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Figure 1- Location of the Bakhtegan-Maharlu watershed and selected synoptic stations.
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Table 1- Characteristics of five selected synoptic stations in the Bakhtegan-Maharlu
Watershed.

. . . Elevation above sea Year of
Station Name  Longitude (degrees)  Latitude (degrees) level (m) establishment
Arsanjan 53.33 29.9 1676 2006
Takhtejamshid 52.89 29.92 1605 2002
Shiraz 52.60 29.56 1488 1951
Safashhar 53.16 30.59 2251 2006
Neyriz 54.39 29.19 1632 2000
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Table 2- Specifications of CMIP6 models
used in the research.

Developer  Spatial Accuracy

Model
Country (degrees)
ACCESS-ESM1-5  Australia 1.25*1.875
CNRM-CM6-1 France 1.4*1.4
MRI-ESM2-0 Japan 1.12*1.12
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Table 3- Evaluation of the Lars WG model in the calibration and validation phase.

Station \rification Calibrated
R? RMSE R? RMSE
Arsanjan 0.71 5.01 0.72 4.98
Neyriz 0.62 6.32 0.64 6.33
Rain Safashahr 0.66 3.87 0.69 3.74
Shiraz 0.78 3.21 0.73 3.28
Takhtejamshid 0.67 3.99 0.65 4.01
Arsanjan 0.90 0.25 0.91 0.24
Neyriz 0.87 0.33 0.86 0.35
Tmax Safashahr 0.94 0.27 0.92 0.29
Shiraz 0.98 0.19 0.97 0.21
Takhtejamshid 0.89 0.29 0.86 0.33
Arsanjan 0.92 0.28 0.93 0.25
Neyriz 0.89 0.41 0.91 0.34
Tmin Safashahr 0.94 0.32 0.93 0.32
Shiraz 0.95 0.23 0.97 0.21
Takhtejamshid 0.91 0.29 0.88 0.35
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Figure 2 - Comparison of Lars WG model Predicted values and observational values of five
synoptic stations in the Bakhtegan-Maharloo Watershed.
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Figure 4- Changes in climate parameters for the near future period (2026-2045) compared to the
base period in the CNRM-CM6-1 model.
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Table 4- Result of changes in climatic parameters in the near future period (2026-2045) compared
to the base period in the Bakhtegan-Maharloo watershed.

Model Arsanjan Neyriz Safashahr Shiraz Takhtejamshid ~ Average
ACCESS-ESM1-5 295.7 177 237.9 294.6 295.2 260.1
SSP126 CNRM-CM6-1 246.6 184.2 203.5 266.5 3435 248.9
MRI-ESM2-0 254.6 179.7 210.7 283.3 355.5 256.8
Average 265.6 180.3 217.4 281.5 331.4 255.2
- ACCESS-ESM1-5 326.2 175.2 260.3 314.7 313.7 278.0
2. SSP245 CNRM-CM6-1 257.9 178.3 215.2 275.1 359.2 257.1
5 MRI-ESM2-0 246.5 184.5 202.4 285.2 348.9 2535
3 Average 276.8 179.4 225.9 291.7 340.6 262.9
= ACCESS-ESM1-5 339.3 186.2 275.3 315.9 326.7 288.7
SSP585 CNRM-CM6-1 262.5 1815 219.1 293.0 372.6 265.7
MRI-ESM2-0 258.4 183.6 208.8 280.2 355.4 257.3
Average 286.7 183.8 234.4 296.3 351.6 270.6
OBS-Rain 222 184.9 195.1 316.5 291.7 242
ACCESS-ESM1-5 26.3 27.1 21.9 27.8 27.1 26.0
SSP126 CNRM-CM6-1 26.9 27.7 22.4 28.3 27.6 26.6
MRI-ESM2-0 26.7 275 22.3 28.1 275 26.4
Average 26.6 275 22.2 28.1 274 26.3
4 ACCESS-ESM1-5 26.9 27.2 21.9 27.7 27.1 26.1
3 SSP245 CNRM-CM6-1 27.0 27.8 22.5 28.4 27.7 26.7
Jay MRI-ESM2-0 26.5 27.3 22.1 279 27.2 26.2
o Average 26.8 274 22.1 28.0 27.3 26.3
= ACCESS-ESM1-5 26.6 27.4 22.1 28.0 27.3 26.3
SSP585 CNRM-CM6-1 27.2 27.9 22.7 28.6 27.9 26.9
MRI-ESM2-0 26.9 27.7 225 28.4 27.7 26.6
Average 26.9 27.7 225 28.3 27.6 26.6
OBS-Tmax 25.2 25.9 20.7 26.3 25.8 24.8
— ACCESS-ESM1-5 12.9 14.4 4.6 12.4 10.7 11.0
a3 SSP126 CNRM-CM6-1 13.4 15.0 5.2 13.0 11.3 11.6
= MRI-ESM2-0 13.0 145 4.8 125 10.9 11.1
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Model Arsanjan Neyriz Safashahr Shiraz Takhtejamshid ~ Average
Average 13.1 14.6 4.9 12.6 11 11.2
ACCESS-ESM1-5 13.0 145 4.7 12.4 10.8 111
SSP245 CNRM-CM6-1 135 15.0 5.3 13.0 114 11.6
MRI-ESM2-0 12.9 14.4 4.6 12.3 10.7 11.0
Average 13.1 14.6 4.9 12.6 11.0 11.2
ACCESS-ESM1-5 13.2 14.8 49 12.8 111 114
SSP585 CNRM-CM6-1 13.7 15.2 55 133 11.6 119
MRI-ESM2-0 13.2 14.8 5.0 12.7 111 114
Average 134 14.9 5.1 12.9 11.3 11.5
OBS-Tmin 11.6 13.1 3.4 10.8 9.4 9.7
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*Bold values represent a significant difference between the baseline mean and the predited values at the 95% confidence level.
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Extended Abstract

Introduction and Goal

Climate change means long-term, irreversible changes in average climate conditions caused by
natural and human factors. Climate change is causing global temperature increases, melting of
polar ice caps, rising sea levels, and extreme weather events. The significant impact of these
changes on meteorological variables such as temperature and precipitation, which disrupt
hydrological order. By using general atmospheric circulation models as advanced and
comprehensive tools for simulating and predict climate changes, dynamic and thermodynamic
atmospheric processes can be modeled. Therefore, this study aimed to predict climate change
under the Sixth Report models in the Bakhtegan-Maharloo watershed.

Materials amd Methods

In this study, daily precipitation and minimum and maximum temperature data from five
synoptic stations of Arsanjan, Neyriz, Safashar, Shiraz and Takht Jamshid were used. Climatic
parameters were downscaled using the models of the Sixth Report of the Intergovernmental
Panel on Climate Change using the LARS-WG model. The selection of station type was
selected based on data adequacy, dispersion and climatic diversity in the watershed. In this
study, using three scenarios SSP126, SSP245 and SSP585, the output of three models ACCESS-
ESM1-5, CNRM-CM6-1, and MRI-ESM2-0 was used. Using the LARS-WGS8 statistical model,
downscaling and correction of precipitation and minimum and maximum temperature data were
performed to increase the accuracy of the predictions. Finally, the climate projection was
calculated for the period 2026 to 2045. Then, daily precipitation and temperature data from the
Bakhtegan-Maharloo synoptic stations were processed and compared them with the base period.
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Results and Discussion

The results of the ACCESS-ESM1-5 model showed that the difference between the average
precipitation of the base period and the future was significant at the 95% confidence level, and
predicted higher precipitation compared to the other two models was related to the ACCESS-
ESM1 models, and the estimated magnitude of the CNRM-CM6-1 and MRI-ESM2-0 models
was closer to the baseline values. The trend of predicted maximum temperature at all stations
and scenarios was increased compared to the observational data and was estimated to be
significant and upward at the 95% confidence level. The average annual maximum temperature
increased from 24.8°C to 26.9°C. The highest predicted maximum temperature was for the
CNRM-CM6-1 model. Shiraz and Persepolis have the highest temperatures. The trend of
minimum temperature was increasing in all station. The watershed average minimum
temperature increased from 9.7°C to 11.5°C (in the SSP585 scenario), indicating warmer nights
and a decrease in nighttime cold. The highest predicted minimum temperature compared to
other models was for the CNRM-CM6-1 model. The range of predicted changes in watershed
precipitation was from 248.9 to 288.7 mm, and the range of predicted changes in maximum and
minimum temperature was from 26 to 26.9 and 11 to 11.9 °C, respectively.

Conclusion and Suggestion

Based on the results of this study, the increasing trend in precipitation and temperature
(maximum and minimum) was consistent with the severity of greenhouse gas emission intensity
scenarios, indicating that the Bakhtegan-Maharlu region will become warmer and relatively
wetter in the future. The differences between the models indicates the lack of certainty in the
projections, which necessitates the use of multiple models and scenarios to reduce decision-
making risk. These changes require careful planning and adaptation for water resource
management, agriculture, and public health in the region. Based on the results of this research in
the Bakhtegan-Maharloo watershed, it is suggested that the cultivation pattern be changed
towards low-water-intensive crops in order to reduce water consumption and increase climate
resilience. In addition, the use of smart irrigation and the implementation of watershed and
aquifer management plans are also recommended. To improve the sustainability of underground
resources, participatory resource management, operator training, and monitoring of
unauthorized wells are recommended. Also, for effective adaptation to climate change, it is
suggested to diversify rural livelihoods by developing green and sustainable jobs.

Keywords: Bakhtegan-Maharlu watershed, SSP scenarios, LARS-WG model, Sixth Report
models
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1- Soil Water Repellency (SWR)
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Figure 1- Geographic location of the Tushan watershed in Golestan Province and Iran.
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5- Completely Randomized Design (CRD)
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Figure 2- Plant species used in the prescribed fire.
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Table 1- Characteristics of Measured Soil Physicochemical Properties and Laboratory Methods
Used in This Study.

Property Measurement Method Scientific Reference
Organic Carbon (OC) Walkley-Black Method Enang et al. (2018)
Organic Matter (OM) Calculated as 1.72 x OC Nelson & Sommers (1982)
pH and EC Saturated Paste Extract (Soil:Water 1:2.5) Kargas et al. (2020)
Soil Texture Bouyoucos Hydrometer Method Beretta et al. (2014)
Aggregate Stability Wet-Sieving Method Almajmaie et al. (2017)
Water Drop Penetration 5 mL Standard Drop on Air-Dried Soil Doerr et al. (2009)
Time (WDPT) Surface

AWDPT) Ol 6,kd 34a5 yloj bl p S 53,50 Gud goudinb -Y  Jgi
Table 2- Classification of Soil Water Repellency Intensity Based on Water Drop Penetration Time

(WDPT).
Hydrophobicity Status Penetration Time (s)
Non-hydrophobic <5
Slightly hydrophobic 5-60
Moderately hydrophobic 60-180
Strongly hydrophobic 180-600

Severely hydrophobic > 600
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Table 3- Categorization of machine learning algorithms used for predicting WDPT.

Algorithm Group

Models

Linear & Simple Models (Baseline)
Neighborhood & Kernel-Based Models

Ensemble Models
Hybrid/Meta-Models

Bayesian Ridge, Decision Tree

K-Nearest Neighbors (KNN), Support Vector Machine (SVM —

Polynomial Kernel)

Random Forest, Gradient Boosting, XGBoost, LightGBM
Voting Regressor, Stacking Regressor
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Table 4- Descriptive statistics of key variables on the first day following the wildfire.

One day post-fire (mean +  One week post-fire (mean +  One month post-fire (mean +

Property

SD) SD) sD)
Silt (%) 55.8 + 4.55 56.0 + 4.51 56.4 + 4.12
Sand (%) 8.28 + 2.55 6.63 +1.92 6.50 + 1.83
Clay (%) 35.9 +3.43 37.4+4.90 37.1+4.45
pH 7.58+0.31 7.60+0.27 7.61+0.15
EC (dSm™) 1.02+0.20 0.95+0.19 0.93+0.17
OC (%) 1.26 £0.74 1.27 £0.72 130 0.74
OM (%) 2.17+1.28 2.19+1.25 2.24+1.28
MWD (mm) 0.36 +0.17 0.33%0.15 0.31+0.14
BD (g cm™®) 1.66 % 0.16 1.6240.13 157 +0.12
WDPT (min) 2.48 + 4.28 0.48 + 1.00 0.00 + 0.00
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6- Heatmap
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WDPT Correlation with Soil Properties - One Day After Fire
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WDPT Correlation with Soil Properties - One Month After Fire
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Figure 3- Heatmap of correlations between WDPT and soil properties across three post-fire time
intervals.
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Figure 4- Heatmap comparison of machine learning models' performance in predicting soil water
repellency (WDPT) post-fire based on RMSE, MAE, R%, NSE, and CCC metrics.
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Figure 7- Importance of soil features in predicting the soil water repellency index based on the
Permutation Feature Importance method for three selected machine learning models.
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Figure 9- Scatter plot of R2 and RMSE performance metrics for the three selected models based on
bootstrap resampling, with 95% confidence ellipses for each model.
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Extended Abstract

Introduction and Goal

In recent decades, forest fires have been recognized as one of the most important environmental
threats to forest and rangeland ecosystems. In addition to destroying vegetation and habitats,
this phenomenon also severely changes the physical and chemical properties of the soil, the
most important of which is the occurrence of the phenomenon of soil water repellency. Soil
water repellency can lead to increased surface runoff, reduced permeability, increased erosion,
and ultimately reduced ecosystem stability. In recent years, the occurrence of successive and
widespread fires in the Hyrcanian forests of northern Iran, particularly in Golestan Province, has
caused serious concerns in the field of natural resource management. Despite numerous studies
worldwide, domestic research on the effect of fire on soil water repellency, especially the use of
new modeling approaches such as machine learning algorithms, is still limited. On the other
hand, traditional approaches such as the Water Drop Penetration Time (WDPT) test or ethanol
test, although useful for initial identification, cannot model the complex and nonlinear
relationships between soil properties and water repellency intensity. Therefore, this study aimed
to investigate the temporal changes in soil water repellency after fire and evaluate the power of
Machine learning (ML) algorithms in predicting the WDPT index in the Tushan watershed of
Golestan Province.
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In addition, this research, while addressing existing scientific limitations, provided a practical
tool for managing fire risks and planning post-fire recovery.

Materials and Methods

The study was conducted in the Tushan watershed in Golestan Province, part of the Hyrcanian
Forests registered on the UNESCO World Heritage List. The climate of the region is semi-
humid to humid, with an average annual rainfall of 620 mm and mean temperature of 16 °C.
The soils in the region are mainly loess with silty loam texture and high organic matter content,
which provide conditions susceptible to the formation of soil water repellency after fire. The
experimental design was factorial and was designed in a completely randomized design with
two main factors including land-use type and fire treatment (burned vs. control). Soil samples
was conducted at three time intervals (one day, one week, and one month after the fire) and at
two depths (0-5 and 5-10 cm), and total of 96 samples were collected. Physical and chemical
properties of the soil, including texture, pH, EC, OC, OM, aggregate stability, bulk density,
were measured. The soil water repellency intensity was measured by the WDPT test. After
entering the data into the Python environment, they were preprocessed; outliers were identified
using the IQR method but not removed, normalization was performed using Z-score, and the
collinearity of variables was checked using VIF. Then, the data was divided into two parts:
training (70%) and testing (30%). Twelve ML algorithms were implemented for modeling,
including basic, neighborhood-based, aggregate, and hybrid models. Optimization of the
hyperparameters was performed using Bayesian search and five-way cross-validation. The
performance of the model was evaluated with R?2, RMSE, MAE, NSE, and CCC indices. In
addition, sensitivity analysis was performed using PFlI and SHAP methods, and uncertainty
analysis was performed using bootstrap and Monte Carlo simulations.

Results and Discussion

The results show that the effect of fire on soil water repellency was sever but short-lived. The
average WDPT one day after the fire was 2.5 minutes, indicating a significant increase in water
repellency. In the first week, this decreased to less than a minute and after a month, it was
almost zero. This finding indicates the transient nature of the effect of fire on soil surface water
repellency. Statistical analyses ANOVA showed that the effects of fire treatment and its
interaction with time and land-use on WDPT was significant. Among ML models, the best
performance was for Decision Tree (R2=0.44) and Gradient Boosting (R2=0.43), while models
such as SVM and Bayesian inference were less accurate. The results of sensitivity analysis
showed that silt, EC, and OM were the most important variables in predicting WDPT. SHAP
results also showed that increasing silt and OM increased water repellency, while increasing EC
had a decreasing effect. The uncertainty analysis indicated that simpler models such as Decision
Tree were more robust to outliers, while the uncertainty of more complex models increased at
extreme WDPT values. Based on these findings, soil water repellency after fire can be predicted
more accurately and stably using simple or boosting-based models.

Conclusion and Suggestions

This study demonstrated that the effect of fire on soil water repellency in the Tushan watershed
was severe but short-lived, and this effect completely disappeared within one month. By using
machine learning algorithms, especially Decision Tree and Gradient Boosting, complex
relationships between soil properties and water repellency intensity can be modeled with
acceptable accuracy. The results of sensitivity and uncertainty analysis showed that variables
such as silt, EC, and OM played an important role in the formation of water repellency. Based
on the findings of this study, it is suggested that for post-fire management, soil water repellency
should be monitored in the short-term and simple and stable models should be used to predict its
changes. In addition, by combining field data and remote sensing data and developing regional
models, it is possible to improve fire risk management. As a result, it is suggested that future
research should examine the long-term effects of fire on other soil properties and ecosystem
functions, and that deep learning algorithms be used to increase the accuracy of predictions.
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Figure 1- Geographical location of third-order watersheds studied in health assessment, Iran.
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5- Support Vector Machine
6- K-Nearest Neighbors
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The variability of the effect of pressure, state, and response indicators on future healt.

i

Calculation of physiographic, climatic, and
hydrological data related to pressure, state,
and response indicators

v

Division of criteria into two categories:
dynamic and static

v

Calculation of watershed health index using
the PSR model

v

Mapping of watershed health index
for present conditions

v
Prediction and mapping of
watershed health index for the years
2033, 2043, and 2053

Analysis of the effects of percentage changes in
PSR indicators on the future health of the country

g% leidiy, - S
Figure 2- Flowchart of research methodology.
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Table 1- Evaluation statistics in predicting dynamic criteria of the health index of the third-order
watersheds of Iran.

Criteria* Optimal model R? RMSE MAE
Mean rainfall erosion Power Regression 0.75 17.2 16.04
Erosion damage Linear Regression 0.81 9.08 5.98
Daily groundwater changes SARIMA 0.78 0.99 0.78
Palmer drought index SARIMA 0.81 0.97 0.79
Potential evapotranspiration Random Forest 0.82 0.99 0.81
Population Linear Regression 0.98 1.24 0.98
Mean water erosion Linear Regression 0.89 0.91 0.82
Precipitation components SVM 0.88 0.91 0.79
Temperature components Random Forest 0.86 0.65 0.55
BSI index SARIMA 0.83 1.56 0.97
LST index SARIMA 0.9 0.91 0.72
NDSI index SARIMA 0.91 0.83 0.69
NDTI index SVM 0.87 0.98 0.86
NDVI index Random Forest 0.84 1.22 0.92
NDW!I index Random Forest 0.93 0.78 0.67
Soil salinity index SVM 0.95 0.66 0.52
TVDI index KNN 0.96 0.55 0.45
Wind components SARIMA 0.85 3.21 2.12

NDVI (55,555 Lol oud loxigy (asls) NDTI oGy Jolis sud loxigy (asLs) NDSI (e gl (sloo) LST () S a5Ls) BSI *

(BLS g dos o S asli) TVDI (O] Jolis snds jlowigs asLis) NDWI o ol Joles oo )lxigs as-Lis)
*: BSI (Bare Soil Index), LST (Land Surface Temperature), NDSI (Normalized Difference Snow Index), NDTI (Normalized Difference Tillage Index),
NDVI (Normalized Difference Vegetation Index), NDWI (Normalized Difference Water Index), and TVDI (Temperature Vegetation Dryness Index).

03 a5 et Bl ity ol <o 9 KaAPPa <y o -Y Jgoz
Table 2- Kappa coefficient and final accuracy in land-use impact prediction.
Year Kappa coefficient Qualitative interpretation of the Kappa coefficient  Production accuracy
2033 0.94 Excellent agreement 0.96
2043 0.84 Excellent agreement 0.91
2053 0.78 Remarkable agreement 0.87
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Figure 3- Zoning of health status in the country's third-order watersheds under current conditions.
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Figure 5- Zoning of health status in the country's third-order watersheds for the year 2043.
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Figure 6- Zoning of health status in the country's third-order watersheds for the year 2053.
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Table 3- Contribution of PSR indices to the health index of Iran's third-order watersheds.

PSR Model Indicators

Effect size in target years (%)

2033 2043 2053
Pressure 19.49 20.13 19.70
State 19.31 18.37 19.35
Response 61.20 61.50 60.94
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Extended Abstract

Introduction and Goal

Watershed health is a broad term that encompasses water resources, ecological quality
(including vegetation, plant and animal communities, native plants, geomorphological features,
and precipitation-runoff processes), and morphological features. The country's water and food
security, as the main national goals, are under threat due to improper management of water and
land resources. Comprehensive assessment and management of watersheds are considered
effective and efficient approaches by international scientific communities for managing water,
land, and their dependent resources, and for balancing the socio-economic needs of watershed
communities with the health and sustainability of ecosystems. Also, awareness of watershed
health is considered one of the most fundamental aspects of sustainable, comprehensive
watershed management. Therefore, in this study, the effects of pressure, state, and response
indicators on the health of the country's third-order watersheds were predicted.
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Materials and Methods

To achieve the research aim, more than 520 criteria related to pressure, state, and response
indicators from environmental, climatic, and human factors were identified and collected for
about 640 watersheds. Then, due to correlations among criteria, the variance inflation factor test
was used to reduce the data and eliminate criteria with severe multicollinearity. Finally, the
indicators were divided into two categories: static and dynamic. Next, the criteria affecting the
health and security status of watersheds were extracted with appropriate spatial accuracy at the
sub-watershed and PSR model levels, and their values were calculated for the current conditions
(2023). After determining the dynamic criteria, various methods, including regression, the
SARIMA model, and machine learning algorithms, were used to predict dynamic criteria for
2033, 2043, and 2053. After predicting the dynamic criteria, the PSR conceptual model was
applied to future years, and the health zoning of the country's third-order watersheds was
conducted in ArcGIS 10.8. To assess future status, dynamic indicators were predicted from
time-series data for 2033, 2043, and 2053, and the effects of each indicator on watershed health
were analyzed.

Results and Discussion

A spatial zoning analysis of the health of the country's third-order watersheds in 2033, 2043,
and 2053 showed that health status was heterogeneous. In the northern regions (Gilan,
Mazandaran), high rainfall and dense vegetation cover result in favorable watershed health (60-
70% in the good and very good classes). In contrast, the southern regions (Hormozgan and
Sistan and Baluchestan) have poorer status (40-50% in the moderate to poor classes) due to low
rainfall and inappropriate human activities. Accordingly, in the coming years, the health of
northwestern regions is expected to decline somewhat, while eastern regions (such as Khorasan
Razavi) will be severely affected by drought and excessive water extraction, with health
declining to below 20%. Overall, the results showed that the response index (about 61%) had a
greater effect on the health of the study watershed system than the pressure and state indices.
Therefore, no significant change was observed in the future study years (2033, 2043, and 2053)
in the impact of the PSR model indices on the watershed health index.

Conclusion and Suggestions

The analysis showed that future watershed management should be based on rapid
responsiveness, as it will increasingly rely on adaptive measures such as vegetation restoration
and flood control. Also, although the impact of human pressures (about 20%) is relatively
stable, its fluctuations require integrated management of human activities such as agriculture
and urban development. On the other hand, the relative stability of the state index (about 19%)
indicates the need to focus on long-term strategies, such as soil and water resource conservation.
Therefore, combining flexible short-term measures with sustainable conservation policies will
be the key to optimal watershed management in the face of future environmental changes.
Overall, the findings of this study support a dynamic and adaptive approach to watershed
management, in which the combination of short-term, reactive strategies based on monitoring
(such as temporary changes in cropping patterns in response to drought) and long-term
conservation strategies provides feedback for modifying and strengthening long-term,
sustainable strategies (such as ecosystem restoration and integrated water resources
management) and paves the way for the creation of an adaptive management approach, leading
to a systemic correlation between these two levels or, by improving it, ensuring the health of
watersheds against future changes. According to the study's results, it is recommended that
governing bodies, such as the Natural Resources and Watershed Management Organization and
the Ministry of Energy of Iran, use these findings to develop regulations for budget allocation to
watershed management projects.

Keywords: Dynamic modeling, integrated watershed management, PSR conceptual framework,
watershed health prediction



Watershed Management Research Vol. 39, No. 2, Ser. No. 151, Summer 2026

Article Type: Research Article

Acknowledgement
This work is based upon research funded by the Iran National Science Foundation (INSF) under
project No. 4039029.

Conflicts of interest
The authors of this article declared no conflict of interest regarding the authorship or publication
of this article.

Data Availability Statement
The datasets are available upon a reasonable request to the corresponding author.

Authors’ Contribution

Seyed Hamidreza Sadeghi: Supervision, Conceptualization, Project Investigator, Manuscript
Editing, Results Control

Ali Nasiri Khiavi: Conceptualization, Writing - Original Draft Preparation, Statistical and
Software Analyses

Reza Chamani: Software and Statistical Analyses

Negin Behnia: Software and Statistical Analyses

Vahid Moosavi: Software and Statistical Analyses

Padideh Sadat Sadeghi: Software and Statistical Analyses

Hamid Noori, Mohammad Hossein Shoushtari, Abdulvahed Khaledi Darvishan, Mehdi
Vafakhah, and Hamidreza Moradi Rekabdarkolaei: Data Curation



i
N o

0 o 7 ahbaen G
AT Ay et
U’»(’.agfwﬁi 55/

P
’\"V“‘

Lo
GG T

YAAL-Y YA LS

oS
A g TS

(28l By e 859051 50 598 5l ot Jue dw (lawslie Jolos
Ld (8L S Dlew toy slaas e 4o
TO sl yual T 4555y (sriome B (G po g o> MO pinr e
Olojbs s srmbalio 5 65,5laS (jsel 5 i 35 50 s )0t 5 @l oS Sliiod i3y ol -)
Ol estese «85,5laS sy 9 Shgel wlinhos
Oloslo e )l srmbalio 5 (55,588 (90l 5 Slagion 35 50 s b5l 5 S cbler Sliio (i bl Y
Olrl Gl «55,08S sy 9 Shpel eoligios
Oloslo e )b srbalin 5 55,0 Sl 5 Dlanko 55 5 g logel 5 S cblix Sligios sy lesils Y
Olrl Gl 55,088 sy g Sl eolinis
g Ohgel «linizs lojle (oyl8 (bl g (55,0liS Ghjgal 9 Dl S 50« pmiige 9 (o6 Slinios (s HLutils -F

Olpl 5l «(55,3leS g5

bguro 50,5

Bad g dediie

5y By oy w0l ol slizl 3285 051 a3k Siddan 5 Stz bl ;o Ol gl Cypoe
el Gl o2l g Blewsts O Brae S0 sl ehisa (Bly G (2l ipsleS 0 ol ETR)
Slojlsale ;90 3l o G Joe (lowe i ETA (5,.505l0l slacosgame 4 azg5 b aiindS slo Jlo jo
cand 0 ETa o5l 50 Jow aw cpl o0 Slee (g ol 50 05,00 (6 i Casdl w5 Jloms S5 e ol
o plol anslie g (2l ) pll IGLS

s, 9 Slge

W Sl ¥l 5:Sike 5 Stz slim 5 ST L o)l bl (Bpdogiz 0 LS Cubs o Graghy
b ol YoYTIYoYY (liS b 51 & 5 A cewod) (lojynle (glopoms ab plul e Lo
gl 51 Jobss alolae bl s 5 e e el Sl e e52 5 (S0l (st DINal el 5l e

RUCAW) ‘).?1

opgy llie g4

a_j472000@yah00.com :lslKe Jgtume®

5)5—‘).3 90 90 )‘| T J..\.a dw La;\dw.ﬁlic J.J:x.u Af-0 ‘@)Lul “p s)j).&kjlg: TGN o G & Sy abwl
Y-V NTA (s losmul slagiogsy Lud (LS oMl idy (slads,e jo oaBly 5y s
10.22092/WMRJ.2025.371213.1642 : Jloms dwlis

IREXIRA AT K AR 2% JRLY) DU WP SN AR 25 JRL VRS PP v PN DA 8 JRV VR WO PPN

AL PY sloamio VF20 liasl A0V ol 6)led oF 8,Led ¥4 5,50 N F-0 Jlo s lopiul sloinsh

OB sty © 038 bl (x5 55,588 (3900 5 Dl 55 50 1,80

(©MOoN



https://orcid.org/0009-0005-6107-4729
https://orcid.org/0000-0001-6546-6280
https://orcid.org/0000-0002-9345-6247
https://orcid.org/0000-0002-8426-7014
https://doi.org/10.22092/wmrj.2025.371213.1642

VEe D oliaal VO ol 6)lad o 5Lt XA 8,0 ‘;JIZ"‘.T‘;t‘};;}'
5 05 3,510 ol Gl 5LE 5 pegmime Sl Lo (S ol LS Al piets dedue cnl 5l eslid L
Gl dzmu )b 5 S Ol (Do e 50 slaosls 5l mis Liel (sl s dslome il 5 (slabiod BT (s
i ooliiul Jgame ol G yan ol s 65,5kiS slo Sy gl sl NDVI gla_aslis o oslizul

Con 9 gl

Gay s yo o RMSE =+ /A0 R2 =+/AY) G0 Jow @ bgsye ETa 091 50 s o it ol lis mlis
RP=41VR) 39y J5ud BB 35 s Joo 0 ,Shos 09y K (sla o b I3 ls _mmialy 5l solitul o)1 s aS 0
Lcsls ( R? =./V¥) G oS B oo yauid oxiwly Jdod S e 4 oSl calid o840 (Jlow Joe
o8 W ETa 0510 sl Joo ol o oy ETa 5l 6 e olad sloass ( Jlow Jow 5l oolawl b Jl> !
semly bolyen G e Juw ojle (S olgds Sl b soue s 5 Slawe sbesls y0g uyws jo plas v
o 5 i Sl ooliial b Ss (o 5l 05 Joeulio as 50 ulide o ladlaie a2l Sl ez 0 oSy
ol Sy Sy iy oySles ol @l gae Gl sloosls Lylyd o 1y adsl olad slaian oly o
g1 &lolgale gl ygai b sive; sbrosslie oS 3

Woolgiiay 9 (55 4t

65,98 slacrae; p0 ETa 585 05050 (ol slezel LB (6)l3 Soyte Joo o5 09 o] Sl gy ool sloaidly
28 il Gosorte 5 Srorelin ) ol 50,8 o)l T Bras o] dlewsay o 5 ol RS o
ety g 1y 65,8k ol Bras sl (arsi BB jsba NDVI 5y e oSy gumainls ol 2 0539
3bj Slos 2309 b lojlgale slopgai 5| oo (i lel g (zmily (6l oaiyT (slaimgsy 5o 09 o Slpiiny
Sy oolatl iy Slawe slesaslie oS 5 g (SeNtiNEl-2  Jlw ylgicar)

SolS 55
399 31 o ¢ liiilgn (slmosls ¢ i «S15 O Dby ¢ Slage (5,50

doddo

L ETa 550, oSl (x50 (D 2 (e
S LI PR WPV Jt- YU SN S L O PPRPILI K
5 Sl slojlsale sloosls 5l (xS0 b Loy,
Lo ol 5 alar 5] 5550 et sl sl
P LSE b s Gl s g oS
STy sladtds 5 oS oo dnlone (LS el
aes e S ETA Slej- SIS

3929 35 n 9 ol piyesl 4w ol cal 5o
laools g ol 5l 6,80, b a5 e o680 000
hosidl e szl Gl b g Sl
gl Sy bite o [ ETa 5 0,5 55l Joe
5 Sas gble o ohisa whpsNl (nl oS
Sype 5 OLS Ol Bpas Joloo gl Sisaas
Syl epls ol &ls

J> 5 ol mle copae o ol ol 5l (S
s Sas gblie o ohga o Dby Yol
S (Lol a3 > 0 ETA g 45 Sidaons
JEFESRgVC I B 31 KV O L GO RO U1 S
L Lad g gladhie sla wlioe 0 ETa 585 o4,
LSLD‘;M Q] J.J.b as w‘ ol),o.m ‘S,La:d.Jl:-
5 ey e Gfesl e Lyl
Lgl.m&,:fo}‘&\ o GL‘I’Q:’B) ‘5LQCA.”.Q§J~7LA
» Sleb Jdoas (alS slaco,o 9 ol
9 s Ol syl g 00 S G Sl oled
l.g ...\J)Lb (8999 L;)JAJM 9 R ‘La:é.\;b

slop ;o8 g 590 5l Gomie slasyglid ogeue



GPRATS

L oawlio 10 uew Joo a5 (V)Y ) Ken
G S (69955 laools 5 Cuwl goolw oo Joe
s 5 Ll 51 sl 5 0] o o)l L
JE S mli b (g gl (Fp 0 9 ol
Olsieds Jlow Jow w00yl Jow g0 b anslae o
S < N 3 O R e LY
ol el sasaslis aBly 5m- S 8,905 0
oyl ol gl el Ldsas (Ko (g
3 ol Sisdes g S gble [0 gloo s
oolaiwl a5 0gs b Joe s 5l e 58 ol
(Ve oh)en g sode YooV ooljolac)

Slesls UL.«; Ll LgL:bw.ta”.: C"L"’ ‘Q—i‘ » Q”’é‘
€9 5 she Lulid 4 aiiy 00l slaJow a5
Ll oty sls gslae o Ses (694,9 sloosls
oS (VTY) oLen 5 o Yl les,d cldo jo
5 17 i oo b o Joe 0,8les a5 Wi S
otas o 59y )0 yaske 10 (o8 RMSE
KW J.ou] 30 5 (VoVF) Lo g o5 coiw 090
63‘9" ua?Lw 9 (S oo as wsls ULM..: OW
s, s Sy AT 5 IAF ity Sl Joa
slo Hlas 38 Jwo,l s o (Y-YF) SLgls 5 218
a5 o Spgin g Sl sl Jie ,Shae o5
Ot ey b Jlo oo o Joe 0 5530 Lol e
il 3 o lagiagy @l oy <Y
5 gk o Ll b el alie sla gl
S Ar Sere Joae o Sles ol e (SL; aikaie
OHles 5 el canl sul )T o Jae Ko
YY¥

Joe 0,5 Glp ealplsl lagings lnl 5o
ol 525 ol (ST Ll 55 Jaa ol Jsed
)'| Y\0 G‘)lio.co 9,90l (V10 6)5‘0 9 o)
sl )l 5 Sasr Glaew,n s S
oS 9 oo el w8be 550 (M 2 S
S ETa oyl aull5 slajlpl olgeas |,

sBly 525 = e 3,915 48 590 5l Lhariw Joe dus Slaslie Julos

s (mily g ok CBo b (g o o yeS]
L1y x8ly 3ymim e O] 5 s xSose b lgise &5
» ey s Sl b gy JB L
b easssl Gal 5o 0,8 05l we00S glagubiie
|, ETa lgce o) sloosls o> 51 oliza
23,5955y soleel JB j5boay

arle by o1 5l oo b oS Jlows o,65)l
599 3l Gremie slaosls 6551 (e slaaddse
L 5s%eal bl jo 0,5 oyl 1) ETA (5o
OB B b plepes Jlew 5l 6pSone
Sleogas 5 LS bs g9 ol slasle
8,85 0590 omlbie cBs L1 ETa g5 oo S

G o Sgutn b b Jaw ol 5l eolaiul (ol pl jo
LQQT L Goled sl iegh o gl ails
SiFdes g S Gble ol sl Copae o
o oals b3l

3 590 3l Gromiw (5,5l 0515 41idS sladns o
g 4l o pSadzr S (g 3y et 09l
@S 2 lbedny (2B 5 b sbagiagy o
el 00l0 ST o g sladlaie slo wlias jo o
Jbew iyl aw daiegn ol mbs bl
(METRIC) s 9 (SEBS) o (SEBAL)
il e sledias b Jae op i pine 5 0o il
golal oladls (ohmghy 098 Alwsts Sy Jo
oS lie FAO-56 g po (b3 (g 5o b &5
laools &y a8 Lo Judods g Cil drwg cilaiils
Gloosls b miwly oSl 5 ol s ol
Sz s Gl ke 5o (el
YN gl TNY o)) el oadoslita
5 Sas bl 0 Jao pl o,Slee (V-VY L
ST 5 o b olsfin 5 o] il S das
355 05515 S BB 1y 2l 3y e

Sy (Vo0 1) g dlowgs G Joto )b (s
s 3 Pl 4 1 Ol Je ol b
Sy9lp |y Gy e owlidlgn 5 il slaesls
e ol @b bt Sl slagiogn jo .05
3 3 ol oyt ol e Ly s
s s Veof s 5 S Yerd o Kan



VEe B ol V0) ol 8)lad oY 5ot ¥4 5,90

Db 2l g amslie u)lb il (LS cabo
9« Spdd 8 By S e b Ghegh ol s
Sgede 50 e gle Lbyls L b Joe sbbasl el
52,5 65yskiS 550 S8l s of mlie Cu e

bl ol

o sy, g dlge

S e slrosls g ol tghy adhie e

Ol (Frbmgiz 5o GLS Cbo yo Gheghy ol
WYl Sl § S ailnts Bl ol ploeil )18
el aiblte cpl ool pragles YYoYY 3L
9 DM Sy 4 Sl (2550 9 (55,3l lare)
oyo; ol o cwl Jlo T 5l i Lg)l..\a'l}:';ﬂ
() JS8) ol saalon

d/”('.‘-fd&'/d'{

el 09l (VY0 o)Ken g (gundy) los,S
Sk g (V-YY) ) 5 Jlaile sl ingh mls
il G Saday 5, e a5 ol lis (Y YY)
BLS Gdg g5 9 S b STy csenlil Lo
Babo coll wojll canlie Juw bl gl
2 08kee az 5145 cul ol Sk bty b
Sl 30 Sy g el slap ;S a
@ aialy lagl o Slos bl el gllae § 0= 50505
P by €95 e soeldl slraziins (ame Ll )l
@ arg b rizren Ll (5995 sloosls CokS g
O G g ol SaSde 5SS @ B
(3,05 el slagSll g S cosh ) posd 5o OOl
yobd o wbide o b Jaw cpl a5 o)l &yg00
Joe aw LS eghy cul po gl oLl 38
By 3y e 05510 50 Jlaw 5 S0 ¢ s

N

N

30

29°0'0"N

Fasa

30 Km

T
54°0'0"E

(OMUL_{Lo)'] GLQA&)}A CA.:.IS,A C 9 b Q) L)u)l."i L')t"”| »° L.é ‘5-9).&;'.;3}\9.- 5 ulg._l_l.'\)? S C.\.:J.;,A -\ J&;;
Figure 1- The location of Dasht Gerbaigan in the southeast of Fasa in Fars province
(a, b and c location of the tested farms).
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Table 1 — Soil Moisture Percentage and Change in Soil Water Storage (AS) in Experimental Farm C.

AMoisture  Moisture After 8th Irrigation

Moisture Before 8th Irrigation ~ Depth

(%) (%) (%) (cm)
37.2 717 345 0-30
8.3 30.7 224 30-60
6.7 12.10 255 60-90
21.1 54.5 334 90-120
4.9 97.4 25 120-150
- 67.4 - 150-180
- 57.2 - 180-210
- 49.1 - 210-240
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Table 2 — Water Infiltration Depth after Each Irrigation (cm).

Irrigation Number Farm A Farm B Farm C
1 79 32 84
2 163 42 139
3 168 76 156
4 173 98 161
5 183 142 179
6 194 164 185
7 208 186 193
8 214 213 213
9 231 231 221
10 - - 234
11 - - 238

C agjie 40 Cughy puSilio duoys g S15 8L -Y Jgan
Table 3 — Soil Texture and Moisture Percentage in Experimental Farm C.

. Clay Silt Sand Sampling Depth
Soil Texture (%) (%) (%) (cm)
Sandy Loam 15.4 23.6 61 0-30
Sandy Loam 8.2 18.2 73 30-60
Sandy Loam 11 18.2 70 60-90
Sandy Loam 10 25.4 64 90-120
Loam/Sandy Loam 10 38 52 120-150
Sandy Loam 19 23.6 57 150-180
Sandy Loam 19 14.6 66 180-210
Loamy Sand 6 10.8 82 210-240
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Table 4- Calculation of the amount of returned water in the Experimental Farm C.

Return

o water Density Corrected Return water Farm area Total volume of

Irrigation time height (B.D) Return water volume (ha) returned water
(cm) (glcm?) height (cm) m?3/ha) (m?)

first watering 0.00 1.56 0.00 0.0 15.2 0.0
Second irrigation 0.00 1.56 0.00 0.0 15.2 0.0
Third irrigation 0.00 1.56 0.00 0.0 15.2 0.0
Fourth irrigation 0.59 1.56 0.95 95.0 15.2 1444.0
Fifth irrigation 1.97 1.56 3.15 315.0 15.2 4788.0
Sixth irrigation 2.42 1.56 3.87 387.0 15.2 5882.4
Seventh irrigation 3.17 1.56 5.08 508.0 15.2 7721.6
The eighth irrigation 4.76 1.56 7.62 762.0 15.2 11582.4
Ninth irrigation 4.62 1.56 8.99 899.0 15.2 13664.8
10" irrigation 7.04 1.56 11.26 1126.0 15.2 17115.2
11" irrigation 7.60 1.56 12.17 1217.0 15.2 18498.4
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Table 5- Comparison of actual evapotranspiration and METRIC Model in Garbaigan lands of Fasa.

Vol o effective o Changes in soil VO'“mifOf Actual ItEvapo_rat;pn—
/OIUME O precipitation ~ Eturn water moisture runo evapotranspiration ranspiration
irrigation volume(m?) from the 3 resulting from the

(mm), Peff storage ETa (m’)
water (md) RF AS farm Ro METRIC Model
(m) (m*)
188941 9307 80477 0 0 117771 127196
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Figure 2- Evapotranspiration map of the Garbaygan-Fasa region using the SEBAL model [(A:
09/10/2019), (B: 10/01/2021), (C: 03/21/2020), (D: 12/21/2021)].
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Table 6- Calculations of water consumption of agricultural lands due to evaporation-transpiration.

Period of consumption net water consumption (MCM) Rainfall (mm)
crop year (2018-2019) 5591769 256
crop year (2019-2020) 6051082 435
crop year (2020-2021) 2816936 66
The second half of the year 2021 2429320 69
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Figure 3- Changes in agricultural water consumption in the area Garbaigan floods.
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Table 7- Performance comparison of SEBAL, METRIC and SEBS models in estimating ETa
(taken from some scientific sources 2020-2025).
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reference semi-arid Limitations benefits (RMSE/  Model
2
climates R?)
- The need for - High accuracy
reference field - Complete i
AII_en (2013), Very good, data atmospheric RMSE:
Singh and especially in - Complexity in  and radiometric +0.80
Senay (2015) ~ SSPectallyin - LLomplexity ; mm/day  METRIC
precision implementation corrections .
Fakher et al . - o R2: 0.92—
farming - Images with - Sensitive to
(2024) oy . 0.96
low repetition spatial
(Landsat) characteristics
- Less need for
- Accuracy less dd
. than ground data oo
Bastiaanssen acceptable; METRIC - Suitable for 0.92-1 5
(2000), Zare Suitable for seasonal ‘ '
A - dependent on . mm/day SEBAL
Khurmirietal ~ growth cycle analysis 5.
: parameters Eaui R 0.80—
(2021) analysis . Easier
such as wind imol . 0.89
speed implementation
than METRIC
Su (2002) - Less st ?Qd
Pakparvar et . sensitivity to . ple .
al (2014) Optimum local implementation RMSE:
performance - Lessneed for  0.62-1.53
Fakher et al : S parameters
(2024) in semi-arid " Accurac complex mm/day SEBS
- climate and y corrections R2: 0.90-
Zoratipouret dependent on
low data : - Good 0.96
al (2019) meteorological .
data performance on
limited data
2 S b Jlows Jow o cwl pp an S cclie olgidon g (5 S Az

Gl Sy 5 ol cepw wile o8l slrasis
5 shad Sllug (g5 oo (LS idgy (sSLdplal
Jed BB céo L 1, obls gud; slagly
Joe 5l oS (o8 O 285 4z S8 bl
G ol Comles 5 05 Clgge Ll g S
Joe b ol e lolS ol lao,ge Ol s
shad slagtagh sl cmlio 6)l3l Glyedr Jloms
S T N Y- UL LV RS O] QLN PRV
4 S g Ll (Sole g Jae p0 0k
Loaslie )0 eS80 of 4 (oo 380 slaools
hes 5 @olatdl 4SSy plgear G Joe 9o
slosls Lulyd )3 glojed 5 05,0 slagialy

IS8 e o Slee a5 b lis esh ol b
2o g Sy oJlew o0 5l e sla o
\))51);. )o GQP uol? 6L®4M 9 LQ(;)"j wl.w‘
Sy S dess muldl o (ETA) (28ly §mi- s
S erSere b Soye Joo ;o 09 glae (GL,S
9 S B8 Sbuoal g i WS oily
5 A5 by gzl G ol Jas (ol
Rl el oy CbBiL o S sla S
S les o S Jaw ol cds bl bl
Gryaaby wowarly gle gl ¢l Jow o)
slosls slasls b 55,0las 5 ol mlie o pae G8s



d/’{'.‘.r‘ﬂ‘}?ﬁ

o pde Sgnr 9 (S ) S0 yaw 4355 g (350

Gl ez Dy el b iegn ol b
g oo Sty Aew 15 5 5 kel slaass

S5 ol

Ol g ol Ben plos l allie cpl (B s
Jole o a8 Of psle g 590 5l Ltemie (S
5 lolsale lapgas (hiloy dacsls (5laex
dlaros 0,5 6o 5 2l @l Ll
3 Jb sbcsles 5l (uoren S o Slo,ud
S cblis 0uSlingh dlwsds oadoal 8 O Mpud
95 $5,9LS hygel g Dlidiod S e g (s lopul 4
ol Rl o)l (b abe

olai 4gSoed a5 W)l oo pMlel Alin pl G aus g
o @l g e jlasl g (515 A o edls

5l g

ools 4y (gaw yiuwd
Bk 3l Giegh cnl 5o ead solaiul mls g Wosls
uﬁ)f M‘P )|)3 )L».o‘ B ‘_Jg.ﬁ...wo O\.\Mj.i lJ Mlia

RLTEPIL ST

IS (ol sontie (b il odims
adgl g

Joos slojlaale slapgal (Bilop ipgs sy
Oyl callae iulg ipgu oot ol

@l Jelos dposls (555105 10 lez oain s

sy (3y25 — yadead 3595 50 590 3l Ll Joe duws glawlie Judoo

CJL..; W) L;QJM &m}d.o.u p...lﬁ‘ )Q o).vscb 05..\7:.@
5 oL) Gaddsd (SB Cugh)) Gl oo,y
o mli b ()bl ol Gy ol
Coedl Whe aBly pl a5 il ol Slgdren
l plie digy Cupie 0SB Gla i 4 axy
5 LS by gy ool » (KC) s i
ool sl Jow 5l solaiwl cuwnl [ Sils ) al> 1o
‘6|o)|9.mLA L;Lmﬁ},a.? G’L") (_gLam';\.lesm aQ 4:>9.’ L:
ol Sl pals 5 S8 s sl 05 h e Sty
slaghy; b b Gl SIS L aleesizn |
4 dxgl b oo g oolaiul (gilw wlide)
30 sleools (ragh Gua b ocwsliie Wb b o
el o2 g b baas cd0 pe b o ol S S
Gzl cszlr a0 cdl llEl ol
Al Ol css o of glie agy S pae ol
Oty Slalllae b Ll jop ig ool (sloadl .o
NERRE ul)l.i‘m 9 )3)»5[.' AR ‘su.u 9 &iﬁ.&.u})
S aS e AT (VoYY olSen 5 sre &)l
G a9 S5 Ojly p (e slados
slpsl o ETa ol ly el o e doasxis
Slp ogbes Seidn egh l mbs AL
SoSoslal slecsluy g do Jow 58y o ,licl]
S a Slgidan yzen anb 4wy Covariance
L owlinlgn slaools 5l lasjsly wds iolsl ol
Bgd ool (S L selw) ol gley zeos
Slolgnle glo poad I 5 ,0- s gloaias G»b)
sy, el Lo is Sy LSS L
oadbaslllas ddlaie ;0 09 (650,80 (Gl wbibo),
Sl Lo cwliilse slaolng! (g3laslel,

O (6l g go Slgiig Qg)Lfl slools L)



\f"é Ot.w.gb G\A\ Lﬁlf-')v S)La.-:) s“ SJLA..:: ‘\"‘\ 5)3¢

Alazba AA, Shakir AS, Al-Ghobari HM.
2024. Evaluation of surface energy balance
models for estimating actual evapotranspiration
in an arid region. Earth Systems and
Environment. 8(4): 563-576.
https://doi.org/10.1007/s41748-023-00379-z

Allen RG, Pereira LS, Raes D, Smith M.
1998. Crop evapotranspiration: Guidelines for
computing crop water requirements (FAO
Irrigation and Drainage Paper No. 56). FAO.
https://www.fao.org/3/x0490e/x0490e00.htm

Allen RG. 2013. REF-ET: Reference
evapotranspiration calculation software for FAO
and ASCE standardized equations. University of
Idaho.

Bastiaanssen WGM. 2000. SEBAL-based
sensible and latent heat fluxes in the irrigated
Gediz Basin, Turkey. Journal of Hydrology.
229(1-2):87-100.
https://doi.org/10.1016/S0022-1694(99)00202-4

Emadzadeh M. 2007. Application of remote
sensing in estimating water use efficiency at
watershed scale (Case study: Qarasu Sub-
Watershed). Master’s Thesis, Sharif University
of Technology. (In Persian).

Fakher MS, Kavyani A. 2024. Estimation of
actual evapotranspiration using Py_SEBAL and
METRIC algorithms in Moghan Plain, Ardabil
Province. Journal of Water and Soil
Conservation. 13(1): 105-120.

Gholami Sefidkoohi MA, Mirlotfi M. 2009.
Calculation of actual evapotranspiration of
wheat using remote sensing (Case study:
Gorganrud watershed). In 10" National Seminar
on Irrigation and Evaporation Reduction. Shahid
Bahonar University of Kerman. (In Persian).

Liu Y, Wang C, Liu X, He HS. 2014.
Response of actual evapotranspiration to climate
and land cover changes in Northeastern China.
Advances in  Meteorology. pp. 1-11.
https://doi.org/10.1155/2014/960890

Lu Y, Liu R, Xu W. 2013. Estimating actual
evapotranspiration in an arid region using
Landsat data and SEBAL model. Journal of Arid
Land. 5(1):28-40.
https://doi.org/10.1007/s40333-012-0140-2

Mandal N, Chanda K. 2023. Performance of
machine learning algorithms for multi-step
ahead prediction of reference evapotranspiration
across various agro-climatic zones and cropping
seasons. Journal of Hydrology. 13(3): 73-92.
https://doi.org/10.52547/gisj.13.3.73

Mahour H, Asadi N, Soltani S, Rezaei H.
2015. Investigating the effect of climate and
vegetation cover on actual evapotranspiration
using METRIC algorithm. Journal of Water and

AN
L 1

&lie Cuwpd
Soil Science (Agricultural Science and
Technology). 19(75): 101-114. (In Persian).

McCabe MF, Wood EF. 2006. Scale
influences on the remote estimation of
evapotranspiration using multiple satellite
sensors. Remote Sensing of Environment,
105(4):271-285.
https://doi.org/10.1016/j.rse.2006.07.006

Pakparvar M, Delavar M, Khosravi H. 2014.
Comparison of evapotranspiration estimation
using SEBAL and METRIC algorithms (Case
study: Qazvin Plain, Iran). Journal of Water and
Soil Conservation. 21(5): 63—78. (In Persian).

Parivash P, Davari K. 2015. Evaluation of the
Surface Energy Balance System (SEBS)
algorithm in estimating actual
evapotranspiration using satellite images (Case
study: Neyshabur watershed). Master’s thesis,
Ferdowsi University of Mashhad. (In Persian).

Raeesi M, Haghighizadeh A, Nozari H,
Vazinivand H. 2025. Estimating actual
evapotranspiration of irrigated crops and
orchards in Nahavand city using the SEBAL
algorithm. Modeling and Management of Water
and Soil. 5(2): 213-230.
https://doi.org/10.22098/mmws.2024.15091.146
2

Rostamizad G, Pakparvar M, Abdi-Nezhad P,
Abdollahi Z, Khalafi J. 2024. Estimating the
amount of evapotranspiration in the area
affected by flood spreading using the METRIC
algorithm.  Watershed = Engineering  and
Management, 16(1), 154-169.
https://doi.org/10.22092/ijwmse.2023.361980.2
016

Salari, H., Kashki, A., Karami, M., Zandi, R.
(2023). Evaluation of climate change impacts on
water requirement of cotton crop in Razavi
Khorasan Province. Journal of Climatology
Research. 14(53): 163-172. (In Persian).

Singh RK, Senay GB. 2015. Comparison of
satellite-based evapotranspiration models over
South Florida. Remote Sensing. 7(5): 5667—
5695. https://doi.org/10.3390/rs70505667

Su Z. 2002. The Surface Energy Balance
System (SEBS) for estimation of turbulent heat
fluxes. Hydrology and Earth System Sciences.
6(1): 85-99. https://doi.org/10.5194/hess-6-85-
2002

Su Z, Schmugge T, Kustas W, Massman W.
2005. Evaluation of two models for estimating
the surface energy balance over the Tibetan
Plateau. Remote Sensing of Environment. 94(3):
319-330.
https://doi.org/10.1016/j.rse.2004.10.006


https://doi.org/10.1007/s41748-023-00379-z
https://doi.org/10.1016/S0022-1694(99)00202-4
https://doi.org/10.1007/s40333-012-0140-2
https://doi.org/10.1016/j.rse.2006.07.006
https://doi.org/10.3390/rs70505667
https://doi.org/10.5194/hess-6-85-2002
https://doi.org/10.5194/hess-6-85-2002
https://doi.org/10.1016/j.rse.2004.10.006

‘p’{'.‘.l—‘ﬂ‘}?ﬁ

Tasumi M. 2019. Evapotranspiration and
consumptive irrigation  requirements. In
Irrigation and Drainage. ASCE. pp. 239-266.
https://doi.org/10.1061/9780784415445.ch11

https://www.unccd.int/resources/global-land-
outlook

Van Der Kwast J, Maathuis BHP, De Jong
SM. 2009. Comparison of empirical models and
SEBAL using ASTER imagery to estimate
evapotranspiration in Libya. International
Journal of Remote Sensing. 30(10): 2615-2626.
https://doi.org/10.1080/01431160802555891

Yang Y. 2022. Evaluation of SEBAL model
for estimating actual evapotranspiration using
remote sensing data in arid regions. Remote
Sensing Applications: Society and Environment,

sy (3y25 — yadead 3595 50 590 3l Ll Joe duws glawlie Judoo

25: 100692.
https://doi.org/10.1016/j.rsase.2022.100692

Zare Khurmiri A, Ghanbarpour MR,
Moftakhari HR. 2021 Evaluating SEBAL and
METRIC models for estimating
evapotranspiration in arid regions of Iran.
Iranian Journal of Remote Sensing and GIS.
13(1): 99-112. (In Persian).

Zoratipour E, Soltani ASM, Zoratipour A.
2019. Spatial and temporal evaluation of
different methods for prediction of reference
evapotranspiration: Case study, Khuzestan
Province. lIranian Journal of Eco Hydrology.
6(2): 465-478.
https://doi.org/10.22059/ije.2019.272676.1017


https://doi.org/10.1080/01431160802555891
https://doi.org/10.1016/j.rsase.2022.100692

i
LT T

sl
Watershed Management Research 6‘;575,,%

X
Fars Agricultural and Natural Resources ISSN: 2981- 2038 Agricultural Research, Education and
and Education Center Extension Organization

Comparative Analysis of Three Remote Sensing Models for Estimating
Actual Evapotranspiration in the areas flood water spreading of
Garbaygan Fasa

Ali Jafari**®, Hamid Hosseinimarandi’®, Mojtaba Pakparvar®®, Amir Eslami*

1- Assistant Professor, Forsts Rangelends and Watershed Management Department, Bushehr Agricultural and
Natural Resources Research and Education Center, Agricultural Research, Education and Extension
Organization (AREEQ), Bushehr, Iran
2- Assistant Professor, Soil Conservation and Watershed Management Department, Fars Agricultural and
Natural Resources Research and Education Center, Agricultural Research, Education and Extension
Organization (AREEQ), Shiraz, Iran
3- Associate Professor, Soil Conservation and Watershed Management Department, Fars Agricultural and
Natural Resources Research and Education Center, Agricultural Research, Education and Extension
Organization (AREEQ), Shiraz, Iran
4- Associate Professor, Agricultural Engineering Department, Fars Agricultural and Natural Resources Research
and Education Center, Agricultural Research, Education and Extension Organization (AREEO), Shiraz, Iran

Extended Abstract

Introduction and Goal

Sustainable water management in arid and semi-arid regions requires accurate estimation of water
balance components, especially actual evapotranspiration (ETa). In irrigated agriculture, actual
evapotranspiration is particularly crucial for understanding water consumption by vegetation. In recent
years, due to the limitations of field-based ETa measurements, satellite remote sensing models such as
METRIC, SEBAL, and SEBS have gained increasing importance. This study aims to evaluate and
compare the performance of these three models in estimating ETa over the Garbayegan Plain, Fars
Province, Iran.

Materials and Methods

The study was conducted in the Garbayegan Plain, located in southeastern Fars Province with an arid
climate and an average annual rainfall of about 230 mm. Landsat 8 and 9 satellite imagery from the
2022-2023 agricultural season were used. After applying geometric, radiometric, and atmospheric
corrections, the SEBAL, METRIC, and SEBS models were implemented based on the surface energy
balance equation. Using these models, net radiation, soil heat flux, sensible heat flux, and latent heat
flux were estimated, and instantaneous and daily ETa were subsequently to calculate. Field data, soil
water balance, and irrigation records were used for validation. NDVI indices were applied to extract
agricultural pixels and to evaluate crop water consumption.
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Results and Discussion

The results showed that the highest accuracy in ETa estimation was achieved by the METRIC model
(R2 = 0.87, RMSE = 0.85 mm/day), primarily due to its use of internal calibration via anchor pixels.
The performance of the SEBS model was also acceptable (R2 = 0.79). Although SEBAL is structurally
similar to METRIC, its lack of local calibration resulted in lower accuracy (R2 = 0.74). Nevertheless,
SEBAL produced more detailed spatial maps of ETa. The selection of an appropriate model for ETa
estimation depends on the intended application, the availability of field data, and the required
numerical or spatial accuracy. The METRIC model, when combined with reference pixel calibration,
was found to be more suitable for regional assessments at the farm scale. On the other hand, SEBAL
and SEBS can provide useful preliminary spatial insights under limited field data conditions. The
superior performance of METRIC highlights the importance of integrating ground observations with
satellite imagery.

Conclusion and Suggestions

The findings of this study indicate that the METRIC model is a reliable tool for accurately estimating
ETa in agricultural lands of the Garbayegan Plain. It can be used to monitor water consumption,
support irrigation scheduling and evaluate water use efficiency. Furthermore, NDVI-based pixel
classification significantly improved estimation of agricultural water consumption. It is recommended
that future studies employ satellite imagery with high-temporal-resolution satellites (e.g., Sentinel-2)
for model calibration and validation, along with a greater integration of field observations.
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3- Random Forest (RF)

4- Support Vector Machine (SVM)

5- Boosted Regression Trees (BRT)

6- Receiver Operating Characteristic (ROC)
7- True Skill Statistic (TSS)
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Figure 2- Selected remote sensing indices for water erosion modeling. a) Bare Soil Index, b)
Precipitation Index, c) Elevation Index, d) Land Use Index, €) Soil Moisture Index, f) Soil Salinity
Index, g) Vegetation Index and Surface, h) Soil Texture Index.
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Table 1- Performance evaluation of models based on different indicators.

Models KAPPA ROC TSS Weighted average
BRT 0.77 0.81 0.59 2.17
SVM 0.84 0.84 0.87 2.55
RF 0.81 0.80 0.61 2.22
Ensemble 0.90 0.93 0.89 -

l,cgcnd Legend Legend

BRT Model RF Model SVM Model
Value Value | T Value

- High :0.76 - High :0.98 (I . High : 0.91

L0 Low:0.05 0 Low: 0.03
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Figure 3- Water erosion modeling using a) BRT, b) RF, c) SVM, and d) the hybrid model.
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Figure 4- Importance of variables affecting water erosion in a hybrid model.
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Extended Abstract

Introduction and Goal

Water erosion is one of the major environmental hazards worldwide, leading to soil degradation,
reduced fertility, and increased sedimentation in rivers. Golestan Province, particularly its
northern regions with sensitive loess soils and specific climatic conditions, is considered one of
the main erosion hotspots in Iran. The investigated issue is the limitation of traditional methods
in providing accurate, rapid, and reliable zoning of water erosion in the sensitive regions of
Golestan Province, where complex and nonlinear relationships among environmental factors
require more advanced approaches. Machine learning (ML) algorithms, due to their ability to
model complex and non-linear relationships between variables, are powerful tools for the spatial
prediction of phenomena such as erosion. The objective of this study was to model the spatial
potential of water erosion in the Maraveh Tappeh and Kalaleh counties using advanced machine
learning algorithms and to compare their performance with an ensemble model.

Materials and Methods

The study area covers the northern lands of Golestan Province, with an area of approximately
4944.5 kmz2, which is susceptible to water erosion due to its steep topography, seasonal rainfall,
and loess soils.
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Therefore, first, layers of informational of factors affecting erosion were first prepared.

These factors included eight environmental and climatic indices: Precipitation Index (station
data), Vegetation Index (NDVI), Topographic Grain Size Index (TGSI), Land Use layer,
Normalized Difference Moisture Index (NDMI), Digital Elevation Model (DEM), Bare Soil
Index (BI), and Normalized Difference Salinity Index (NDSI), all of which were extracted from
Landsat 8 satellite imagery. A map of observed erosion locations was used as the dependent
variable layer in the modeling. Accordingly, 100 points (50 points of water erosion and 50
points of its absence) were taken during the field visit. In this study, 70% of the data was used
for training and 30% for testing. Three machine learning algorithms Random Forest (RF),
Support Vector Machine (SVM), and Boosted Regression Trees (BRT) were employed to train
the models. Finally, an ensemble model was developed based on the weighted average of the
outputs of these three individual models to enhance prediction accuracy. The performance of the
models was evaluated using statistical indices, including the Kappa coefficient, Receiver
Operating Characteristic (ROC) curve, and True Skill Statistic (TSS).

Results and Discussion

The evaluation results indicated that the performance of each of the three individual models
(RF, SVM, and BRT) in modeling water erosion was acceptable, however, the ensemble model
(Kappa=0.90, ROC=0.93, and TSS=0.89), by leveraging the strengths of all three models,
demonstrated superior performance in accurately distinguish erosion-prone from stable zones
and in reducing classification errors. This superiority confirms that the ensemble approach,
using weighted averaging, uncertainties can be managed more effectively than in any individual
model, resulting in a more stable, reliable output. The final erosion potential map, generated by
this model was clearly identified that the northern, western, and southwestern parts of the study
area are the main hotspots for water erosion. This spatial pattern is not random but is rooted in
the complex interaction of factors; in these areas have steep topography, which increases water
flow velocity and its erosive power, receive higher rainfall, providing the necessary energy for
the erosion process, and possess weaker vegetation cover, which acts as the soil's primary
defense. Analysis of variable importance also revealed that precipitation as a driving factor and
the Vegetation Index (NDVI) as the resisting factor, are respectively the most influential
controls on erosion in the region. This finding indicates that any conservation measure that
improve vegetation cover (such as planting, grazing management, and preventing degradation)
can directly neutralize the destructive effects of rainfall. This approach is the most effective
strategy for controlling erosion in sensitive areas. Therefore, the results of this study not only
provide an accurate map but also offer a scientific framework for prioritizing and implementing
evidence-based management actions.

Conclusion and Suggestions

The superiority of the ensemble model in this research demonstrates the high reliability of
weighted averaging approaches in reducing error and enhancing prediction accuracy. The
concentration of high-risk areas in steep slopes with low vegetation cover is fully consistent
with the principles of erosion physics. The high importance of precipitation and vegetation
cover emphasizes that sustainable land management, such as implementing biological
operations (such as planting resistant and deep-rooted species) is the most effective strategy for
erosion control in the region, and according to scientific reports, can reduce surface runoff and
erosion by 30-50%. Decision-makers, natural resource managers, and urban and rural planners
can use the erosion potential map produced in this study as a practical scientific tool for
prioritizing conservation measures and optimize resource allocation. Based on the results of this
study, it is recommended that future research, while considering existing limitations (such as the
spatial resolution of some datasets), make use of more advanced ensemble models and higher-
accuracy data.

Keywords: Modeling, machine learning methods, northern Golestan Province, water erosion
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Figure 1- Geographical location of the Sirwan Watershed.
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3- Vector
4- Global Positioning System
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Figure 2- Location of the flood inundation events in the Sirwan Watershed:
a) locations of occurred flood and non-occurred flood and b) dividing training and validation
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6- Soil Grid
7- Multicollinearity
8- Tolerance
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5- Space Shuttle Radar Topography Mission



VFeB olals A0 ol 5Lt oY 5,Led X4 5,98

osls 51 Gy (6,105 51 s3lail olgs g0 LS azis
Loy e 1) Joo LS le )0 poenad &b IS5 5
ol 1y Slhesd 4 o Calus 5 0,5 55 el
JEES W Tt ESUOWRE U N B PRS- S KV I ON R
Comlus 330l i ie dow 09 o0 3l i
LS oo e |) ganaib slallas ol o oo
sloosls (55, olyion Joa o ane i Sl
Ll wls zals 1) lallas § 0,5 55 05 jlian bjgal
Bedgd 5 yule) wlioe (il 5 1ot Jlex>]
cawlio HLSlo 8L glp (rpgh cpl 0 (VAT
g wb ol baxis ol glate S3lwl ¢ Jow

Al ol Jae tele sl
Lo o ts““""'l"’ LS)-:S*)L:’. Jow szl jslaieas
sobieds ol oolaxwl SAM a5 R 158ls
9 Jiae slo e S5 wub SAM s 5l ool
L ocipgi ool jo owlel cpl » ossl Shapefile
5 shee slodele le bLS)I (Sauzmy 4 axg
oo (GrS e oy o hF g ries
a5 2yl O @ s bl plaity o eile
L azlge plSio )0 Jooo (i B 2j)
Joe hjgel al> e yo aS eosld) wax glaosls
gl oo 0ol Juo oo Liel (wiloais oolatul
P> g (e 3 (S (L]
@l ol el pginr 5 el (53l e slagion
Pk 45 psbples o)l sale jliel (5la o
(dinly jux0) (6525 Juw dlaz, slrosls i azas
s lzsl g Goieal 09,5 g0 ay Boliai jsboay
5 Oms) S se el (i el 05,5 slaosls
Slgeass (AUC) 0055 o Slos daseinn Sovie )
oola sl Jow s sien <85 ol okl (5 pitae
o)Ll ol cale (YN LSk g se)) o
o o g g el albiul 51 Ja e

d/’{'.’.‘r‘j’f‘}b}'

slagssy 5l S Toleiy by il Jow
Slee (gl a5 Cansl o0t s g uSoly il
ws)S e gikly lp lulyd (S o5 gonadl
Vamiolp S ml Jae onl ol el g e
wiz bogo aogud o e o |y bosls Kilgi a5 ol
asio pl ol GGl ogud WS o |iore alid
o bl o 5oy U )] alol o cul slasgSa
Alold oy i s pb plaidy sla sy a5 i
Dbl Agay okl olos 05l ial33l L sl
 Joe et 0508 g platiy oy
potins jobay Wools (s > o sls 1ol
s o Ll wigd e T amio ) 5 Alisgay
&le 5l eolatwl Lowasl Jas e eesls as
S ol b lad Ky 4 laesls ) glatn
Las ol o s gilulas b Sed o0 clss
(b Jols ol slaue mlg 09l ndy oSl
e ol el s oled 5 glalezain
plnil Case (sloding e S o b Vgons
D9d S bl g 39 Sl r sl yo B 3gd o
heslial Jas (nl e o SRy 5l S
slr (Ohetiy slojlop) bosls 51 (slasgarms
Sz el sl o5 cl bl 6 S e
o ,)l5 50 05800 o (2L (il 5 lalons
Oty Jlop opdle 5l eolital b ganail
sl ol 5 385 Sl e sloye oo
Joe cpl o, as ol olul b gleosls )5 o5gas o ,S
G li,S olaid oy oadle Joo ol canslis
5 olad al ol (pmie (b Jold il
NS SN Jow Ji3le g9y B o) labezair
5 S sleadl Wil ragn cpl s el
&b sl s ol cds 5 cwe (V0VF) ),
A oolatwl eled b b B 5l eled al
Orile Joo po elad aly &b LS 5l a5 LS
Ll slodoin polais gl co oolatul Loy lo
Lol 500 Joe JL3le sl (©) aze 5 (N

9- Support Vector Machine
10- Hyperplane
11- Kernel Functions
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Figure 3- Independent variables for predicting flood susceptibility in the Sirwan Watershed: a)
elevation, b) slope aspect, c) convergence index, d) drainage density, e) land use, f) NDVI, g)
maximum precipitation 24hr, h) NPHTT, i) plan curvature, j) profile curvature, k) topographic

position index (TPI), I) slope percent, m) soil texture, n) distance from stream, o) topographic
wetness index (TWI), and p) vertical distance from stream.
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Figure 4- Modeling results in the Sirwan Watershed using SVM: a) flood susceptibility map, and b)
flood susceptibility class map.
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Table 1- Results of model validation for flood susceptibility prediction in the Sirwan Watershed.

Evaluation approach

Evaluation criteria Value
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AUC 0.921
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Table 2- Sub-watershed located in considerable flood susceptibility classes in the Sirwan

Watershed.
Class No. of Sub-watershed Name of Sub-watershed
High 15 Gazerkhani, Palangan, Shwishe, Sawji, Sleen, Sianaw,
Danan, Ghshlagh, Zrivar, Bahramabad, Almaneh,
Rokhalan, Mamoukh, Chour, Ghaleji
Very High 8 Sanandaj, Babarez, Marivan, Gholian, Mochesh,

Doulbakh, Doroud, Khamsan
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Extended Abstract

Introduction and Goal

Floods cause significant financial losses and loss of life in the country every year. Although
information on the location of flood events is of high scientific value, in many flood studies,
flood zones have been determined solely based on expert’s opinion and multi-criteria decision-
making methods. This study predicts the spatial pattern of flood susceptibility in the Sirwan
watershed of Kurdistan province using spatial information on flood events in the last decade,
and to achieve this objective, asupport vector machine model, as a machine learning-based
approach, was employed.

Materials and Methods

In order to carry out this research, first a database in the geographic information system was
prepared for flooding events in the Sirwan watershed using bank flood data from the Main
Directorate of Natural Resources and Watershed Management of Kurdistan Province. The
number of 102 flooding events in the Sirwan watershed was confirmed in the ten-year period
(2015-2015). Since machine learning models require points of occurrence and non-occurrence
of flooding, points of non-occurrence of flooding were also selected based on the homogeneous-
unit method. This database was completed using information obtained from face-to-face
interviews with local communities in this area. Based on the various characteristics of the
Sirwan watershed and a review of scientific sources, sixteen factors affecting flooding events
were selected and their digital maps were prepared. Factors affecting flooding included
elevation, slope aspect, slope percentage, convergence index, drainage density, land use,
maximum 24-hour precipitation, number of rainfalls higher than the average of the
meteorological station, normalized vegetation difference index, plan curvature, profile
curvature, soil texture, distance from the stream, topographic position index, topographic
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wetness index, and vertical distance from the stream, which were used as independent variables
in the modeling. Flooding occurrence and non-occurrence data were randomly divided into two
training and validation groups with proportions of 70% and 30%. After implementing the
support vector machine model in the R software environment, a flood susceptibility map of the
Sirwan watershed was prepared and the spatial pattern of flood susceptibility was examined.
The accuracy of the aforementioned map was evaluated using the area under the curve (AUC)
statistic of the receiver operating characteristic.

Results and Discussion

After validation, the results showed that the support vector machine model with an area under
the receiver operating characteristic curve (AUC) of 0.921 (92.1%) has a high capability to
predict flood-prone areas. Given that the model's prediction accuracy is reported to be more than
90%, based on the common classification of model efficiency, the performance of the support
vector machine model in the Sirwan watershed is considered excellent. Based on the analyses,
the very low, low, medium, high, and very high flood susceptibility classes include 51, 10, 17,
20, and 2% of the Sirwan watershed, respectively. Given the identification of flood-prone areas,
the implementation priorities for the flood management plan have been clearly identified for
implementing measures. Out of the 127 sub-watersheds of the Sirwan sub-watershed, 15 sub-
watersheds are in the high flood-prone class and 8 sub-watersheds are in the very high flood-
prone class. Population density is relatively high in all sub-watersheds in the high flood
susceptibility category (such as Gazrokhani, Palangan, Shwishe, Sawji, Sleen, Sianaw, Danan,
Zaribar, etc.) and in sub-watersheds in the very high flood susceptibility category (such as
Sanandaj, Babarez, Marivan, Gholian, Mochesh, Doulbakh, Doroud, and Khamsan).
Conclusions and Suggestions

Based on the results of this study, the performance of the support vector machine model in
identifying areas prone to flooding was very good. Based on the lack of specialized data and
financial resources in the executive agencies, the application of this model in the management
and planning of watershed improvement measures is important. In this study, prioritization of
operational watersheds was performed based on the severity of flooding. Because, in conditions
of data scarcity, it will not only save time and resources, but also improve the effectiveness of
watershed management remedial measures. According to the results of this study, it is suggested
that the support vector machine model be used at larger provincial, regional, and national levels,
as well as in detailed-implementation studies of watershed management for risk management.
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13- Calibration Curve
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11- Stratified k-Fold Cross-Validation
12- Receiver Operating Characteristic
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Figure 3- Twenty-one groundwater-influencing Environmental Factors influencing groundwater
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Table 1-Groundwater Resilience Index.
Index Name Formulation Information

Calamity Resilience CRS = Xt = Groundwater level time series
System (CRS) P (XteU and Xt U = Years when groundwater levels are
+1e8)/(P(XteU)) lower than the time series average.
S = Years when groundwater levels are
higher than the time series average.
C= Groundwater level
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Table 2-Interpretation of the relative importance of influential layers in CRS index modeling.

Layer name Layer weight Explanation
Distance from Fault 0.022 Despite low influence, statistically significant
Drainage density 1.383 Moderate impact, weaker than other variables
Plan curvature 1.937 Topography critically shapes pressure and geomorphology
Pumping well density 2.071 Human activity stresses groundwater resilience
Distance from industrial wells 2.097 Industry directly lowers groundwater levels
Mean groundwater draw down 2.273 Depletion layer drives aquifer dynamics and resilience
distance from River channels 2.282 Hydrology strongly linked to water resource resilience
Distance from agricultural wells 2.525 Agriculture directly and substantially affects resilience
Kernel density of pumping wells 2.525 Needs nonlinear models
Aquifer thickness 2.961 Dominant factor in regional resilience
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Figure 4-Analysis chart of relative layers significance along with standard error.
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Figure 6-Predicted map generated by the model.
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16- False Positive Rate
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15- True Positive Rate
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Extended Abstract

Introduction and Goal

In the coming century, with the intensification of droughts and increasing human activities on
groundwater resources, assessing the resilience of aquifer system as an important indicator of
water resource sustainability is of particular importance. Therefore, to measure the ability of an
aquifer to return to its desired state after hydrological pressures, a quantitative index (CRS) was
used as a criterion. The Marvdasht Plain, with 148,000 ha of irrigated farmland and 22,000
hectares of rainfed farmland, is the agricultural hub of Fars Province. However, due to excessive
extraction of groundwater resources, various challenges have occurred, such as falling
groundwater levels, subsidence, and numerous cracks, and the risk of subsidence is also evident
in the ancient areas of Persepolis and Nagsh-e Rostam. Therefore, this study was conducted with
a comprehensive approach combining the Weight of Evidence (WoE) model, advanced feature
selection techniques, and validation methods, with the aim of predicting groundwater resilience
in the Marvdasht plain watershed, and a practical and reliable map of the spatial distribution of
groundwater resilience in this plain was produced for management decisions.

Materials and Methods

In this study, 21 environmental, hydrogeological, and climatic variables were initially identified
as factors determining groundwater status and prepared in the form of raster layers. Then, using
a multi-step approach, features based on dispersion, correlation, collinearity, and mutual
information were selected. In this study, 10 of the most effective factors (including kernel density
of exploitation wells, stream density, distance from agricultural wells, distance from fault, surface
curvature, distance from industrial wells, average drop, aquifer thickness, distance from main
stream, production well density) were selected for final modeling.
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The relationships between the CRS index and these factors were determined using the evidence
synthesis method and calculating WoE weights. By summing the WoE weights, the final
resilience map was generated and then classified into five classes based on the quantile
classification method. Model validation was performed using three methods: random cross-
validation, the bootstrap method (1,000 replicates), and calibration analysis.

Results and Discussion

The model validation findings showed that the model's performance in predicting the groundwater
resilience index (CRS) was very good (AUC = 0.920) and its statistical stability was reliable. In
the studied watershed, groundwater resilience was identified with different classes and
appropriate accuracy. The final map, was classified into five classes based on the quantile
classification method: very low (0 - 0.223), low (0.223 - 0.367), medium (0.367 - 0.503), high
(0.503 - 0.669), and very high (0.669 - 1.000). These classes reflected the inherent variability of
the data. Because based on the empirical distribution of normalized index sizes, which were
calculated from the combination of WoE weights of the effective factors, each class comprised
approximately 20% of the studied area. In this study, low resilience index values in most of the
area (mean = 0.48) indicated very low resilience of the aquifer system to hydrological pressures.
Consequently, zones identified with the lowest resilience should be prioritized for critical
management interventions, such as reducing groundwater withdrawals, implementing artificial
recharge projects, and establishing intensive monitoring networks.

Conclusion and Suggestions

Based on the results of this research, it is possible to identify the critical areas with the lowest
resilience. Therefore, it is recommended that, based on the results obtained, areas that are in the
very low resilience category should be given top priority in management planning, such as
reducing unauthorized withdrawals, implementing artificial recharge schemes, establishing
technical-legal protection and monitoring areas, and that strict monitoring be carried out in them.
Also, it is suggested that this modeling framework be used as a generalizable scientific basis for
assessing groundwater resilience in other critical plains in the country.
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Table 2- (Times New Roman 10 Bold)

Component Number of items Calculated Cronbach's alpha
Driving force (D) 5 0.845

Pressure (P) 6 0.720

Response (R) 7 0.913
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