under subsequent triggering factors such as intense rainfall or smaller seismic events.
One of the key contributions of this research is the demonstration of the importance of incorporating indirect
and subtle seismic effects into landslide hazard assessments. The results show that areas experiencing
vertical displacement greater than 100 mm particularly around Sarpol-e Zahab city and within the mid-
slope zones fall into high and very high hazard classes. This spatial coincidence between environmental
susceptibility factors and earthquake-induced deformation emphasizes the need to move beyond static
landslide models toward dynamic, multi-source hazard assessment frameworks. Overall, the findings of
this study provide a valuable scientific basis for landuse planning, infrastructure development, and disaster
risk management in seismically active regions. The produced landslide susceptibility and hazard maps offer
practical tools for decision makers to identify high risk areas and implement preventive measures such as
slope stabilization, route realignment, and restrictions on construction activities in hazardous zones.
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Table 1- Preparation of the spatial data layers
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ALOS PALSAR ;o \YI0 olas )| cagd, Jao bl oo ags o S 5
Prepared based on the 12.5 m high digital model ALOS PALSAR Aspect
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Prepared using Google Earth Engine and MODIS images Vegetation density
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Table 2- Standardization procedure of the Spatial date layers
oI Sl &Y (g5Lwd jluibiwl s9ous Folily )
Pattern How to standardize the information layer Parameter Row
o S0 Gyl 90 Bblie 4 g oad ool V SGop il ool Suoy sblie o
oo b sl o0 o0l ool 5l alols
Inverse linear  Areas near the road are assigned a value close to 1, and areas farther away ~ Distance from road
are assigned a value close to 0.
S Su35 S5l 98 Gble 4y g oad oals V Suop )l caileeg; Seop bl &
e s ol 00l ools ailsog, 5l alols
Inverse linear  Areas near the river are assigned a value close to 1, and areas farther away ~ Distance from river
are assigned a value close to 0.
ol gl o8 Bble 4 g ool oolo V Soo 3 b5l it glas )l sl 3blie 4
e (> el 00l 0010 jao SGo 3 el 3
Straight linear  Areas with higher elevation are assigned a value close to 1, while areas Elevation
with lower elevation are assigned a value close to 0.
il et o8 Bblie 4 g ead eolo ) S0 i)l S G cads sllo 3blie
preiinne (o ol 00 0818 yho S8 e 4
Straight linear  Areas with steeper slopes are assigned a value close to 1, while areas with Slope
gentler slopes are assigned a value close to 0.
0313 Jho G )l (e ced Slez a9 ) Seor 85 Jled et Sl 4
JRRCESgOT el 00 s S 5
Nonlinear North-slope directions are given a value close to 1 and south-slope Aspect
directions are given a value close to O .
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b ol 00l 0010 Hao Soo 5 S39l9d 6
Nonlinear Areas with alluvial materials are assigned a value close to 1, while areas Lithology
with limestone lithology are assigned a value close to 0.
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Inverse linear
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Inverse linear

Avreas near the fault are assigned a value close to 1, and areas farther away
are assigned a value close to 0.
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Areas with lower vegetation density are assigned a value close to 1, and
areas with higher vegetation density are assigned a value close to 0.

Distance from fault
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Table 3- Specifications of the utilized images

Date Type Orbital mode  Polarization Baseline
2017/11/07 SLC Descending \AY}
2017/11/19 SLC Descending \AY 14/2

Ol 825 &gl 5| o A1 03 Jimmey Olpdl (pi8)5 S 50 b 30w €989 Axiums bl (o2 lulid) pou Al> 5o
@lalr Yk GLls oo o5 Giblie 25u (nl )o dlllas 3550 dihaie ;5 A58 E989 St Bblis 5 350 (plral>
53 Bble plpieds g Sunlonds olulid wilodgy (3380mme) plp 50 Vb S pdycas] )l aib )3 4l mo 5 Wlod: (s3ges

Wlodds (Byae Byl e 0 blbe (5 e

B350 £ 89 Maitans Golie or kit

Lyl (6 3lwslaitiw! g ooliimw! 3590 s ol )y g pitds (I

G o 4 ladileog) Wgd go Cgmine (B38)ie) £ 0 S Jslse I (S plgieas ladilssg) toolr g il il alold
ladilsog; Cundg (ow)p WS (o0 mald (B3AIe) 989 lp 1) atee) il laaiels gl ol d g 6 pp) )0 &5 (oot
Ayl by ol eol> Dllge 4y cosgase 31 gol (iSu jo g aiiwe Jad ailsog, (pl a5 cwl cpl ks Sldlas 09w
Sl & 4z b 09d o0 e dials DI 1> £589 0 Hige (Sluil lacdlad o S Olgieds (LS| bshas dnvgs (izren
Oy 989 Slp |y aiey bl bshas cpl by ol ol oo baaials (sl o 50 b SlawasS gblin jo bli)l balas dengs
(Kiani etal., 2021) s,5l s0 pl,8 3353

15 4 85 ot b 3obie 395 ge ogema andls SIS 6585 15 Jule o ipe Olsioas e W] 3 o St e
dilaie 109 SliwwsS 4 axg5 L (Baharvand, 2023) aiws (o33 e dhox 5l glaials SIS 1> (6 100 50 (slaals (5 5laLU
GO E589 e cadlaie 5l (g3bj idu IS e 4y g Sl 485 50 0l cod b laaials 1) adlate 5l gk (A%
5 50 Jals o J1o)Jo Sk 5 i (ALS iy o515 ashey lien 2 45 (gmiions 5eils o & 55 ot g
esliy 55 85 (85 ooy 5 Sushy s & o ced Sla Jsane ssbis ishice smimo 55en) €559
5 Susb) sl @iy bl cond 5adirme) €589 55 e Jelse ;500 51 el coizen IS (B5adinee 589 S (YL
Ganjaeian, Nosrati, ) sl (3sd ey o,bbre g935 Hlai 51 (6 3VL Jily bl cpl cplply watnse 55 olansy
GOYe ela)l yum oogaome ol aS cul ol [ Slo axdllas 550 8090w £lai )| Condg ow, » (Ebrahimi & Ghisarian, 2025
Sl gl A el 5 00990 (635 5o Bblie ;5 el e (IS g, o jo g 0l 13 L) whaw 5l 6 Y FO
el oud adlare (BLS Alg 5 (conlily s Cunds 3 £ s 03905

Olyeds JuS 5l abold 5 (gholgnd ijls (hpdl e £98 0 (oot (A S (emlidiime) sla el i 51 abold g (539093
S plp 50 &S gl (lie 5 Sieled £98 dedor Do A 589 50 S (owlidiney slayelly (P
oyble (B yme 50 Witud Cannr (Shlyid sl &5 (Giblie culul cnl po)ls idlime) 989 50 (SlodiiS rni 2 w05l
597 Sl 1) iy cylo LB 5 550 (B 50 (e A &Sl o 4 55 (S boglas (rizen 5 )lo 15 (53 e
ote &S Cowl cpl Slo caalllas 550 83900t (555090 Cumdg oy, (MoavVi et al., 2025) aijgl oo w2l 53 ey 0 bolos
by 55 e3game el o5 laisy 5 Conl 48,5550 6)lew] 5 LSy 09,8 (Sol slaaile | e3game ol I g0l



Ol g lilxs

v? < < .
e o imme) wil S L 58 e ) £989 Jummmily Judo

o515 slls eogame 0,8 slayidu s JuS bglas (515 a5l ias ol 00l 0audigr (18 plolge 5 1 peglSiS ( Sowanls
A (e
oore jobdy 095 o0 g 3330 989 Sty e 5o FRe Jeloe 0o Sl S (aLS gy 1 oBLS bigr o515
(Pireh & Ganjaeian, 2024) ai,ls (o33 cpe £589 A 51 (65 siam Jomnilly cdiznd (6 505 oL ibg gl)ls a5 ablis
blie 4 by o (BLS gy 0515 03k a5 Cenlools plis aallhae )50 dibhie LS Gidgy 0515 Condy o) @l
wil> g ailog, Suop bl dagyl gjlws lastnl jelate 4 (Sledbl oY aus 51w 0dl ;S35 )lge 4 axgi b
il (oS gl Sy 3blie 5 38 Slye 55505 (sl 3blie e lah o e ol a5 glisl (slls 3holis
Gbls ( gy ol Dlez (o8 o g gl sl ls bl wol> g ailsog, 5l 50 gblin 4y (puizmen (sl oal osle SG SGo
(Y JS8) Conl oas 00ld Jao oo b3, (JuS bghas 5l 590 bl g (Sal g5egnd lls

45°52'E
i
45’?2‘E

L
34°16'N

45°52E 46°3E 3°16N

45°52'E
1
45’?2‘E

L
34°16'N

45°52E 46°3E 316N

w w
0 wn
R A
z
&
18
45°52E 46°3E 316N
34°24'N 46°14'E
w w
o o ¥
84 2 S
B B S
z
Le
13
45"%2'5 ) 46"‘3'E M"{G'N 45“‘3'5 M“aG'N
Legend
® City s blss 1 Fuzzy value 0 0
Road kol ool | . e e— kM

S alols <F s gz -0 ot —F gl )| ¥ oolx 5l alols -Y wilssg, 5l aloli ) SOl slaay ons sk st da —¥ JSi

P dg o515 A (il -V S
Fig. 2. Standardized map of the spatial data layers: 1-Distance from river 2-Distance from road 3-Elevation 4-Slope
5-Aspect 6-Distance from fault 7-Lithology 8- Vegetation cover density



vy VP lawo oF oylods NF wls ( daxo Ol jblo g Ll jas 4 s

o yol)ly 42 (B339 (@
o) 5V ) Sl )5 wlhlas sl g (oo (S5 care ) 5l ooliinl b Sledlbl slaa¥ (g5l latiul Iy
5 alols g oolx 3l aAlols ccad gl ol wodal sy gl ol s el 003 00l 335 S oY 4 (55585055

(F Jga) 95,00 1y 6,138 ,05h s YL 5 i gy 0y 3VL gLl VD 9 VIF MY gy by i 5 g il

b jall 2l 039 -F Jgur
Table 4- Final weights of the parameters
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One of the essential requirements in soil salinity management and reclamation is
access to high accuracy salinity maps. This study was conducted to evaluate the
accuracy of soil salinity mapping using remote sensing and geostatistical methods
in a part of the alluvial lands of the Tigris River within the Al-Suwayrah farms in
Irag, located 30 km south of Baghdad. For this purpose, 100 soil samples were
collected using a regular grid with 1,000 m spacing from a depth of 0-20 cm
across an area of 10,000 hectares, and the electrical conductivity (EC) of the
saturated paste extract was measured. Spectral bands and indices of ASTER and
Landsat satellite images were prepared in three spectral modes: digital number
(DN), radiance, and reflectance. Subsequently, using multiple linear regression,
equations were developed between the derived spectral indices in each spectral
mode and soil salinity, and a soil salinity map was also generated using the
kriging method. The results of comparing the radiance, reflectance, and DN
spectral modes for salinity modeling indicated that the Landsat satellite in
reflectance mode achieved the highest accuracy (MBE = —1.24, RMSE = 4.58)
among the remote sensing methods. Comparison of the remote sensing and
geostatistical approaches showed that the geostatistical method, due to the use of
measured field data, exhibited higher accuracy (MBE = —0.06, RMSE = 3.53)
than the remote sensing methods; however, the maps produced by remote sensing
also demonstrated acceptable accuracy, and the salinity map derived from this
method closely corresponded to the salinity distribution map obtained from
geostatistics. Considering the lower cost and time requirements, as well as the
capability for temporal repetition, remote sensing methods can be effectively used
to produce reconnaissance level soil salinity maps for the alluvial plain of the
Tigris River with acceptable accuracy.
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EXTENDED ABSTRACT

Introduction

Soil salinity is a major environmental challenge in arid and semi-arid regions, as it negatively affects
agricultural productivity and can cause irreversible soil degradation. Accurate assessment of soil salinity
is therefore essential for sustainable land management. The Tigris alluvial plain in Iraq an agriculturally
important region is highly susceptible to salinization due to its arid climate and intensive irrigation
practices. Providing precise information on soil properties, particularly salinity, is crucial for managing
land resources and improving crop production.

Traditional soil mapping and sampling methods are time-consuming, costly, and spatially limited. In
recent years, remote sensing techniques have emerged as effective tools for large-scale soil salinity
assessment. Spectral indices derived from satellite imagery enable the detection of subtle variations in
soil characteristics such as moisture, salinity, organic matter, and texture. Geostatistical methods,
particularly kriging, also offer powerful capabilities for interpolating field-based soil salinity
measurements. Although many studies worldwide have explored the application of remote sensing and
geostatistical approaches for soil salinity mapping, each region possesses unique environmental and soil
conditions that influence the accuracy of these techniques. The Tigris alluvial plain presents specific
challenges due to its soil properties, vegetation cover, and hydrological conditions. Therefore, evaluating
the performance of these techniques in this region is essential for identifying the most accurate method
for soil salinity assessment and for supporting effective management of soil degradation.

Material and Methods

The study was conducted in the alluvial plain of the Tigris River, within the Al-Suweera (Alsouyreh)
region, approximately 30 km south of Baghdad, Irag. Soil samples were collected using a systematic grid
sampling scheme with a spacing of 1000 m, covering an area of 10,000 ha at a depth of 0-20 cm.
Laboratory analyses included electrical conductivity (EC), pH, and sodium adsorption ratio (SAR).

Satellite imagery from ASTER and Landsat was processed using three spectral modes Digital Number
(DN), radiance, and reflectance to generate soil salinity maps. The kriging interpolation technique was
applied to the field-measured salinity data to produce geostatistical salinity maps.

Accuracy assessment of the resulting maps was performed using Mean Bias Error (MBE) and Root
Mean Square Error (RMSE), which are widely used metrics for evaluating differences between observed
and estimated values.

Results and Discussion

The results indicated that the radiance mode of Landsat imagery and the reflectance mode of ASTER
imagery provided the highest accuracy among remote sensing—based salinity estimates. However, the
geostatistical approach (kriging) outperformed all remote sensing methods, producing the most accurate
salinity maps. Validation results showed negative MBE values for all remote sensing and geostatistical
models, with the lowest MBE (—0.06) obtained using kriging. Kriging also yielded the lowest RMSE
value (3.53), confirming its superior performance.

Landsat reflectance demonstrated better accuracy than all spectral modes derived from ASTER
imagery. The superior accuracy of kriging can be attributed to its direct reliance on dense field
measurements, which is particularly advantageous for relatively small study areas with adequate sampling
density.

Both the remote sensing and geostatistical maps showed similar spatial patterns of salinity distribution
and exhibited strong agreement, highlighting the potential of remote sensing for large-scale soil salinity
mapping. The spatial patterns revealed lower salinity levels in the southern part of the study area and
higher levels in the northern part, nearer the Tigris River. This aligns with actual field conditions, where
the southern region has benefited from surface drainage systems since 2000, reducing salinity.
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Conversely, the northern region relies on long-term irrigation with saline river water (ECw =4 dS/m) and
lacks an effective drainage system, resulting in persistent salinity accumulation.

Conclusion

This study demonstrates the effectiveness of remote sensing and geostatistical methods for soil salinity
mapping in arid environments such as the Tigris alluvial plain in Iraq. Although geostatistical methods
particularly kriging were found to provide the highest accuracy, remote sensing offers valuable spatial
information and is well suited for broader scale assessment. Maps produced by both approaches provide
essential data for monitoring soil degradation and guiding land management strategies. The results also
underscore the importance of proper drainage infrastructure in preventing salinity buildup, especially in
areas where irrigation depends on saline river water.

Acknowledgements
The authors gratefully acknowledge the financial support of Ferdowsi University of Mashhad (Project
Code: 47644), which made this research possible.



AD-VF o NF-F liwso) F o)lols NF uls ISSN (Print):2322-1682

N ool 4 i

ISSN (Online):2383-3076

\Wit

(e Of bl ¢ L i >
WSS iy shlos s s LS
ST (o s DOI: 10.22067/GEOEH.2025.93856.1579 a2y} Alio

30 sbol (o) 9 (w390 sl g, sl eslawl b S (69 (guiudigy duw lio
Glye Ao ABog, 8l cubs ol
\“6)_91 & o ‘*‘véolﬂo,.om M"‘ﬁ‘ ‘v‘so.g.; La)...l.c ¢ “;blé)." 0‘5)"’

Ol 2] ceien cguiinn (cwigd 8 olEESIS (5359l BuSESNS (S5 pole cwditn 09,5 Wbl (owlicis )5 dxs gol iils
O ] cdgeine cAgeiinn cwg y3 oK1 (53 yglinS BUSLLIS (S pole wiigo 09,5 dbiw! "
PRV PR VIV wsd)é oo s ) b g L.?"""b &b 0asliiile ‘@bLu 9 S Bblv cu poo 03; Hbotw! v
RUTL
gan g (w90 33 SLRESIS (o § Jaummo g (orl @alivo BUSLENS ¢ Ll 9 S Bblio Cy g 09,8 Ludiils T

ol

oS allio csleMb|

095 3 595 5l i lahs Sl eslaiul b S (5,50 Al Clo pwyp Saa b ragh

Yeooalols o Gle opgall £l 0 alxs wlhsg, S8l Lol 5l case e kel e VXYY el e b
whiie aSis e, b S aiges Voo olasd jshaie ol (sl o plosl lais G (5 eslS VEE AT sy R55b b

e e Ve g 4 glosgase j0 sy bl Yo U jhe Ges 5l el e alold L

VECFIAO by,
S50l S sladiges glsl 5 8)lac 0 (EC) (S psIl colan jlade 5 o cuslo AR T

VY PSRN | WCawdd gyl o)leale polay 2 e jals ¢ bail o
o)l b w0 9 =l 0)lgle pg ns"*“’d oAz g b oS Slals
5 oolaznl b (o .0l a5 (reflectance) zubsL 5 (radiance) il 2l (DN) 058,
oo g sinb S e s eawl Cewsds slaasli o Aol AlBais b e S, SE 98 ol paids
.,\;.); o S Sy Mﬁ&m; o9 )| oolazl b Cyerod ol Cemdd (5,90 Sk é‘r&” coloa
ol Sils )9 s5ldae sl DN g reflectance radiance ol slacl> awslio zls L
1, (MBE=-1.24 , RMSE=4.58) é5 o iy (iulilh <l s Cewad o lsale oS s I
3ot slaghy) dmlie 2ubls (6590 5l Ghomi Glatts) )0 S 6)9d iludae 29% 51 Gromin
Shls oo (6 uSojlusl (slacols 5l eolitwl Judo Lol e gy a5 olo Las Jleliwe g 590 dos ailes
. 9

Lol 09 (5,90 5 Limiw slabs, 4 Coms (MBE=-0.06, RMSE=3.53) ;YL =ds
aadi g wisg o 1) Joub b oo 5 90 3l homia by, 5l el Cawsey gladids lizes
Selimey gy S ol S (9 GuaSTy adds b by, ool Sl easl cawsay (5,5
(Sloy soyn ;o ST ClllB Ly Cdg g alie 4 axgi b ocdls g0l Slstren
L oales wlbog, 8,0 cuis SB (5508 Jloo! slaasds as ;5 90 5l Gromiw sleeds,

2555 1,8 eolasul 850 iley oo Jgud B 2o

Email: Mahmoudabadi@um.ac.ir oblogamme mutl pl 2 Jotus 8o


mailto:Mahmoudabadi@um.ac.ir
https://orcid.org/0000-0002-3535-3952
https://orcid.org/0000-0003-2966-8998
https://orcid.org/0000-0002-8637-266X
https://doi.org/10.22067/geoeh.2025.93856.1579

Ohes g (2181
e B gy 3l ooliiwl L S (690 (guduaiyy A Lo

AR

doddo
5 @ity G5 aAlzrs ailog, (2l s L2l 59 g ok b Cpiz syelS Ve o opsall el slase
5% SakiS SYgame adg )3 ol 4y sed nl &5 ek @ 9Is Glie 325 10 52 g palS (I oRg 4 238 Slse wdg
Gblie 0l Gy ol sloe i o (509 YU g alzs GT L o pgall Lol (5 Lol g Jlge cotS 0)lo 1) Gl Lansly oyl
elbind ad e BB g 0l jed corge 5wl aess S e 55 2l B ood o sl e b oS wulil
ey S (g,94 (Frenken, 2009) Sil,s 5,155 Wbl ((Al-Senafy & Abraham, 2004) ssi adlaie ol ool 5
sl SLaIE s ool ond i8S cnl bl Cod ool 5l aoys Ve 0 ,Shes aoys Yo alS Crse e 55,5liS
iy 5l aoys Vo 5,Shes 5 ot il o3l SIS (6,08 AISis L) 4 aF Cawl oasl 55 (FAO, 2012)
el 0ad 3lhe (63y5LaS EY pazme atsi G0 ,s Vo alS Gl faomme ;o a5 el atil 2alS 028 cnl 65 0leS
Al sl cnl &S (WS g Glye j9iS g poye slatl g ade jo el G (55)5lES Sla ey Lol 4 azgi b
2 s Sltl 5 oLl 5 e s Wil e cenlie CB3 L S (g0 atE agd 5 mblolid wlos,S oy (5,55
datp gyl 9ol Ly ailate cslie Se g e Jlael 5 (g0 Comdg Gl 50 5 wled ooy, | adlane S
W Wiz U ()0 patdl By (nyiseses pgmye )10 At a5 09 o eslitul G5SUsT lasts, 5l S g )eh Ask
it Olge 4 gy (rl 50 S9zge wiwgnl Blate Lol Cuul () (nl Jparme a5 S5 b slaandi g anndS
.(Mahmoudabadi, Karimi, Haghnia & Sepehr, 2017b) ol ool 3,00 (5,0 paids 55 cpl ;0 09290 sl § Cudgaowe
SleMbl 5 woz lnl 4 (o yiwd a5 50 5 ey e 4 laojlgale Lol g SonelS by 5 S39l8SS pas 4 0,5 L
b ol ol jlelipe) gy iad (Byme 5ylelirme; sloging Il jo diad 5o, 4 5 (g)lo patds gla by )99 3l i
o bl ol 50 Sy oysly 4 il (o bl glo T imess 5l ssliiul 5 onds (g S0yl adly sloosls ;) eolizul
SL 6yss @i s sloatsl i 5 S 5550 slaools 2bigyd e Ol 5 Olgiis 5 9310 Wloats 5l paiged
Wgas ol olaws 4 5l ccwnlie B0 0,5l Cawsds gl ol e slo g, 4o .(Panagiotou & Tziritis, 2022) 5,5 solaiul
o ol Gidigy Jdody 590 5l Lo sbosls eolauwl o 3Kl o ol laie 4 0gd o bra i oli8l cel aS el
oyl Sl 550 5l St Sagy il |y cenlin aigze b S (g0 0551 bl (S gla Shs b bLs,l 5 e
Spls b (e sloylgale (sl jgumin I ooliial Jols a5 asS (oo )l SI- Ll 5 elss 50 Sloj 5 (Sl Dlpil 9550 50
ol Siats snrbliiog i8I Sladints aiiles so b S ] ol S slo 55 4 bgy e sloosls 5 slas 28,5 sl
(Abdulraheem et wis )5 colaiwl S sl g atdi s § S Slp g 0 plolis ) S lawg ouls ablu b
g Landsat asle oo lgals j90 51 i slaosls . al., 2023; Srivastava, Srivastava, Singh, Gupta & Dugesar, 2025)
» (Reflectance) .Sl 5 (Radiance) Sacis o «DN) Jluoms slacl :agd o ools Giuled IS0 a4y el ASTER
oolanl Cngy laore o yllai g ey doy 40 aliBre S IS (gl g wims e &l Sglate la s e 3 pl 51 S
DN jolie anl e Cows 4 glo,lgale (slojguins 5l Losiinwe a5 wiis a5 oSy polie ON) Jluzws slacl wigd
(Yale center, 5,5 oo ;1,8 gul mdlS Slodas 5 g sl Sy aiile Jolge 6 con g Cal B g o sl
odls Lawxid S lawg g 0ol uSaie b oable e mhaw 1 a5 cwl 6,88 (6550 Jlake (6 ,u505lwl aiais 2024)
Ol WIMAISIUML) yiagSeca ol yial 2 gam e 2 Sy 021y con 2 Ysome 5 Canl (S5 CraS S (0l 05000
S ol Sluans wnl B onl ] ge Caws 4 DN olie ) (5 509:0)) (yganl pdS ol Jloel b gtats polie 05 oo

1- Conventional soil mapping



% VFeF bimno F o ylouds IF ooy o shawa o yblo g Ll yir 4y i

(USGS, 2024) oS oo bod ool (oS by oo able (65,0 51 g0 lailbn] jlas 4 1, DN polas g wiS oo groras |
Sl dte B sl S g laley (o aosls aslie gly g aos o &Ll 1) s plem 31 sloass Jbo g jlas 5 el any
a5 S o el 2l oyl Sl oo Cawd a4 gawd 3 olidy, blgs g g9 ol zoeas b (Sais o 5l ol polis
Sodls DN polis a5 Jb 1o (S job ay o aslin LB 5,550 (g9 Ll b 55, oyloj 5l S5 Byo (SU3L olas
Hhre SO b5k g ams o &l ead pluliss a8l (65, (6 S oslal Lol caiws slojlals sla K> 3l ouiiio  JIS 4 ol
Qilgs oo S (6,98 pedd gy oolainl 550 ools 43 il ams o &Il ) mhaw sla Shs 5l anslae LB g ouls Jlo
QS—QA Ll el ULAAJT L...w.a DN LSLDO\J‘& U’“")b)" 9 00)5] Cowdds Ml; aslo E'L:Lu QL....QJO‘ u...lalﬁ 9 IR » ‘SPB.‘ JJ[S )...:T.u
Sload uSaie b able (6550 5,50 0 Sledlbl Radiance glaosls .08 )13 g Conlus jo Ol yoss JOL{ QRSP CN
g a5 lal Gb3L leosls .all 5.l Gl Wil 0 S (5,00 e )0 eolatnl 5 pendd Lol cans o a3l )] mlas S
ol Gae (Sayler & Zanter, 2024) ol (5 Foauzmn (0318 n 4 5L Ll cis oo a1l v plss 5550 40 (55580 Dl
el b mls dnlis 5 (SB (6,00 eedd $lp ywl g cawadd pslal 51 Qbsl o il DN glaosls oo jl anslie allas
5 S wis ;0 DN slaosls sl eslaul b o lCawads s asdlls cpl 0 0g g kel slaig, 5l olaul b o] s dds
55 ey Oy 2 Oleebl Sl 5 cds 285 S8 aslie 9,50 S (6,58 e sl Sl g Cewadd igla S OUSL
)5 alil adlaie S ()5 3,500 50 9,55y (ke 5 e Sl
axdlo \3)9.0 Mha.oﬁ sl

Bl il 0 pgall ays T Olll al>s wilbog, ails Lol 5le pgall ddlate (o slasy 4l Cgim (0 axlllas 5,40 dalais
a0 YY/O aldls slos hwgio g el o o VYO sgum> ddhais cpl allle Sl lavgin e a5 col S
] ).».AksuLw YeoLVO O °)-,’,5-*4-” 6’41)‘ 00 =) ) s_j C.E.M.v ] .)l)fu_ul.w

ldlp> oe 5 (Bypd FOOVOH/TV b FEOVFYIFY" Lldl s> Job o j0 USe I 00 Cawg 4 slosgass
S b sla e ol oogasme ol () JS) <85 )18 (6510 pdiges g aslllas 8,0 (Lo YYOOV +/FV" o YYOFV'YY/VE”
3,0 )18 s e g9 abold jo (e

L9y g dlgo

S0 paigad gy g Aigad Slus
sladhio ;o S mhaw gy gile Vo U jao Gos 5l po Voo alol b g plaie &S00 &y 4y (o digai Vo Sl
G,ld paiises 3o ados alilBog, ol 5l ipioran ol (g4l paiged CliS A8l 5 oul S Lol 1 LS e Ve G 4

L85 O
Pl gl 5T

B Lol ST 050 s ln ¥ SISl e 5 cpagm K5 Lo 5 olStulef] 4 sl 51 o S (sloeisas
4 Joln elS” S, 53 Sy g, @0 T oole sglitl U e 10 ECy PH (s ng s by, o S <l it 5

S35 030l PRPT Jowe yiegid (odd olSiws alsg o maduw g (ygummol S5 (95 40 o2 i 9 poameedS” Jodomo el ¢y gumnl i 09
.(Pansu, 2006) asous



oly%es g (2L
e s hg) il eolaiwl L S (559 (guuaigy duw lin

q)

Mosul ¥, AP
A§‘Sulaynnan'5;3.h
C N Kk

*  Sampling Points

D Study Area

00.51 2 3 14
s wm Kilometers

492000 496000 500000 504000
e - deo Blog, Al (o dalllas o g0 didlaie oLl 3o 53g00me - K&
Fig. 1. Geographic extent of the study area along the Tigris River margin, Iraq
Wosls ol g & 3o
el 5o s ailre SaiS g (Soz (Olosd co o lare Bzl iSTas (JBlas (Sl Jolds oy slao, Lol
565 VB9 ol = B T50d5S (59051 5l ool a5 509 b 09 Jleyd sy Sl (9625 5 Moz 0sa3l 2 ogdle gy
L plil SPSS16 l580 o5 5l eolawl b S bl sl o ol o ool
&loslgnle yoolai dngs
).a.wl 9 Cewds] 3)‘3.QL<> )JBLQJ )‘ 6‘0)‘9&1.0 o..)LC)Uo‘ :\.L.wj O axJlas 0)5.0 dalaie )nb Sk 6)3.«..4 k_)‘)-u.'d r )}.Ia_».«o a
Gllao sloylgale yglai g (g)lo paiged Fu,l .ol osbils o s www.earthexplorer.usgs.gov colw 51 pglas cpl .ol colaul
Z2ob 50 (OLI ssizmw) A cewad o)lgale pglad 5l uzmen g yiwl o)lgale YNV VA 25,6 plas 51 (s)ls paiged u,b L
Ol oolawl Yo VY /N VY.

Sloylgple yglai b fooss

oL g Radiance s DN b us
wl.ié‘) o> g ).4....)‘ o)|9mLa 3...]5‘ )Jal.am 9 <l DN o>y A Cawadd o)‘s.ﬁLo liseo Lng..\JLﬁ )| o..\.n] Cewddy 3&"9‘ )JsLa.l
b oslitd (1) alal, 51 suibol, 4 DN il b cagz 4 eand

1- Kolmogrov- Smirnov test


www.earthexplorer.usgs.gov%20

Ay VFeF bimno F o ylouds IF ooy o shawa o yblo g Ll yir 4y i

L= Lmin + ((Lmax-Lmin) / DNmax) *DN )

5 a3 550 odiomiw dewg 4 ouls =i DN STas DNMaX b o900 Sy (2088, jlade DN« yuibol, jlade L alayl, cpl jo
oyl 0 lgmle 5l o] Cwsds adgl polas el Ll 5 90 cdizmiw ibol, JBlas g xSla> 55 4 Lmin g Lmax
A ookl (V) alal, 5IDN & Gusbol, o glp a5 el uibol,

DNi = (Li / coefi) + 1 )
el uibioly 4 DN fous o 5o COET g ,La5 5 g0 Sy (s098 ;) Jlade DN oylas 090 JuuSoy (uibol,y Lialasly ol 5o

(Reflectance) sl 3L 4 (Radiance) b b o
A eolazwl (V) alal) 5l wl g cawad (sloylgale polas uibol, Jlade o jslate 4

_ m.Ld?
P~ Esun.cos(sz) ™
ESUN (o920 0> ly o o i j93 U (o alold d a5 0,90 Sty uiboly jlais L (Reflectance jloce p alal, ol o
Lol pgai Cud e 0 0)lgale a5 Jloj jo ol plis (o ol 9> dygly SZ 5 ad o5 glas

SE 6% 2Ly 9 Gty o 98 3l Gy (S s sl
oolitl ace; cpl ;o ot G yw sbaasls 5 lojlsale polas alws 4 aslllae 5,90 dihie SB- (5,58 b)) s
oylsale ol ¥ bV slanil s PD3226 DVI® JIPVI* NDVE BIT (SI3 SI2 SI1) slaasls 5l casad §jlsale ,o .08
S5V B slawil s BI NDVI SI3 SI2 SIT Lol il olsale gl oolial 3,50 slaasls () Jsaz) ol oslizl

Sloylaarle wleMb| 51 fol> sldaids

5 oael Cews a4 slaasla Tl (slo sl sl 5l oslinul b adllas 550 dilaie S 5,55 gloatis dgi jslate 4
SPSS 158l g, 5l ool b e .0 aswlxe Reflactance 4 Radiance DN cdl> aw jo cawad 5wl ojlsale g0 slosls
b9y 5| ey e plsiear 590 (Bly polie 5 S sl it plyie 4 pglal Sl enel Cussay Gloazly (e alal,
229905 oop ) S layite 5 6558 Ol S Laily gl Jl38le 5 Tl el oy p5 @ o5 a5 S
(Mahmoudabadi et al., 2017a) o sl dloles (3 Fwlin fuad o pd 4 azgi b aS g0 olpaien Jow paiz Colys
il rS o9t s (g sS 5 S 5)l3 e D90 50 0 S eslitul B seil 5l Gisew Sy e 95 ylosiee (99031 sl
S5 sloaids Vo /Y aseus ArC GIS 1380 o 5 5l solaiwl b )31 ol 10 08,5 18wy )50 jui b o035l eolaul b
> aw 5l 6,98 ALE £ ggamme jo iSu (pl 0 0D e it o Sl gl G5, Aol leslatul L ST
W) A.A.e‘.:)_,..w‘ 9 Cwda] o)bbl.n 99 6‘1.: gsﬂmb iz

1- Saline Index

2- Brightness index

3- Normalized difference vegetation index
4- Infrared Percentage Vegetation Index
5- Difference Vegetation Index

6- Potential Different



Ohes g (2181
e B gy 3l ooliiwl L S (690 (guduaiyy A Lo

qy

S o)‘sﬁ'.o )151..43 (89, 63D u,u)b)v 6L®ua>l.w -9 Jj»\?
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2- Root Mean Square Error (RMSE)
3 -Mean Bias Error (MBE)
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Table 3- Statistical analysis of selected physical and chemical soil parameters in the study area
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Table 4- Regression equations for estimating soil EC using Landsat satellite imagery data
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Fig. 2. Soil salinity map estimated from Landsat data in spectral modes: (a) DN, (b) reflectance, (c) radiance
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Table 5- Equations for calculating soil EC using ASTER satellite imagery data

heb Al 5 Holae
Spectral ]
mode Equation
DN EC = (-0.604 x B2) + 66.63
Radiance EC = (-0.34 x BI) + 68.51

Reflectance EC =(-61.14 x NDVI) + 13.16
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Table 6- Validation of different spectral modes of Landsat and ASTER satellites in estimating ECe

Index DN Radiance Reflectance Kriging
Landsat Aster Landsat Aster Landsat Aster

MBE -1.38 -1.00 -1.41 -1.38 -1.24 -1.56 -0.06

RMSE 17 15.87 15.14 16.03 458 16.07 3.53
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This study aimed to analyze the temporal and spatial patterns of snow cover in
the Alborz Mountains Range during the cold months, from December to April,
over the period 2001-2024. Satellite data from the MODIS sensor and the
FLDAS model were utilized within the Google Earth Engine platform, and the
Normalized Difference Snow Index (NDSI) was applied to monitor snow cover.
In addition, snow depth, snow water equivalent, and instantaneous snowfall rate
were estimated and analyzed. The results showed that maximum snow cover was
generally observed in January and February, with 2008 exhibiting the largest
snow-covered area across all temporal scales (daily, monthly, and annual). In
contrast, 2012 recorded the highest values for snow depth (21.70 cm), snow water
equivalent (4.96 cm), and instantaneous snowfall rate (0.058 mm/h), indicating
that intense snowfall events were concentrated in more localized areas that year.
Temporal patterns were analyzed using a linear regression model, with
coefficients of determination (R2) of 0.037, 0.038, and 0.007 reported for snow
depth, snow water equivalent, and instantaneous snowfall rate, respectively.
These generally low values suggest that seasonal variability and atmospheric
conditions play a more significant role than temporal trends in driving
fluctuations in snow storage. Spatial assessments further indicated that the
western, central, and northern highlands of the Alborz Mountains exhibited the
highest snow accumulation, whereas the southern slopes, due to lower elevations
and higher temperatures, displayed more scattered snow cover. This study
highlights the importance of simultaneously monitoring multiple snow related
variables to improve understanding of winter water resources and underscores the
implications of climate change in Iran’s mountainous regions.
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EXTENDED ABSTRACT

Introduction

Snow is one of the primary sources of streamflow in many regions, and an accurate understanding of its
temporal and spatial patterns is essential for the optimal management of limited water resources (Soleimani
et al., 2018). Variations in snow cover especially in areas with high spatial heterogeneity have significant
impacts on ecosystem structure, soil characteristics, and vegetation diversity (Faraji et al., 2024). Given
that snow is a key source of freshwater in many parts of the world, its continuous and precise monitoring
holds particular importance in water resource studies (Ahmadi & Seyedmirzaei, 2022). This study seeks to
identify snow cover trends across different time intervals through the analysis of satellite data and related
modeling approaches.

Material and Methods

The aim of this study was to examine the temporal and spatial variations in snow cover and its associated
parameters including snow depth, snow water equivalent (SWE), and instantaneous snowfall rate across
the Iranian sector of the Alborz Mountain Range during the cold months (December, January, February,
March, and April) from 2001 to 2024. To this end, daily remote sensing data (MODIS product) were used
for NDSI, and modeled data from the FLDAS dataset were utilized for snow-related variables. Data
processing was carried out using JavaScript within the Google Earth Engine environment, and statistical
analyses were performed in Python.

Results and Discussion

The findings of this study regarding snow-covered area at three temporal scales daily, monthly average,
and annual (with temporal uniqueness) indicate significant variability. At the daily scale, the largest snow
covered areas occurred on a few specific days within the study period. These days and their corresponding
snow covered extents are as follows: the highest snow covered area was observed on February 6, 2008,
with 197,478 kmz; followed by January 17, 2006, with 152,741 kmz2; and January 30, 2001, with 139,546
kmz2, At the monthly average scale, the greatest snow-covered area was recorded in January, reaching
244,161.867 km2. At the annual scale (based on temporal uniqueness), the year 2008 had the maximum
snow-covered area of 343,435.132 km2, while the minimum was observed in 2010, with an area of
138,759.11 km2. However, the analysis of the three parameters mean snow depth, average snow water
equivalent, and average snowfall intensity rate indicates that their highest values were recorded on specific
winter days. The maximum average snow depth was observed on February 1, 2012, with a value of 21.70
cm; the highest average snow water equivalent was also recorded on the same day, at 4.96 cm; and the peak
average instantaneous snowfall rate reached 0.058 mm per hour on February 1, 2012. The coefficients of
determination (R?) for temporal trends were low (ranging from 0.007 to 0.038), suggesting a weak role of
time in explaining snow variability and emphasizing the importance of atmospheric, seasonal, and spatial
factors.

Conclusion

The analysis of snow cover in the Alborz Mountain Range over the period 2001 to 2024, using daily,
monthly, and annual data, revealed that snow variations do not follow a uniform pattern and have
experienced significant fluctuations over time. At the annual scale, 2008 and 2010 were identified as notable
years, with the highest and lowest snow-covered areas, respectively. Meanwhile, at daily and monthly
scales, the greatest snow cover predominantly occurred in January and February, reflecting the
concentration of snowfall during the winter season. Furthermore, the analysis of three key snow-related
variables snow depth, snow water equivalent, and instantaneous snowfall rate revealed that their highest
values were recorded in 2012. This indicates that the intensity and physical characteristics of snowfall in
that year were notably significant, even though the snow-covered area was smaller compared to 2008. This
discrepancy highlights the importance of a comprehensive, multifaceted examination of both qualitative
and quantitative snow parameters. Although the snow-covered area peaked in 2008, the snow depth, snow
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water equivalent, and instantaneous snowfall intensity were notably higher in 2012. This discrepancy is
likely attributable to variations in the spatial distribution and intensity of snowfall. Statistical analyses and
descriptive charts also indicate that the data distribution is right-skewed, with outliers observed primarily
in the cold months, especially January and February. Positive correlations exist between snow depth and
both snow water equivalent and snowfall rate, while these variables show a negative correlation with the
progression of the months throughout the year, reflecting a gradual decline in snow characteristics during
the warmer seasons.
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1- Moderate Resolution Imaging Spectroradiometer
2- Advanced Very High-Resolution Radiometer

3- Goddard Earth Observing System

4- Medium Resolution Imaging Spectrometer

5- National Oceanic and Atmospheric Administration
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1- ECMWF Reanalysis
2- Snow Cover Frequency
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1- Google Earth Engine
2- Pandas

3- Numpy

4- Matplotlib
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1- Application Programming Interface

2- Normalized Difference Snow Index

3- NDSI_Snow_Cover

4- Shortwave Infrared

5- NDSI_Snow_Cover > 40

6- Snow Depth_inst

7- SWE_inst

8- Snowf_tavg

9- Famine Early Warning Systems Network Land Data Assimilation System
10- Land Surface Model
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2- Scatterplot
3- Boxplot
4- Barplot
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Daily Snow Cover with Trend Analysis (2001-2024)
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Time Series of Monthly Snow Cover Area (2001-2024)
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the 2001-2024 Period
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Snow Depth Time Series (2001-2024)
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Fig. 4. Time Series Graphs of Snow Depth, Snow Water Equivalent, and Instantaneous Snowfall Rate in the
Alborz Mountain Range during the 2001-2024 Period
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Table 2 — Descriptive Statistics of Snow Depth, Snow Water Equivalent, and Instantaneous Snowfall Rate
Variables in the Alborz Mountain Range during the 2001-2024 Period
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Fig. 5. Statistical Graphs of Snow Depth, Snow Water Equivalent, and Instantaneous Snowfall Rate Variables in

the Alborz Mountain Range during the 2001-2024 Period
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Drought is one of the greatest environmental and social challenges globally, with
serious implications for food security and water resource management. This study
focuses on short-term drought Projection in Iran using Shared Socioeconomic
Pathways (SSP) scenarios. Data from 95 synoptic stations for 1985-2014 served
as the baseline. Five General Circulation Models (GCMs) GFDL-ESM4, IPSL-
CM6A-LR, MPI-ESM1-2-HR, and UKESM1-0-LL were used to project
precipitation. The data underwent Kriging interpolation and bias correction. To
reduce uncertainty, a multi-model ensemble approach was applied. Results show
that ensemble-processed data align closely with observations, exhibiting reduced
errors and higher correlation coefficients. The ensemble model outperformed
individual models. Analysis of baseline precipitation patterns revealed strong
influences from geographic and climatic factors, with high precipitation in the
Zagros Mountains and southwestern Caspian Sea coasts during cold months.
Projections for 2021-2040 under the SSP5-8.5 scenario indicate significant
shifts: increased precipitation is expected in high-altitude regions and along the
Caspian coasts, though rising temperatures may offset these benefits. Conversely,
precipitation is projected to decline in northwestern and central Iran, especially
in spring and summer. These changes pose significant challenges for water and
agricultural management, underscoring the necessity for proactive planning. By
providing more precise projections, this study supports policymakers in
developing effective strategies to cope with drought.
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EXTENDED ABSTRACT

Introduction

The escalating frequency of extreme climatic events represents one of the most palpable consequences
of anthropogenic climate change, posing severe threats to ecosystem integrity, public health, and economic
stability. Among these hazards, drought is globally recognized as the most detrimental due to its creeping
onset, extensive spatial footprint, and prolonged duration. Iran, situated within the global arid and semi-
arid belt, has historically contended with water scarcity. However, recent decades have witnessed a
convergence of climatic shifts and managerial challenges, propelling the nation toward a pervasive water
crisis. Predictive models identify Iran as a highly vulnerable region to future hydrological anomalies. While
previous investigations predominantly relied on the fifth phase of the Coupled Model Intercomparison
Project (CMIP5), the advent of CMIP6 offers enhanced physical parameterization and higher spatial
resolution. This study employs a strategic approach by utilizing CMIP6 models under the high-emission
SSP5-8.5 scenario. This scenario serves as a systemic "stress test" for Iran’s water resource management
infrastructure, evaluating resilience against the most severe plausible climatic trajectory. The primary
objective is to analyze the spatiotemporal patterns of short-term droughts for the near-future horizon (2021
2040) and to delineate critical hotspots, thereby facilitating a paradigm shift from reactive crisis
management to proactive risk mitigation.

Material and Methods

The study area encompasses the entire territory of Iran. Observational data for precipitation and
temperature were obtained from 95 synoptic stations for the baseline period (1985-2014) to validate model
performance. For future projections (2021-2040), outputs from five CMIP6 General Circulation Models
(GCMs) specifically GFDL-ESM4, IPSL-CM6A-LR, MPI-ESM1-2-HR, MRI-ESM2 and UKESM1-0-
LL—were utilized under the SSP5-8.5 scenario. To address the scale mismatch between GCM outputs and
local observations, a robust downscaling procedure was implemented using Kriging interpolation to
generate a 19x19 km grid, followed by bias correction via the Delta Correction Factor (DCF) method. To
mitigate structural uncertainties inherent in individual models, a weighted Multi-Model Ensemble (MME)
approach was adopted, with weights assigned based on the Pearson correlation coefficients between model
outputs and historical observations. The Standardized Precipitation-Evapotranspiration Index (SPEI) was
selected to characterize drought conditions, as its incorporation of potential evapotranspiration (calculated
via the Thornthwaite method) makes it particularly sensitive to the thermal amplification of drought under
global warming. Model accuracy and the ensemble performance were rigorously evaluated using Taylor
diagrams and statistical metrics, including RMSE, MAE, MBE and R2.

Results and Discussion

The validation analysis, utilizing Taylor diagrams and statistical metrics, demonstrated that the Multi-
Model Ensemble (MME) approach significantly mitigated the structural uncertainties inherent in individual
CMIP6 models. While individual models exhibited biases ranging from 28% to 78% in parameter
estimation, the ensemble-adjusted data showed negligible deviations (less than 2%) and high correlation
coefficients, indicating a robust alignment with baseline observational records (1985-2014).

Baseline analysis confirmed the topographic control over moisture distribution, identifying the Zagros
Mountains and the Caspian coast as primary precipitation zones, in contrast to the arid central and eastern
basins. However, projections for the near-future horizon (2021-2040) under the SSP5-8.5 scenario reveal
critical shifts in spatiotemporal precipitation patterns. Although a potential increase in precipitation is
projected for high-altitude regions and the southern Caspian coast during specific cold months (e.g.,
January), this trend is reversed during critical growing seasons. Notably, northwestern, central and
southeastern Iran are projected to experience precipitation deficits and negative anomalies during spring
and summer months.
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The most pivotal finding emerges from the SPEI analysis, which underscores the thermodynamic
dominance of climate change in the region. The results indicate that the substantial rise in surface
temperatures and the consequent surge in atmospheric evaporative demand will likely offset any localized
precipitation gains, driving a negative water balance. This phenomenon signifies a transition toward a "Hot
Drought" regime, characterized by increased frequency and severity of drought events across most of the
country. Spatial risk mapping identifies southern regions (such as the Persian Gulf coast), eastern, and parts
of central Iran as vulnerability "hotspots.” In these areas, the recurrence interval of severe droughts is
projected to shorten, while wet periods diminish. These spatial patterns display strong concordance with
previous literature, confirming that the primary driver of future droughts in Iran is shifting from
precipitation deficits to thermal stress and intensified evapotranspiration. This trajectory poses profound
challenges for rainfed agriculture and reservoir management, particularly during the warm season when
water demand peaks.

Conclusion

This study demonstrates the efficacy of the Multi-Model Ensemble (MME) approach utilizing CMIP6
datasets under the SSP5-8.5 scenario in minimizing simulation uncertainties and enhancing the fidelity of
short-term drought projections for Iran. The results indicate that for the 2021-2040 horizon, although
precipitation patterns exhibit regional variability, the dominant climatic driver will be the substantial rise
in surface temperatures; this warming trend is projected to amplify potential evapotranspiration rates,
effectively negating localized precipitation gains and driving a transition toward more frequent and
widespread "hot droughts.” Spatiotemporal analysis identifies the southern, eastern, and central regions of
the country as critical hotspots of vulnerability, where the intensification of drought severity is expected to
be most pronounced. These findings underscore the imperative for a strategic paradigm shift from reactive
crisis management to proactive risk management, necessitating robust policy interventions that prioritize
demand-side water management, climate-adaptive agricultural practices and the implementation of
advanced early warning systems to safeguard national water and food security against escalating climatic
stresses.
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Urban flooding can lead to inundation and destruction of urban infrastructure,
severe human and financial losses, and widespread socio-economic damages.
Blue and green infrastructure plays a critical role in mitigating urban flood risk.
Therefore, the objective of this study was to evaluate the ecosystem service of
urban flood risk mitigation in the Tabriz metropolis under a 2-year return
period. In this research, Landsat satellite imagery, land use/land cover data,
meteorological data, a biophysical table, GIS techniques, and the InVEST
software were employed to assess the ecosystem service of urban flood risk
reduction in Tabriz. The results showed that in 1984, under a 2-year return
period and a 15-minute rainfall event, the volume of retained and infiltrated
water and the economic benefit of the urban flood risk mitigation ecosystem
service were 4.28 million m3 and US$10.87 million, respectively; for a 30-
minute rainfall event, 3.17 million m3 and US$8.04 million; and for a 45-minute
rainfall event, 2.58 million m3and US$ 6.56 million. In 2002, the corresponding
values were 4.37 million m? and US$ 2.01 million for 15 minutes, 3.21 million
m3 and US$14.71 million for 30 minutes, and 2.60 million m3 and US$11.94
million for 45 minutes. In 2022, the retained water volumes and economic
benefits were 4.65 million m3 and US$33.25 million for 15 minutes, 6.15
million m3 and US$43.96 million for 30 minutes, and 5.20 million m3 and
US$37.14 million for 45 minutes. The findings indicated that, due to the
negligible extent of green infrastructure in the Tabriz metropolis, these land
uses have played only a limited role in reducing urban flood risk. In the runoff
retention and infiltration potential of Tabriz, land use/land cover exerted a
greater influence than soil hydrologic groups. Overall, the results demonstrated
that the ecosystem service of urban flood risk mitigation in Tabriz has been
relatively significant.

* Corresponding author: Hassan Mahmoudzadeh

E-mail address: mahmoudzadeh@tabrizu.ac.ir

How to cite this article: Herischian, M., & Mahmoudzadeh, M. (2025). Assessment of Urban Flood Risk
Mitigation (UFRM) Ecosystem Service with A Short-Term Approach (2 Years), Case Study: Tabriz Metropolitan.

Journal of

Geography

and Environmental Hazards, 14(4), 153-180.

https://doi.org/10.22067/GEOEH.2025.94245.1589

©2025 The author(s). This is an open access article distributed under Creative Commons
Attribution 4.0 International License (CC BY 4.0)


mahmoudzadeh@tabrizu.ac.ir
https://doi.org/10.22067/GEOEH.2025.94245.1589
https://orcid.org/0000-1234-5678-9101
https://orcid.org/0000-0001-5465-1114
https://doi.org/10.22067/GEOEH.2025.94245.1589

Herischian & Mahmoudzadeh 154
Assessment of Urban Flood Risk Mitigation (UFRM) ...

EXTENDED ABSTRACT

Introduction

With global climate change and rapid urbanization, urban flooding has become increasingly frequent
and severe, causing significant damage worldwide (Tellman et al., 2021). Flood-related disasters are among
the most common and destructive natural hazards, leading to a growing proportion of populations at risk of
flooding (Rentschler et al., 2023; Tellman et al., 2021). In densely populated urban areas, floods result in
substantial human and economic losses, including infrastructure damage, reduced agricultural productivity,
disrupted communication systems, and risks to human health and safety (Alderman et al., 2012; Peng &
Zhang, 2022; Pham et al., 2021). Mitigating urban flooding is a critical component of urban planning and
disaster risk reduction strategies. Traditional mitigation measures, often referred to as gray infrastructure,
include urban drainage systems and flood pumping stations, which have been widely implemented to
manage runoff and reduce flood-related impacts (Prudencio & Null, 2018; Qi et al., 2021; Zischg et al.,
2017). However, these measures often require substantial financial investment and have limited
effectiveness (Sohn et al., 2019). In contrast, green infrastructure solutions—such as green roofs, rain
gardens, permeable pavements, urban green spaces, and urban forests—play a vital role in regulating
stormwater runoff through ecosystem services (Ahiablame & Shakya, 2016; Qin et al., 2013).

These measures are environmentally sustainable, require minimal energy input, and are often cost-
effective. In the metropolitan area of Tabriz, located in the Urmia Lake Basin, the city's topographic position
on a plain and the presence of two major rivers, the Ajichay and Quri, have historically contributed to
devastating floods. Rapid urban expansion, particularly following the Islamic Revolution, coupled with
widespread migration and unplanned development, has exacerbated flood risks in Tabriz (Yazdani et al.,
2018). Therefore, this study aims to evaluate the ecosystem services provided by green infrastructure in
mitigating urban flood risk in the Tabriz metropolitan area.

Material and Methods
This study employs a descriptive-analytical methodology with a developmental-applicative focus. Data
were collected from library resources, documentary records, electronic sources, surveys, and field
observations. The research utilizes the urban flood risk mitigation model from the INVEST 3.12.0 software
package. This model assesses urban flood risk mitigation based on inputs including a vector map of the
study area (watershed), rainfall data (in millimeters), a land use/land cover map, a soil hydrological group
raster map, a biophysical table, a vector map of built infrastructure, and a table estimating damages from
urban flooding. The model generates the following outputs:
1. Runoff volume, presented as raster data.
2. Runoff absorption and retention (in millimeters), expressed as a percentage of rainfall in a raster
file.
3. Runoff retention volume (in m®), depicted in a raster file.
4. Flood risk, summarized in a descriptive table and represented through vector and raster data,
enabling identification of spatial variations within defined local boundaries.
5. Monetary assessment of flood-related damages.
6. Monetary valuation of the ecosystem service of urban flood risk mitigation, calculated using the
avoided damage cost method and presented in a descriptive table.

Results and Discussion

Across the three study periods (1984, 2002, and 2022), the soil in most of the ten districts of the Tabriz
metropolitan area, except for parts of Districts 4, 6, and 7 and minor portions of other districts, was
predominantly loam and clay. These soil types exhibit moderate to high runoff potential, meaning that a
significant portion of rainfall runoff flows over the surface rather than infiltrating the soil. Consequently,
most districts in Tabriz are at elevated risk of urban flooding due to their high runoff potential.
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The continuous urbanization, significant land-use changes, and increased construction and urban density
in Tabriz over recent decades have resulted in a substantial increase in impervious surfaces. These surfaces,
particularly those associated with high-density residential areas, have consistently contributed to the highest
runoff volumes across all three periods. Green infrastructure, including green spaces, agricultural lands,
and pastures, has played a more significant role in mitigating urban flood risk than water infrastructure in
all three periods, with the exception of one instance (a 15-minute rainfall event in 2002).

An examination of the land use/land cover (LULC) in Tabriz city indicates that impervious surfaces
increased continuously from 1984 to 2002, whereas a slight decrease was observed in 2022. Specifically,
residential land use increased by approximately 16.54% from 1984 to 2002, followed by a decrease of about
0.50% from 2002 to 2022. This expansion of impervious surfaces has reduced the capacity of most districts
in the Tabriz metropolitan area to absorb and retain runoff, thereby increasing the risk of urban flooding.
Continued growth of impervious areas in the future could further exacerbate flooding, potentially
inundating urban infrastructure, increasing economic losses, and threatening the stability of the city.

The findings reveal that in 1984, for a 2-year return period rainfall event, the volume of water absorbed
and retained, along with the associated ecosystem service benefits for mitigating urban flood risk, were as
follows: for a 15-minute rainfall, 4.28 million m3 valued at US$10.87 million; for a 30-minute rainfall, 3.17
million m3 valued at US$8.04 million; and for a 45-minute rainfall, 2.58 million m3 valued at US$6.56
million. In 2002, the corresponding values were: for a 15-minute rainfall, 4.37 million m3 valued at US$2.01
million; for a 30-minute rainfall, 3.21 million m3 valued at US$14.71 million; and for a 45-minute rainfall,
2.60 million m3 valued at US$11.94 million. In 2022, the values were: for a 15-minute rainfall, 4.65 million
m3 valued at US$33.25 million; for a 30-minute rainfall, 6.15 million m3 valued at US$43.96 million; and
for a 45-minute rainfall, 5.20 million m3 valued at US$37.14 million.

Conclusion

The results showed that in the metropolitan of Tabriz, due to the insignificance of green infrastructure,
these land uses have not played a significant role in reducing urban flood risk. In the potential for absorption
and retention of runoff, land use/land cover has played a more significant role compared to the hydrological
soil group. Furthermore, the results suggest that ecosystem services have played a relatively significant role
in mitigating urban flood risk in Tabriz.
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Table 1- Fixed coefficients of the Ghahraman-Abkhezr Equation (Farahnakian et al., 2024)
ol plad ©ue

(cele) 1>= 2>= 9<= 2<t<=9 2>= >2
A 0.13 0.14 0.16 0.2
B 0.5 0.48 0.44 0.39
Al 0.46 0.56
a2 0.24 0.19
a3 0.62 0.8

1- Synoptic
2- Bell
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Table 2- Accuracy assessment values of images classified by maximum likelihood method

(1) &5 e (LS o Jw

(7.) Overall Accuracy  (7.) Kappa Coefficient Year
96/4 95 1984

95/2 93 2002

97/4 96/6 2022
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Table 3- Biophysical table used in the InVEST urban flood risk mitigation model

lucode Description NEH ty‘g;;" define N A CNB CNC CND SW type EMC
0 Background 1 1 1 1 7000 0
1 High Intensity Urban districts 89 92 94 95 8000 0.107
Developed
Medium
2 Intensity Res districts 61 75 83 87 9000 0.077
Developed
3 Low Intensity 51 68 79 84 10000 0.041
Developed
Open Space
4 Developed Open space 49 69 79 84 11000 0.012
5 Bare Land 77 86 91 94 7000 0
6 Cultivated Land Small grain 63 75 83 87 5000 0
7 Deciduous Woods 36 60 73 79 5000 0
Forest
8 Pasture/Hay 49 69 79 84 3000 0
9 Water 1 1 1 1 6000 0
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Table 4- Mathematical equations of the INVEST model

Ly, Jge s Ly, o les
Equation Formulations Equations Number
P — ASpax)?
Q. . = P~ W)™ ifP > A+ Spani 1
pi P+ (1 - A)Smax,i ’
254000
max,i — T — 254 2
Q,
Ri=1-—2> 3
P
R_ms; = R; - P - pixel - area - 1073 A
Q_ mg; = Qp,i- P.pixel.area. 1073 5
Affected.build , = Z . a(b,W)-d()
iew 6
Service.built , = Affected.build , - Z . R_m3
iew 7
RT = AtB[a; + a,In (T — a3)RLY] 8
10 593 o=
REQ = € 993(Ri449)06 9

oy el G st 4wl 0yse al osdies Ol e s o sl o 9oy Dpe 4 eud pladl Sless 5 )
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Table 5- Land Use/Land Cover Data for the Ten Zones of Tabriz Metropolis in 1984 (percent)

land use/land cover oo, i [ 2815 552,

5l 1,3
s ol N ) oS3 oS1s
. S 58LiS slas oSy ) R
ol & . (N : ; e
- AaS) B FaS)g e St 05 (S9Sme e N L
Aas) (Vas) ( G (fas) (Ya5) a (Vas) d
Water Pastur Waste (Y5
e Green | Agric Open Low . High District
(Code Space land Space  Residentia ~Medium i 1strcts
(Code p ultural p Residenti Resident
9) 8) (Code | pang (Code5) (Code 1Density 1‘]3;1 el}ttla ial
7) (Code 4) (Code 3) © eéls12y Density
6) ode2)  (Code 1)
- - 13.98 - 48.08 5.97 9.83 18.58 3.53 1
0.21 - 10.04 - 68.20 4.14 10.41 4.54 2.45 2
- - 1.71 - 65.60 1.70 6.17 10.72 14.09 3
0.68 - 4.50 32.08 16.12 1.83 2.01 19.37 23.40 4
- - 8.36 - 86.89 3.90 0.71 0.13 - 5
0.05 - 1.40 17.48 65.25 11.94 1.85 1.88 0.12 6
- - 1091 6.08 70.32 7.67 1.39 3.09 0.53 7
- - - - - 1.58 3.73 66.25 28.43 8
- 8.30 16.94 - 73.86 0.89 - - - 9
- - - - 75.71 - - 21.28 3 10
g J5
0.10 0.25 5.63 9.42 62.97 6.33 3.18 7.32 4.78 All
Districts

2o 4 555 S S Bblia VYAV JLo ] iy (o0l )5 & ogsn csloosls =5 Jpur
Table 6- Land Use/Land Cover Data for the Ten Zones of Tabriz Metropolis in 2002 (percent)

land use/land cover ool Gihgs/ ool 6 52,8

\:J‘

slas

5 50 . .
e = S blas e oSl Gl Gy
Q) A o Csssles b (fu5) (YS) oS (YoS) bawgte  (10S) ol &+
Water ~ Pasture  (YoS)  Agricultural ©35)  Open Low Medium High -
Districts
(Cgo)de (Cg))de green Land6()C0de Waste  Space  Residential ~ Residential ~ Residential
pace
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" e SR S sl bl oo S| S (S )
(Code land (Code Density Density Density
7) (Code 4) (Code 3) (Code 2) (Code 1)
5)
- - 10.98 - 23.59 - 23.38 28.06 13.98 1
0.17 0.022 7.72 - 45.53 2.55 34.63 6.79 2.59 2
- 0.011 3.07 - 48.19 - 21.17 12.93 14.62 3
0.62 - 1.83 24.37 6.91 - 9.73 25.51 31.02 4
- 0.0043 9.82 - 81.14 0.59 7.92 0.51 - 5
0.065 - 1.14 21.69 63.09 0.60 10.96 2.24 0.19 6
- 0.011 7.25 10.71 54.80 1.32 17.47 7.61 0.81 7
- - 0.79 - - - 3.73 66.95 28.52 8
- - 13.55 - 85.21 0.66 0.57 - - 9
- - 0.58 - 28.66 - 3.26 25.22 42.28 10
bl J5
0.095 0.0048 4.76 10.55 52.10 0.65 14.15 9.76 7.91 All
Districts
203 4 5255 ABIS alns Gblia 1F4) Jlo (1) by o315 l5 4 gye csloosls Y Jga
Table 7- Land Use/Land Cover Data for the Ten Zones of Tabriz Metropolis in 2022 (percent)
land use/land cover ool,l g/ 24150 6,8
slad <2l iy
oy & e iy I ot et
Water. (Ass) sy S ?sj)ew (bS) gpf: (VLOL;’S (YMe)dium’“ “Ifi;; % bl
(Code ~ Pasture  Green  Agricultural  yagte Space  Residential ~ Residential ~ Residential  pyigtricts
9) (Cé))de Space ~ Land 6(C0de land (Code Density Density Density s
(C%de ) (CSO)de 4) (Code 3) (Code 2) (Code 1)
- - 8.66 - 10.36 13.97 19.55 31.78 15.67 1
0.30 - 12.96 0.15 13.60 19.70 41.54 9.16 2.57 2
- 0.00094 4.07 0.080 35.09 21.04 11.42 13.35 14.93 3
0.60 - 3.09 19.74 5.58 6.48 6.47 26.53 31.50 4
- - 11.83 0.0014 43.39 35.88 6.23 2.66 - 5
0.060 - 0.81 16.96 51.52 20.45 7.74 2.26 0.18 6
- - 7.39 5.98 34.24 25.45 16.05 9.70 1.18 7
- - 0.111 - - - 3.73 67.23 28.92 8
- - 9.70 - 52.03 27.50 10.76 - - 9
- - 10.54 - 10.98 0.49 4.09 27.76 46.13 10
0.101 0'0%009 5.73 8.07 3431 20.45 12.05 10.97 8.30 db:]JS

Districts
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Fig. 4. Maps of Runoff Retention and Infiltration Capacity in Tabriz Metropolis for 1984 under a 2-Year Return
Period and 15, 30, and 45 Minute Rainfall Durations (m?), from left to right
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With the expansion of urbanization and the intensification of environmental
hazards, urban resilience has emerged as a key strategy for crisis management
and sustainable urban development. At the same time, the concept of the smart
city, grounded in advanced technologies, offers a promising framework for
enhancing resilience against both natural and human-induced hazards. This study
aims to analyze the role of smart city components in improving urban resilience
in the city of Zanjan. The research adopts a mixed-methods approach. In the
qualitative phase, key components were identified through theoretical analysis
and validated using the Delphi method. In the quantitative phase, structural
equation modeling (SEM) was conducted using PLS software to examine the
impact of the identified components on urban resilience. The results indicate that
all dimensions of the smart city have a significant positive impact on urban
resilience. Among them, smart transportation, data management and analytics,
and smart infrastructure had the strongest impact. The overall coefficient of the
smart city's impact on urban resilience was calculated at 0.8846, highlighting the
strong potential of this variable in enhancing Zanjan’s resilience capacity.
Therefore, the findings underscore the importance of integrating advanced
technologies into the policy and development programs of Zanjan, suggesting that
the smart city can play a crucial role in shaping a resilient, adaptive, and
sustainable urban future.
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EXTENDED ABSTRACT

Introduction

In the contemporary era, alongside the accelerating trend of urbanization and the intensification of
climatic hazards, cities face increasingly complex challenges in sustainability and crisis management.
Zanjan, as one of Iran’s developing urban centers, is no exception and contends with issues such as flash
floods, drought, land subsidence, and weaknesses in smart infrastructure. Under such circumstances, the
concept of “urban resilience,” which entails a city’s capacity to confront, adapt to, and recover from crises,
gains heightened importance. In this context, the emerging paradigm of the “smart city,” leveraging
technologies such as the Internet of Things, big data, artificial intelligence, and advanced communication
infrastructures, has been introduced as an effective tool to enhance urban resilience. The present study aims
to investigate and elucidate the role of smart city components in strengthening the various dimensions of
urban resilience in Zanjan against environmental hazards.

Material and Methods

This study adopts an applied research design with a mixed qualitative-quantitative approach. In the
gualitative phase, through a review of theoretical and empirical foundations, the relevant components and
subcomponents related to smart cities and urban resilience were identified. Subsequently, in the quantitative
phase, to measure expert opinions and build consensus on selected indicators, a two-round Delphi method
was employed with the participation of 35 specialists. For data analysis, statistical tests including mean,
standard deviation, Kendall’s coefficient of concordance, and Chi-square test were applied. Furthermore,
to evaluate the conceptual framework of the study and examine causal relationships among variables, Partial
Least Squares Structural Equation Modeling (PLS-SEM) and Confirmatory Factor Analysis (CFA) were
utilized. The reliability of the questionnaires was confirmed by Cronbach’s alpha coefficients exceeding
0.7, and model fit was validated using indices such as SRMR, NFI, and d_ULS.

Results and Discussion

The findings indicated that out of an initial 48 indicators, 42 were confirmed by expert consensus and
incorporated into subsequent analyses. In the factor analysis, all items exhibited factor loadings above 0.7,
demonstrating the model’s high structural validity. Various smart city components (including smart
transportation, data management and analytics, smart community, smart infrastructure, smart crisis
management, and smart economy) each showed significant positive effects on different dimensions of urban
resilience. Path analysis revealed that the greatest direct effect belonged to the smart transportation
component with a path coefficient of 0.349 and a t-value of 8.64. This was followed by data management
and analytics (B = 0.3081), smart community (B = 0.1855), smart crisis management (p = 0.1892), smart
infrastructure (p = 0.1789), and smart economy (§ = 0.1740), all of which had meaningful impacts on urban
resilience. Overall, the total effect coefficient of the smart city on the resilience of Zanjan city was
calculated as 0.8846, indicating a strong and direct relationship between these variables. The four
dimensions of urban resilience (social, economic, institutional, and infrastructural) were well explained by
the smart city components. Smart infrastructure played a crucial role in enhancing the city’s physical
robustness; smart community contributed to raising awareness, participation, and digital literacy among
citizens; smart data management and analytics optimized institutional decision-making; and the smart
economy supported the city’s economic sustainability during crises. These results underscore that
institutionalizing smart technologies within Zanjan’s urban structures can significantly improve the city’s
resilience against environmental threats.

Conclusion

In summary, the study’s findings emphasize that urban development in the twenty-first century
necessitates the intelligent integration of technology with sustainable governance. The results of this
research can serve as a practical model for policymakers, urban planners, and crisis managers aiming to
enhance urban resilience by leveraging smart city capacities. It is also recommended to take effective steps
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toward transforming Zanjan into a resilient and smart city through the expansion of digital infrastructure,
enhancement of data literacy, and strengthening of a knowledge-based economy. Continuation of this
trajectory requires multi-sectoral collaboration among government agencies, the private sector, universities,
and civil society to prepare adequately for complex and forthcoming challenges.
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Table 1 — Main Components and Subcomponents of Smart City and Urban Resilience
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Table 2 — Expert Survey and Opinions on the Smart City and the Enhancement of Urban Resilience in Zanjan City
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Delphi Round One Delphi Round Two
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Mean S. Deviation Mean  Experts Status S. Deviation  Mean  Experts

(Confirmed) ot .894 3.99 35 (Confirmed) .36 .894 3.99 35 T1
(Confirmed) ast .807 4.04 35 (Confirmed) a5t .807 4.04 35 T2
(Confirmed) ot 714 418 35 (Confirmed) o5t 714 418 35 T3
(Confirmed) o5t .81098 4.1600 35 (Confirmed) ot .81098 4.1600 35 T4
(Confirmed) ot 72137 3.9150 35 (Confirmed) ot 72137 3.9150 35 T5
(Confirmed) osb .74616 3.8550 35 (Confirmed) o5t .74616 3.8550 35 ST1
(Confirmed) osb .61454 4.3150 35 (Confirmed) o5t .61454 4.3150 35 ST2
(Confirmed) ost 74375 4.1400 35 (Confirmed) o5t 74375 4.1400 35 ST3
(Confirmed) osb 72181 3.9600 35 (Confirmed) o5t 72181 3.9600 35 ST4
(Confirmed) osb .87735 3.7100 35 (Confirmed) o5t 87735 3.7100 35 ST5
(Confirmed) osb 71437 3.9150 35 (Confirmed) o5t 71437 3.9150 35 ST6
(Confirmed) o5t .78168 3.5450 35 (Confirmed) o3t .78168 3.5450 35 ST7
(Confirmed) a5t 72554 4.0350 35 (Confirmed) o3t 72554 4.0350 35 ST8
(Confirmed) osb .81443 3.7450 35 (Confirmed) o5t .81443 3.7450 35 ST9

= (Delete) s> .89953 3.4300 35 S1
(Confirmed) a3 .80551 3.6200 35 (Confirmed) o3t .80551 3.6200 35 S2

: (Delete) i .89351 3.2250 35 S3
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(Confirmed) o5t .84340 4.0850 35 (Confirmed) o5t .84340 4.0850 35 S7
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(Confirmed) o5t 54356 4.1050 35 (Confirmed) ot .54356 4.1050 35 Ecl
(Confirmed) o3t .76605 3.6900 35 (Confirmed) o5t .76605 3.6900 35 Ec2
(Confirmed) o3t .65338 3.9850 35 (Confirmed) o3t .65338 3.9850 35 Ec3
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* (Delete) i .88539 3.2000 35 Ec5

: * (Delete) i .87804 3.2300 35 Ec6
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Table 3 — Expert Agreement Levels in Two Delphi Rounds Based on Kendall’s Coefficient of Concordance
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Table 4 — Factor Loadings Results
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Fig. 2. PLS analysis results
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Fig. 3. T-statistics analysis results
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ARTICLE INFO ABSTRACT

Article History: Global warming and its intensifying effects on arid urban regions highlight the
. necessity of integrated urban planning strategies. This study aims to forecast
Received: 23 May 2025 climate trends, evaluate the role of vegetation in mitigating noise pollution,
Revised: 25 August 2025 identify drought-resistant plant species, and propose sustainable strategies for
Accepted: 26 Auaust 2025 green space management in Birjand city. Annual temperature changes were

_p _ g predicted up to 2035 using the Long Short-Term Memory (LSTM) deep learning
Available Online: 7 September  model, which indicated a gradual increase in mean annual temperature, posing

2025 potential challenges to urban livability. Based on these projections, the influence
of vegetation cover on noise pollution was analyzed using remote sensing data.
Keywords: A vegetation index map was generated and reclassified into five categories,

revealing that 47% of the study area lacked vegetation, 28% had sparse cover,
17% moderate, 6% good, and only 2% dense cover. Comparative analysis
Noise Pollution demonstrated that areas with denser vegetation experienced significantly lower
noise levels, while sparsely vegetated or barren zones were exposed to higher
acoustic pollution. Furthermore, tree species with high drought tolerance and
Climate Change effective sound absorption, such as Cupressus sempervirens var. pyramidalis,
Robinia pseudoacacia, and Myrtus communis, were identified as suitable
candidates for planting in traffic corridors and noise-prone urban areas. These
Long Short-Term Memory findings emphasize the crucial role of urban green spaces in simultaneously
(LSTM) mitigating thermal and acoustic stresses. Overall, the study underscores the
importance of sustainable urban design through optimal distribution and species
selection of vegetation, offering a practical pathway to counteract the adverse
effects of climate change while enhancing environmental quality and residents’
quality of life.
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EXTENDED ABSTRACT

Introduction

Rapid urbanization has led to increased noise pollution, primarily from transportation, which negatively
affects quality of life, mental health, and physical well-being. Urban vegetation, particularly trees, offers a
natural solution to mitigate noise pollution and improve mental health by enhancing green spaces. However,
in arid regions, it is crucial to select drought-resistant species to balance the benefits of noise reduction with
potential challenges such as allergenic pollen. This study first predicts annual temperature trends using a
deep-learning LSTM model, then examines the role of vegetation in reducing noise pollution in Birjand.
By integrating environmental data and modeling approaches, the research aims to provide sustainable urban
design strategies that address both urban heat and noise pollution. The findings offer recommendations for
urban planners on where to expand vegetation and which plant species are most effective in mitigating
noise in arid environments.

Study Area

The city of Birjand is located at approximately 32°52' north latitude and 59°13’ east longitude, covering
an area of about 31,700 square kilometers in South Khorasan Province, eastern Iran. With a population of
around 266,700, Birjand lies in a region characterized by a dry to semi-arid climate. The city has an average
annual temperature of approximately 17.5 °C and receives about 134 mm of precipitation per year.

Material and Methods

In this study, the Long Short-Term Memory (LSTM) deep learning model was employed to predict
temperature trends in the study area. Annual temperature data from 2000 to 2024 were collected, normalized
using the Min-Max method, and divided into training (70%), validation (15%), and testing (15%) sets. The
LSTM model, a type of advanced recurrent neural network (RNN), effectively captured complex temporal
patterns and long-term dependencies within the data. Its architecture, comprising memory cells and three
key gates (forget, input, and output), enabled robust modeling of long-term climate trends and seasonal
fluctuations. Following training, the model was used to forecast annual temperatures through 2035. The
results demonstrated high predictive accuracy, as confirmed by low RMSE values, and showed a clear
warming trend aligned with observed climate patterns. Additionally, spatial analysis of noise pollution was
conducted using GIS and the Inverse Distance Weighting (IDW) interpolation method. Field data on sound
levels recorded at various times of day (morning, noon, and night) were used to generate detailed noise
distribution maps for Birjand, providing insights into spatial variations in environmental noise exposure.

Results and Discussion

To predict temperature variations in the study area, a deep learning approach was adopted. Specifically,
the Long Short-Term Memory (LSTM) neural network was employed to analyze the trend of mean
temperature changes over the period 2021-2035. The results revealed a clear upward trend in average
temperature, with a high coefficient of determination (R2 = 0.84), indicating an estimated annual increase
of approximately 0.08°C. The LSTM model was chosen for its proven capability to capture complex
temporal dependencies in time-series climate data. Model outputs confirmed the efficiency of LSTM in
accurately forecasting temperature trends, closely reflecting inter-annual fluctuations and highlighting a
consistent warming trajectory for the region. These findings suggest that the study area is likely to
experience noticeable impacts of climate change in the coming years. Throughout the model training
process, the Mean Squared Error (MSE) consistently decreased across both training and validation datasets.
As the number of training epochs increased, the model's prediction accuracy improved steadily. The
sustained reduction in training error, along with a relatively stable error trend in the validation set, indicates
effective learning without significant overfitting. Although a slight divergence between training and
validation errors was observed in the final stages of training, the difference remained minor, suggesting that
the LSTM network successfully captured the underlying temporal patterns in the data. Overall, the results
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highlight the robustness and high performance of the LSTM architecture in modeling climate-related time
series and in providing reliable predictions of future temperature dynamics.

Spatial analyses indicated that commercial and industrial areas adjacent to busy roads exhibit the highest
levels of noise pollution. In contrast, dense tree cover, particularly broad-leaved and coniferous species,
significantly reduced unwanted noise levels. Due to their drought resistance and high efficiency in sound
absorption, these species were identified as suitable options for planting along urban roads. Ultimately, the
study emphasizes that selecting appropriate plant species and implementing smart green space design can
simultaneously enhance urban livability, reduce noise pollution, and mitigate the impacts of global
warming.

Conclusion

Urban green spaces, especially trees, play a vital role in mitigating noise pollution. This study highlights
that proper green space design and the selection of suitable plant species around noisy areas such as streets
and industrial sites can significantly reduce noise levels. Integrating green, low-noise land uses into urban
development plans is essential for sustainable noise management. It is recommended that future studies
leverage remote sensing and deep learning approaches to advance climate change monitoring and enhance
urban planning strategies.
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Table 2— Key Equations of the LSTM Model and Evaluation Index
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1- Elaeagnus angustifolia

2- Tamarix spp

3- Rosa persica

4- Prosopis cineraria

5- Amygdalus scoparia

6- Olea europaea var. sylvestris
7- Pistacia vera var. khinjuk

8- Drought-Resistant Turfgrasses
9- Native Shrubs
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Table 4- Suggested Plant Species for Selected Streets of Birjand Based on Noise Pollution Intensity
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1- Cupressus sempervirens
2- Ulmus pumila

3- Myrtus communis

4- Euonymus japonicus
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Table 5- Characteristics of Plant Species Suitable for Noise Pollution Reduction Based on Noise Attenuation
Role and Climate Adaptability
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moderate, 26.49% high, and 0% very high, whereas the WS method yielded
3.32% very low, 33.77% low, 55.64% moderate, 7.27% high, and 0% very high.
Rural Settlements High-High (HH) clustering patterns were observed in the plains and piedmont
Earthquake Risk areas, while Low-Low (LL) clusters were located in mountainous regions. The

HH clusters corresponded to villages with high resilience, whereas LL clusters
Local Moran's | coincided with villages exhibiting low resilience. Moreover, resilience hot spots
were concentrated in the northern piedmont region of Rudbar County, while
cold spots were located in the mountainous Khorgam area. Overall, results
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EXTENDED ABSTRACT

Introduction

The concept of resilience to natural hazards is used in the field of disaster management. Numerous models
and indicators have been developed and applied to examine resilience to natural hazards. However, most
models and indicators do not take into account spatial differences and patterns. Therefore, the results of
most studies cannot represent a spatial perspective (Sung & Liaw, 2021). The aim of this research is to
investigate the spatial pattern and differences in the resilience of rural settlements to earthquake risk.
Therefore, spatial autocorrelation analysis, which is one of the most ideal statistical approaches, has been
used to detect spatial distribution patterns. This research seeks to identify the spatial pattern of the level of
physical resilience of rural areas of Rudbar County against earthquakes, and aims to answer the question
"To what extent is the physical resilience of rural settlements in Rudbar County against earthquakes?"

Material and Methods

This study was conducted in Gilan province and Rudbar city at geographical coordinates 36° 32’ to 37°
07'N latitude and 49° 11’ to 50° 05'E longitude. According to the 2016 census, this county has a population
of 100,943 people, 30,350 households, and accounts for 4% of the total population of Gilan province. There
are also 151 inhabited villages in this county, according to the general population and housing census.

In this study, 12 criteria and 36 sub-criteria effective in the physical resilience of rural settlements were
identified with the help of experts and specialists in this field. Then, the effect of each criterion on the final
level of resilience was determined in order of importance, and the Analytic Hierarchy Process (AHP) and
Weighted Sum (WS) models were used to determine the level of resilience of rural settlements, as well as
two local Moran I indices and hot spot analysis in ArcGIS software to identify the type of spatial pattern.

Results and Discussion

The results of spatial cluster and non-cluster analysis of the analytic hierarchy process (AHP) index values
using the local Moran | method showed that the high-high (HH) cluster is located in the northeast of the
study area. In other words, villages with high resilience are visible in the plain and foothill areas of northern
Rudbar County along the Sefidrood Valley to Rostam Abad and have a high-high (HH) cluster pattern. In
this regard, most rural settlements in the Khorgam district of Rudbar county also have a low-low (LL)
cluster pattern and are less resilient to earthquakes. Also, most of the villages located in the foothills of this
county have moderate resilience to earthquakes and do not show significant differences with the high-high
or low clusters, and have random and meaningless behavior. As a result, out of 151 villages in this county,
69 villages have random behavior (45.7%), 29 villages have a high-high pattern (19.2%), zero villages have
a high-low pattern (0%), 18 villages have a low-high pattern (11.9%) and 35 villages have a low-low pattern
(23.2%).

The spatial pattern of the resilience of rural settlements using the weighted sum (WS) method with the
local Moran's | statistic showed that the high-high (HH) pattern includes villages in the plain and foothills,
and the low-low (LL) pattern includes villages in the mountainous region. The HH pattern includes villages
located in the northern part of Rudbar County, which extends along the Sefidrood Valley to the beginning
of Rudbar. Also, most of the villages located in the mountainous area of Khorgam district of Rudbar county
also have the LL pattern and their resilience to earthquakes is low. As a result, out of 151 villages in this
county, 63 villages follow random behavior (41.7%), 46 villages follow the high-high pattern (30.5%) and
30 villages follow the low-low pattern (19.9%).

The results of calculating the hot spot analysis (*G Getis-Ord) of the resilience of rural settlements using
the AHP method show that the center of the hot spots of resilience is located in the northern area of the
county along the Sefidrood Valley (north-south). Also, the epicenter of the earthquake resilience cold spots
includes most of the villages in the Khorgam district of this county. These points are marked with Z equal
to £3 and their hot and cold spots are significant with 95% confidence. In a part of the mountainous area of
this county, the meaninglessness of hot spot analysis is quite clear, indicating the mediocre resilience of
rural areas in this part. A small number of villages are located in the Z range of +2 or -2, and in general,



Journal of Geography and Environmental Hazards, 2025, Vol. 14, No. 4 232

most hot and cold spots are observed in a cluster pattern in the plain and mountainous areas. The results of
the weighted sum are not much different from the analytic hierarchy process model, and the rules governing
hot spot analysis in the AHP model also apply to the WS model. Therefore, out of 151 villages in this
county, 25 villages are among the cold spots at a 99% confidence level and 26 villages are among the hot
spots at a 99% confidence level in the analytic hierarchy process model. This was also obtained for the
weighted sum model, equal to 30 and 34 villages for cold and hot spots, respectively. The analysis of hot
spots shows that 65 and 54 villages behaved randomly in the hierarchical analysis and weighted sum model,
respectively, against earthquakes, and their resilience was average in both methods.

Conclusion

The aim of this paper is to identify the spatial pattern governing the resilience of rural settlements in
Rudbar County against earthquakes. Considering the very severe experience of the earthquake of June 21,
1980, it should be said that earthquakes are still considered a serious danger for this county due to the
moderate to low resilience of rural settlements. It should also be said that topography is one of the effective
factors in the spatial distribution of vulnerability and physical resilience to earthquakes in this county. In
other words, the mountainous areas of this region have high vulnerability and low resilience to earthquakes,
and this increases towards the foothills and plains. As a result, the level of development of areas in various
dimensions (physical, economic, social, etc.) has a direct impact on the level of resilience, and this issue
works completely the opposite in the studied area with altitude. Therefore, it is necessary for the responsible
organizations to pay special attention to the issue of earthquakes and to strengthen residential buildings
against earthquakes in the mountainous and foothill areas of the county. In addition, the construction of
rural settlements appropriate to local conditions and their correct location according to various
environmental criteria (including slope, slope direction, soil type, geological formation, distance from
faults, etc.) are among the issues that must be considered. Another issue related to rural settlements is the
use of indigenous architecture with new technology, as well as indigenous and traditional materials, in order
to preserve the heritage of past rural settlements in this area, while observing engineering and architectural
principles, which must be considered.
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Table 1- Identification of Criteria, Sub-Criteria, and Their Coding for Assessing the Earthquake Resilience of Rural

Settlements
(R‘;’ifi‘e‘:l’e‘;l’_‘;l) (Sub-indicator) jasLé » (Indicator) asLs (Com“::r:ent) (:Z::)
(High)yu o5 o (Low Intensity)

(Medium) oosee Lsie (Medium) $5e) Ol 1
(Low)es +u; (High) (Seismicity)

(High)yu + ao,s Y+ 1 (0 to 20 percent)

(Medium) Lo e Y+ ao,0 F0 U (20 to 45 percent) Oy s (Slope) 2
(Low) s ao,0 F0 51 e (More than 45 percent)

(High)yt slaL> (Plain)

(Medium)Lassee slaulass (Foothill) Ly, el (Village 3
(Low) s Sltass (Mountainous) Elevation) 5 ST
(High)yL Do 0 Dy gz (B0 ol (?;);raj;)c

_ " (Southgast,»s?uth, Southwest, Flat) et 2> (Slope and Geological) 4

(Medium) Lo e o, 3 3,5 (East and West) Direction)

(Low)s o Jleds o Jlo 3,5 Jleis (Northeast, North, Northwest)
(High)yu pslie ui;Le (Resistant Formation)

(Medium) v ge palie dad &5l (Semi-resistant Formation) wilo g (Type of 5
(Low)ss esliel o33l (Non-resistant Formation) Formation)

(High)yu o Yoo o 5l e (More than 2000 meters) )

(Medium) Lassee Vere 2a¥e-- (1000 to 2000 meters) g5 ;‘r(‘:‘i;a';tame 6
(Low) s g Ve or ggluw L xS (Less than or equal to 1000 meters)

(High)yu alss L (Durable)

(Medium) bosie sl 4es (Semi-durable) gllas g5 (Type of 7
(Low)ss elgs o5 (Non-durable) Materials)

(High)yu + Jl V- 1 (0 to 10 years)

(Medium) Laosgs v+ Jls ¥ 15 (10 to 30 years) Ly Zuoad (Age of QL:”%L“ 8
(Low)ss JL Y. 5l ez (More than 30 years) Structure) (Building)

(High)yu 5ke 5 o3Lls Jl> o (Under Construction) )

(Medium) Lew 2o e ye 5 SigSs Ji18 (Habitable and Repairable) o “"‘5 (-Quallty of 9
(Low)es o, (Demolished) Buildings)

(High)yu s VY 5l e (More than 12 meters)

(Medium) Lo ze A e \Y G (8 to 12 meters) Aee 2 (Road =l 10
(Low)ss s A5l S L sslee (Equal to or less than 8 meters) Width) (Infrastructure)
(High)yu 42,8510 5| s (Less than 15 minutes) USTCHRC

(Medium) oo e 15 aa3s ¥+ 1 (V0 to 30 minutes) ot Lo (Access 11
(Low) s 4885 Y+ g9lew L i (More than or equal to 30 minutes) Speed to Hospital) o
(High)yu 4,85 10 31 .S (Less than 15 minutes) i 5T 4y (Services)

(Medium) v g 15 aads ¥+ b (Vo to 30 minutes) (Access to Fire 12

(Low) s

4885 Y+ g9lew L i (More than or equal to 30 minutes)

Department)
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Fig. 3. Local Moran’s I Index of Earthquake Resilience for Rural Settlements in Rudbar County Using the Analytic
Hierarchy Process (AHP) Method
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Table 3- Excerpt of Local Moran’s I Statistics Output for the Earthquake Resilience Values of Rural Settlements in

Rudbar County Using the Analytic Hierarchy Process (AHP) Method

AHP value Local Moran | Index Z-score | index PV value Pattern type Number of neighbors
6 0.0009 1.403 0.082 - 3
5 -0/0002 -2.310 0.002 LH 3
6 0.0028 2.211 0.014 HH 6
6 0.0031 2.147 0.014 HH 6
6 0.0020 1.892 0.034 HH 5
6 0.0042 3.665 0.002 HH 8
6 0.0061 3.846 0.002 HH 10
6 0.0061 3.664 0.002 HH 11
6 0.0023 1.994 0.014 HH 10
5 -0.0003 -2.539 0.006 LH 7
6 0.0068 3.816 0.002 HH 13
6 0.0004 1.447 0.238 - 1
6 0.0047 2.832 0.002 HH 11
5 -0.0006 -3.233 0.002 LH 12
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Table 4- Number, Percentage, and Cumulative Frequency of Rural Settlements Across Different Local Moran’s I
Index Categories Using the AHP Method

Type Number of villages Percentage of abundance Cumulative abundance
(No significant) e 69 457 45.7
(High-High Cluster: HH) YL - YU as45 29 19.2 64.9
(High-Low Outlier: HL) -0l - YU acsayg 0 0 64.9
(Low-High Outlier: LH) YL - -0l acsayg 18 11.9 76.8
(Low-Low Cluster: LL) ;b - b adg5> 35 23.2 100
Total Sum 151 100
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Fig. 4. Local Moran’s I Index of Earthquake Resilience of Rural Settlements in Rudbar County Using the Weighted
Sum (WS) Method
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Table 5- Excerpt of Local Moran’s I Statistic Output for Earthquake Resilience Values of Rural Settlements in
Rudbar County Using the Weighted Sum (WS) Method

Value WS Index | Z-score I-index PV value of the I index  Pattern Number of

Local Moran Local Moran Local Moran type neighbors
5.88 0.0013 2.0381 0.012 HH 3
5.22 0.0002 2.5885 0.002 HH 3
6.28 0.0042 2.4003 0.006 HH 6
6.24 0.0043 2.3871 0.01 HH 6
5.7 0.0015 2.2391 0.01 HH 5
5.56 0.002 3.5807 0.002 HH 8
6.06 0.0061 3.5308 0.002 HH 10
6.16 0.0072 3.2321 0.002 HH 11
5.8 0.0021 2.2963 0.008 HH 10
4.78 -0.0012 -2.4638 0.006 LH 7
5.76 0.0051 3.4666 0.002 HH 13
5.56 0.0002 1.0557 0.168 - 1
6.16 0.0061 2.9669 0.002 HH 11
5.28 0.0008 3.3954 0.002 HH 12
5.76 0.002 2.1059 0.014 HH 11

Table 6- Number, Percentage Frequency, and Cumulative Frequency of Rural Settlements in Different Local
Moran’s I Index Categories Using the Weighted Sum (WS) Method

Type Number of villages Percentage of abundance Cumulative abundance
(No significant) s o 63 41.7 41.7
(High-High Cluster: HH) YL - YL &s45 46 30.5 72.2
(High-Low Outlier: HL) 0l - YL aizasyg 7 4.6 76.8
(Low-High Outlier: LH) Yu - ool axiecyg 5 3.3 80.1
(Low-Low Cluster: LL) ;b - b &34 30 19.9 100
Total Sum 151 100

55 09y Ol ol (alinssy SlrolfisSs ()50l Blien ()55 S §G) €l bl o avslone b 7 5 0 slaJSs 50
Wil o sme g 5lel Ll 5l g Cuie Z jlade (B ol aaS a5 a3sSles (el sals ools Lis WS s AHP Jow 50 gl )5 ol
Sl Bl YL 5,1 b sleades b gl bl adlais 4y g conl lagie jlade 51 YL alads Blb| jlage oS ol ol soimsLis
Aresy el 530 A% pleebl mhw L Z jlade el (5] 05 loadss Lo jw aSd dilaie 4y Glaie (90 (pl 8 )0

Dgd oo 43,5 Hlas o caie 0w bl g cotie o bl (gl 50093 0y g £l bl gl £V 5 XY AV L



YFO VEoF oylimn) oF o,lods IF ol o ane & bl g Ll yiar 4y i

354000 3810(‘)0 408000
L :
h Hot Spot Analysis (AHP)
! .
Y
o Fe] g
= 5% BF 23
§ i —tw. Sy S §
- :“:.‘ ®oq . -
S
o ‘
ari)S :'“'__‘_ by ® Cof
‘: -~ Pla
o~ o, __‘._.'_9"‘ 2o
wr o Gag \ountais
P -* 2
9 i
§ > :__J‘“' I Rt * inTalkuh, 2@ 3 g
g - - Topra o b o%° 2
~ e —_— . v s
5 < [ ia | WV ™ @ S
e o0 o=
-
ait__
f Nk
2 -3
g re
g Kilometers g
M uJ | S 1
0 4 8 16 24 32
T v H
354000 381000 408000

AHP g, sleslaiwl b alyly ol o JLog, bow il slaliws, 6)91;‘;13 (5,9 S G glo bla Ll -0 J5Cb
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AHP Method
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Table 7- Number, Frequency Percentage and Cumulative Frequency of Rural Settlements in Different Hot Spot
states (G™ Getis-Ord)Categories Using AHP and WS Methods

Type Analytical Hierarchy Percentage Cﬁgﬂﬁ:&‘f Weighted Perci?tage C#:;ﬂ:eanté\;e

Process (AHP) of frequency percentage sum (WS) frequency percentage
Cold Spots (99%) 25 16.6 16.6 30 19.9 19.9
Cold Spots (95%) 8 5.3 21.9 8 5.3 25.2
Cold Spots (90%) 4 2.6 245 1 0.7 258
Nonsense 65 43 67.5 54 25.8 61.6
Hot Spots (90%) 14 9.3 76.8 2 1.3 62.9
Hot Spots (95%) 9 6 82.8 22 14.6 775

Hot Spots (99%) 26 17.2 34 225

Total 151 100 100 151 100 100
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ARTICLE INFO ABSTRACT

Avrticle History: Climate change can have profound impacts on aquatic ecosystems and
Received: 14 July 2025 associated species, particularly reptiles with temperature-dependent sex
Revised: 24 August 2025 de'germlnatlon (TSD). This study almed to evalgate assisted mlgratlo_n and

adjustments to protected area boundaries as strategies to support the survival of

Accepted: 04 September 2025 the marsh crocodile (Crocodylus palustris Lesson, 1831) under climate change.
Available Online: 10 September 10 this end, changes in habitat suitability were projected under four climate
2025 scenarios up to 2070 to identify potential climatic refugia. Modeling results
indicated that a portion of the Gando Protected Area would remain suitable

Keywords: under the RCP2.6 scenario, whereas the entire area would become unsuitable

under other scenarios. Consequently, reliance on current protected area
management alone is insufficient for species conservation, emphasizing the
Temperature-dependent Sex necessity of assisted migration. Accordingly, a revised boundary for the Gando
Determination (TSD) Protected Area was proposed based on the results, incorporating climatic
Habitat Suitability Modeling refugia, population critical zones, potential human crocodile conflict areas, and
natural watershed boundaries. Permanent monitoring plots were also
o ) established, and priority sites for feasibility studies on species translocation to
Climatic Refugia new habitats were mapped.

Human/Crocodile Conflicts

Climate Change

Assisted Migration
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EXTENDED ABSTRACT

Introduction

Climate change is an inevitable ecological change that can significantly impact aquatic ecosystems and
their dependent species, particularly reptiles with temperature-dependent sex determination (TSD).
Therefore, this study aimed to evaluate assisted migration and adjustments to protected area boundaries as
strategies to support the survival of the marsh crocodile (Crocodylus palustris Lesson, 1831) under the
influence of climate change.

Material and Methods

Southeast Iran was selected as the study area, which includes the northwesternmost extent of the global
distribution of the marsh crocodile. For this purpose, changes in the suitable habitat range of the marsh
crocodile under four climate scenarios (RCP2.6, RCP4.5, RCP6.0 and RCP8.5) through the year 2070 were
projected using maximum entropy modeling (MaxEnt) and bioclimatic variables from the KGClim_V1 data
bank. The MTSS threshold was used to classify the habitat suitability layer based on historical data and
future scenarios. The common suitable areas in historical and future data indicated climatic refuges for this
species.

By overlaying Boolean layers representing potential changes in habitat suitability due to climate change
with the Gando Protected Area layer- as the species’ main habitat- the feasibility of future species
conservation was assessed through the designation of restoration zones or boundary adjustments of
protected areas. The network of protected areas was also examined in supporting the survival of the species
in the future.

In addition to analyzing the population trend using previous studies and expert opinions from field
observations, critical population areas were also mapped based on changes in habitat suitability. For this
purpose, based on the Boolean layers of historical and future habitat suitability, zones were classified from
low-risk (suitable under both historical and all four future scenarios) to high-risk (suitable only under the
historical and one future scenario).

To identify potential future human/crocodile conflicts, settlements (cities and villages) and road
networks were overlaid with historically and future-predicted suitable habitat areas (areas common across
all four climate scenarios).

Based on the results and the natural boundaries of watersheds, a revised boundary for the Gando
Protected Area was proposed.

Also, permanent population monitoring plots for the species were identified in this area based on the
results of the modeling and the species' presence. Finally, priority areas for conducting local studies on
assisted migration were identified within the main watershed of the species' distribution and its neighboring
watershed.

Results and Discussion

The modeling results showed that in all climate scenarios, an increase in the area of the suitable habitat
area is expected by 2070, with the largest increase in the RCP2.6 scenario and the smallest in RCP6.0. It
was also predicted that part of the Gando Protected Area would fall outside the suitable habitat under
RCP2.6, and the entire area would become unsuitable under the other scenarios. Similarly, other protected
areas will not fall within the projected suitable habitat areas.

Consequently, depending only on the management of protected areas or establishing restoration zones
within them will not be enough to conserve this species. This phenomenon is attributed to temperature-
dependent sex determination (TSD) in the species, where fluctuations in temperature can influence the sex
ratio of hatchlings, potentially resulting in long-term changes in the population's structure and composition.
Therefore, revising protected area boundary and implementing management strategies that support the
assisted migration of this species are necessary conservation actions. In this regard, a revised boundary for
the Gando Protected Area was proposed based on the results of modeling including: climatic refuges,
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population critical areas, historical species distribution, crocodile/human conflict, and consideration of
watershed boundaries.

The permanent plots were also located for monitoring the population of the marsh crocodile.
Additionally, spatial prioritization for feasibility studies on the species’ assisted migration to new habitats
was conducted in the southern Balochestan watershed—the primary distribution area of the species—and
in the adjacent watershed (Bandar Abbas—Sedij). Projected areas of human/crocodile conflict by 2070 were
also identified.

Conclusion

The present study was conducted to investigate the possibility of protecting the marsh crocodile in the
Gando Protected Area, and showed that in addition to the Gando Protected Area, which is the main habitat
of the species, the existing network of protected areas will not be effective in supporting the survival of the
species in the future. Maintaining the current habitat configuration or defining a restoration zone within
climatically unsuitable portions of the protected area will not be feasible, as these areas are projected to
become unsuitable under future climate scenarios. Given the high probability of habitat suitability shifts,
assisted migration will be inevitable for the survival of the species.

The ability of the marsh crocodile to move according to climate change will increase the
human/crocodile conflicts, and therefore, the migration path of the species should be consciously paved
through assisted migration.

Accordingly, based on the modeling conducted, critical population areas and climatic refuges for the
species were located to show the human/crocodile conflicts, propose a revised boundary for the Gando
Protected Area, population monitoring plots for this species, and prioritize target sites for local and field-
based feasibility studies supporting the implementation of assisted migration actions.
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Geography and Environmental Hazards is an interdisciplinary Iranian research journal that highlights
geographical themes such as the degree of geographical hazard in various regions, human exposure to risk,
vulnerability, public awareness, disaster response, and planning strategies to mitigate the impacts of
environmental hazards.

The journal also addresses the role of hazards in influencing development processes, particularly in developing
countries, and engages with issues related to efficiency, social equity, and sustainability.
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risk behaviors, and urban—rural vulnerabilities.

Environmental Hazard Management: Crisis management, active and passive risk management,
emergency response and rescue, post-disaster recovery, and strategic planning for hazard mitigation.
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