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Background and Objective: Landslides are among the most significant
natural hazards in the mountainous and humid regions of northern Iran, causing
substantial damage to natural resources, infrastructure, and human settlements
each year. The Navroud watershed in Gilan Province is considered highly
susceptible to landslide occurrence due to its complex topography, relatively
high precipitation, and intensive human activities. The primary objective of this
study is to assess and map landslide susceptibility and to determine the relative
importance of the influencing factors using the Random Forest model in
combination with the capabilities of Google Earth Engine (GEE) and Geographic
Information Systems (GIS) within the Navroud watershed.

Methodology: This research adopts an applied—analytical approach, in which
eleven landslide-conditioning factors including slope, aspect, elevation, geology,
land use, vegetation cover, slope curvature, distance to roads, distance to
drainage networks, distance to faults, and annual precipitation were selected as
independent variables. The required thematic layers were generated using remote
sensing data, the ALOS PALSAR digital elevation model with a spatial
resolution of 12.5 m, geological maps, and meteorological data. After
fuzzification and normalization, the datasets were integrated into the modeling
process. A landslide inventory map comprising 150 landslide locations was
prepared based on satellite imagery interpretation and field observations, and the
data were divided into training (70%) and validation (30%) subsets. The Random
Forest model was implemented in the Google Earth Engine environment, and the
final landslide susceptibility map was produced in five classes: very low, low,
moderate, high, and very high.

Results and findings: The results indicate that approximately 32% of the
watershed area falls within the high and very high susceptibility classes,
predominantly concentrated in the elevated and steep slopes of the northwestern
ad southwestern parts of the basin. Furthermore, variable importance analysis
revealed that slope, elevation, precipitation, land use, and distance to roads are
the most influential factors controlling landslide occurrence. Model performance
evaluation using the ROC curve showed that the Area Under the Curve (AUC)
value during the validation stage was 0.897, demonstrating the high accuracy and
strong predictive capability of the Random Forest model in identifying landslide-
prone areas.
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EXTENDED ABSTRACT

Introduction

Landslides are among the most destructive
geomorphological hazards worldwide,
causing severe casualties, infrastructure
damage, agricultural  losses, and
ecological instability. In mountainous and
humid regions such as northern Iran,
landslide occurrence is driven by a
complex interplay of active tectonics,
steep topography, unstable lithologies,
intense precipitation, and accelerating
anthropogenic  pressures like  road
expansion and land-use  changes.
Traditional knowledge-driven and static
empirical models often fail to capture the
complex, non-linear interactions among
these dynamic triggers. To overcome
these limitations, this study presents a
robust data-driven framework leveraging
the Random Forest (RF) machine learning
algorithm within the Google Earth Engine
(GEE) cloud-computing platform to map
and evaluate landslide hazard
susceptibility in the Navrud Watershed,
Guilan Province.

Methodology

The methodology integrated field
inventories, remote sensing data, GIS
spatial processing, cloud computing, and
statistical validation in R. A historical
landslide inventory of 150 locations was
compiled  through  aerial photo
interpretation, high-resolution Google
Earth imagery, and verified via handheld
GPS field surveys. An equivalent number
of non-landslide points were randomly
sampled to balance the dataset, which was
then split into a 70% training subset (105
points) and a 30% validation subset (45
points). Eleven key conditioning factors
spanning topo-hydrological, geological,
climatic, and anthropogenic domains were
derived: slope angle, slope aspect,
elevation, profile slope curvature, and

distance to streams (from 12.5 m ALOS
PALSAR DEM); lithology and distance to
faults (from 1:100,000 geological maps);
mean annual precipitation (via IDW
interpolation ranging from 796 to 929
mm/year); land use/land cover (LULC)
(Landsat 8); Normalized Difference
Vegetation Index (NDVI) (Sentinel-2);
and distance to roads. All raster layers
were resampled to a uniform 30-meter
resolution, normalized, and ingested into
GEE. The RF model was executed using
ensemble decision trees and bagging
techniques. Model performance was
evaluated using the Receiver Operating
Characteristic (ROC) curve, Area Under
the Curve (AUC), overall Accuracy, and
Sensitivity metrics in R:

Results and Discussion

The results revealed that the Navrud
Watershed is a highly rugged catchment
with a mean slope of ~20° (SD = 7.60°)
and elevations ranging from 130 to 2,832
meters above sea level. The output
susceptibility map classified the area into
five zones: Very Low, Low, Moderate,
High, and Very High. Notably, 32% of the
total catchment area (83 km?) fell within
the High and Very High susceptibility
classes, clustered mainly in the steep,
elevated northwestern and southwestern
sectors characterized by weathered
volcanic/pyroclastic  formations (K2vs
formation) and high annual rainfall.
Conversely, 43% of the watershed (113
km?) was categorized as Low and Very
Low risk in the central and northeastern
lowlands, while the Moderate risk zone
accounted for 24% (63 km?2). Feature
importance analysis demonstrated that
slope angle was the most influential
variable (18%), followed by elevation
(11%) and  precipitation  (10%),
confirming that steep, high-altitude terrain
experiencing intense rainfall leads to
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elevated pore-water pressures and reduced
shear strength. Anthropogenic factors
specifically distance to roads (8%) and
land use (8%) exerted significant control
by destabilizing slope toes through
artificial cuts and vegetation clearance.
Distance to streams (7%), distance to
faults (7%), NDVI (6%), aspect (5%),
curvature (5%), and geology (5%) further
refined localized slope dynamics. Model
validation yielded an exceptional AUC
value of 0.897 on the testing dataset,
demonstrating high diagnostic accuracy,
sensitivity, and strong predictive
capability without overfitting.

Conclusion

In conclusion, this research confirms the
efficiency of combining remote sensing
imagery, cloud-based GEE processing,
and machine learning models for
watershed-scale disaster risk reduction.
The Random Forest model demonstrated
outstanding reliability (AUC = 0.897) in
segregating unstable slopes from stable
terrain  in complex  mountainous
catchments. Slope gradient, elevated
precipitation, and road construction were
established as the primary catalysts
driving landslide activity in the region.
The resulting susceptibility map provides
an empirical, scientifically  sound
foundation for decision-makers involved
in  land-use  planning,  watershed
management, emergency preparedness,
and infrastructure hazard mitigation in
Guilan Province.
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1- Normalized Difference Vegetation Index (NDV1)
2- Curvature

3- Digital Elevation Model (DEM)

- Inverse Distance Weighted (IDW)
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I- Geographic Information System (GIS)

2- Global Positioning System (GPS)

3- Training Data

- Validation Data

3- Receiver Operating Characteristic (ROC)
6~ Area Under the Curve (AUC)
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Figure 13. Landslide hazard zonation map using the Random Forest model
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Table 1. Area and percentage of landslide risk classes in the Navrud watershed
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Table 2. Percentage of effective variables in Navrud watershed landslides using the Random Forest model
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Figure 14. Percentage importance of effective variables in Navrud watershed landslides using the Random Forest
model
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Figure 15. ROC curve of the RF model in predicting landslide susceptibility/risk in the Navrud watershed
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