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In Iran, floods are considered the most destruateeiral disaster after earthquakes
and cause extensive annual economic, social, afrdsiructural losses. Flood
spreading systems are one of the nature-basedasaluor reducing flood peaks,
controlling the destructive energy of runoff, aneducing the vulnerability of
downstream infrastructure to hydrological hazatdsyever, their oi\iimal location
remains a methodological challenge because of iIitbo§%@n n models to
manage spatial uncertainty. This study used & @k Sugeno FIS fuzzy inference
system to investigate 14 geogr % environahefatictors in the Qavijaq
watershed in northegn Irarf’ % 4 environmefdators were weighted by nine
experts, and fiyemain-fac were identified.idaf map was then prepared using
32 hi rc@c@ fuzzy rules in a GIS context. Hiyathis map was validated with 125
i’;ﬁdent field points, and its performance waspared with the AHP, WLC,
and Random Forest models. The results of the wiamgftased on the judgment of
nine experts (average consistency ratio = 0.074 &iRwed that slope (12.8%),
distance from the river (11.6%), land use (10.4&tdtance from the road (9.2%),
and geology (9.9%) were the five main controllingctbrs for flood spread
localization in the study area. Quantitative vatiidia of the model using 125
independent field control points, including 70 doanted flood points from the
2019 and 2022 events and 55 non-flood points, stotat the Sangofuzzy
inference system performed well, with an area utiderROC curve of AUC = 0.76
(kappa coefficient = 0.5%, and overall accuracy of 84.3%). This model also
significantly outperformed (DeLong test) the AHP UB=0.741), WLC
(AUC=0.718), and Random Forest (AUC=0.843) methoflse findings of this
study showed that the GIS-based Sango fuzzy infereystem, using 14 criteria and
32 hierarchical rules, is a more efficient tool.
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EXTENDED ABSTRACT

INTRODUCTION

In Iran, floods are considered the most destructis¢ural disaster after earthquakes and cause
extensive economic, social, and infrastructuradéss Simultaneously, the country is located inrah a
and semi-arid belt and faces a water scarcityscasid successive droughts(Velasquez-Espinoza &
Alcantara-Ayala, 2025). In such circumstances, dlativersion systems that use flood flows to
artificially recharge aquifers are considered aficienht approach to integrated water resource
management under climate change(Karimi et al., 2Barkesh, 2005). However, the optimal location
of these systems remains a methodological challemgeg to the inability of common models to
manage spatial uncertainty and the gradual behafienvironmental variables (Hashemi et al.,
2015). This study aimed to use the Sugeno fuzzgrénfice system (FIS) based on a geographic
information system (GIS) to identify and prioritizeeas susceptible to flood diversion in the Qgyija
watershed (eastern Golestan province). The innmvati this study is the simultaneous application of
32 hierarchical rules in loess basins, the presientaf a three-level combined sensitivity analysis
framework (criteria weights, membership functioasd fuzzy rules), and the quantitative comparison
of the performance of this model with conventioAdlP, WLC, and random forest machine learning
algorithms under limited field data conditions.

DATA AND METHODOLOGY

Based on the research background and geoenviroameonditions of the region, 14 factors,
including slope, slope direction, geology, distafroen fault, land use type, vegetation, soil degtil
texture, permeability, elevation classes, drairgdeyesity, distance from river, distan'/ from roadj a
distance from residential areas, were selectedtigft@ion was not included a ependent layer
in the model because of spatial homogeneity (dpateatio coe&ﬁé&nt@t % less than the
threshold of 15%) and conceptual overlap with \kﬂea uc gfsd age denS|ty and vegetation
cover. The criteria were weighted using the judgnami ? rts (including university professors,
senior engineers of the regional w. ter org nim cal experts) and completing 14x14 pairwise
comparison matriceBable 1. The a nsiste cy ratio (CR) ofubdgments was 0.074 ( range:
0.052-0.089), indic ep%be consistencye Zéro-order Sango fuzzy inference model was
used, in which hMﬁf each rule was a constalue (flood spreading desirability) in the
interval [0, 1]. Membership functions were defireltrapezoidal with four characteristic pointsiy(a,

¢, d), whose thresholds were adjusted based oviewef specialized literature, national guidelirds
the regional water organization, and an initialssvity analysis using ten independent field cohtr
points. The rule base consisted of 32 hierarchigkds at three levels: (1) screening rules (slope
greater than 12% or distance from the river less t500 m— completely unsuitable category); (2)
positive prioritization rules (slope less than 4¥istance from the road more than 400 m, and pasture
or dryland use— desirability above 0.7); and (3) compensation rules (in the presence of an
undesirable criterion, the output decreases ligdaut does not reach zero). The implementation was
carried out in the ArcGIS 10.8 environment with teeccoding in Python using the NumPy and
Rasterio libraries.
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Table 1. Statistical values and final weights of deria (based on the opinions of 9 experts)

Criterion Geometric Mean of Standard CcVv Normalized Weight
Scores Deviation (%) (%)
Distance from river (n 8.21 1.14 13.¢ 11.€
Distance from road (m) 7.03 1.32 18.8 9.2
Slope (%) 8.45 0.98 11.6 12.8
Aspect 4.16 1.57 37.7 4.3
Geology 7.82 1.21 155 9.9
Distance from fault (m) 6.34 1.48 23.3 5.7
Land use type 8.03 1.05 13.1 10.4
Vegetation cove 7.44 1.27 17.1 6.C
Soil depth (cm) 5.67 1.63 28.8 5.6
Soil texture 5.12 1.55 30.3 5.8
Infiltration rate (cm/h) 6.89 1.39 20.2 5.6
Elevation classes (m) 4.45 1.71 38.4 4.1
Drainage densi 6.21 1.52 24.F 4.z
Distance from residential areas 5.03 1.45 294 3.9
(m)
Total - - - 10C

RESULTS AND DISCUSSION

Based on expert judgment, the five main controllfiagtors were slope (12 % istance from the
river (11.6%), land use (10.4%), geology (9.9%} drstance from gj;wexé The final spatial
suitability map showed that only 7.4% of the cateh tely 12.7 km2) fell into the
“fully suitable” category, 13.2% “fairly suitable,1.9 ma;l e,” 17% “unsuitable, ” and 60.5%
“completely unsuitable. The proposed s&modél, der the ROC curve of 0.862 (95%
confidence interval: 0.84 0.90), a ka effitt 72 and an overall accuracy of 84.3%, showed

W@]c} in distinguishing flood-prone froam-flood-prone areas Figure 1

ROC curve of Sango's fuzzy model
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Figure 1. ROC curve of the performance of the Sango fuzfsré@mce model in distinguishing flood-
prone areas (positive) from non-prone areas (negati

Field investigations of highly suitable areas atemfirmed the high agreement between the model
output and the ground reality. The Sango fuzzy redmificantly (based on the DeLong test with a
p-value of < 0.05) outperformed the other threehwds. The largest decrease in AUC (from 0.862 to
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0.841) occurred when the slope weight was reduge2DBo, indicating the key role of this criterion in
determining AUC. A 20% increase in distance from tiver reduced AUC to 0.843. Changes in land
use and geology weights had a negligible effess(tban 0.015) on AUC. Changing the membership
function thresholds also resulted in a maximum ekese in the AUC of 0.015 units, indicating the
relatively good robustness of the model to threshwicertainty.

CONCLUSION

The results showed that the widespread and uniftewelopment of flood diversion systems in the
Qavijaq Basin is not technically or economicallggible. In the face of large floods, the necessity
targeted siting and combining these systems witlerolood management strategies (such as local
catchments, land use modification, and vegetatiestoration) is revealed. The present study
emphasizes that the incorrect selection of floogedion sites can lead to severe hydrological and
socio-economic consequences. Therefore, strengihpdield data collection, real-time monitoring,
and interdisciplinary cooperation between water agans, urban planners, and local communities is
essential to increase the accuracy of predictions re@duce the vulnerability of infrastructure to
flooding. The model presented in this study, with high interpretability and favorable numerical
performance, can be used as an efficient tool mil& semi-arid loess basins after parameter
adjustment based on local conditions.
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