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ARTICLE INFO ABSTRACT

Reservoirs play a key role in providing drinking water, agriculture, hydropower
generation, and flood control by enabling the storage, regulation, and
distribution of freshwater. However, sustainable reservoir operation depends
on accurate data on water level and surface area. Traditional field measurement
methods, despite their high accuracy, are not efficient for widespread and
continuous reservoir monitoring—especially in arid and semi-arid regions—
due to high costs, logistical constraints, and lack of access to remote areas. In
this study, an integrated framework was developed for daily reservoir water
level estimation at the Jarreh Dam reservoir by combining Sentinel-2 imagery,
the ALOS PALSAR Digital Elevation Model (DEM), and the Random Forest
algorithm. The NDW!I (Normalized Difference Water Index) and MNDWI
(Modified Normalized Difference Water Index) spectral indices were used to
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Avrticle history extract the water body and calculate surface water area. Water edge elevation
Received: 3 June 2026 was extracted by applying the DEM to the reservoir boundary pixels. Three
Revised: 5 July 2026 different scenarios were designed: satellite-derived features (modeled water
Accepted: 5 July 2026 level from DEM, NDWI, MNDWI, and reservoir area), along with measured

Published online: 27 July 2026 iwater level data from 5 days and 10 days prior. The data were split into training
(80%) and testing (20%) sets and then standardized. Results showed that the
Random Forest model in the first scenario achieved acceptable performance
(test RMSE = 1.33 m). However, adding water level data from 5 days prior
(second scenario) significantly improved performance, reducing the test RMSE
to 0.74 m and achieving an NSE (Nash—Sutcliffe efficiency coefficient) value
of 0.92. The third scenario showed no meaningful improvement over the
second scenario. Uncertainty assessment using out-of-bag error indicated that
the second and third scenarios had narrower uncertainty bands (approximately
1.40 m for the 90% confidence interval) compared to the first scenario (1.65
m). However, the first scenario enables reservoir water level estimation using
solely remote sensing data, without the need for in-situ measurements, and thus
holds particular practical significance for regions lacking gauge stations. The
sensitivity analysis revealed that the model is most dependent on measured
water levels, followed by water level and reservoir area extracted from satellite
imagery, which play the most substantial role in determining model outputs.
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EXTENDED ABSTRACT

Introduction: Water is a fundamental resource for sustaining ecosystems, food security, and human livelihoods.
However, its uneven global distribution poses significant challenges for water resources management. Reservoirs
play a key role in addressing these challenges by enabling the storage, regulation, and distribution of freshwater
for drinking water, agriculture, hydropower, flood control, and industrial processes. Despite the construction of
over one million dams worldwide, sustainable reservoir operation depends heavily on accurate data on water level,
surface area, and storage volume. Traditional field measurements, although accurate, are often costly, logistically
challenging, and impractical in remote or data-sparse regions, particularly in arid and semi-arid areas. Remote
sensing offers a low-cost and effective alternative for continuous reservoir monitoring. Spectral indices such as
NDWI (Normalized Difference Water Index) have been widely used to extract surface water extent from satellite
imagery. Recent studies have demonstrated the value of integrating multi-source satellite data with cloud
computing platforms like Google Earth Engine for large-scale reservoir monitoring. Furthermore, machine
learning algorithms have shown great potential in handling nonlinear relationships in hydrological remote sensing
data. Studies have successfully applied Support Vector Machines and Random Forest for water body mapping
and reservoir monitoring.

Building on these advances, the present study develops an integrated framework that combines Sentinel-2
imagery, a Digital Elevation Model (DEM), and the Random Forest algorithm to estimate daily reservoir water
levels without the need for in-situ bathymetric data. This approach provides an efficient, low-cost, and scalable
tool for continuous reservoir monitoring, especially in regions lacking gauge stations.

Methodology: The Jarreh Dam, an earth-fill dam with a clay core and concrete face, is located 20 km northeast
of Ramhormoz on the Zard River. Daily measured water level data from 2015 to 2026 were used for model training
and validation. Sentinel-2 MSI Level-2A images (2015-2026) with less than 20% cloud cover were obtained from
Google Earth Engine. Cloud masking was applied using the QA60 band, and bands B3 (green), B8 (NIR), and
B11 (SWIR) were selected for analysis. NDWI and MNDW!I (Modified Normalized Difference Water Index)
spectral indices were calculated, and a threshold of 0.1 was applied to generate a binary water mask. The ALOS
PALSAR DEM was used to extract water edge elevation by calculating the median elevation along the reservoir
boundary, and water surface area was also estimated. Three scenarios were defined: Scenario 1 used only satellite-
derived features (modeled water level, NDWI, MNDW!I, area); Scenario 2 added measured water level from 5
days prior; Scenario 3 added measured water level from 5 and 10 days prior. Data were split into training (80%)
and testing (20%) sets and standardized using Z-score normalization. A Random Forest regression model
consisting of 150 decision trees and a minimum leaf size of 3 was trained. At each split, all available predictor
variables were evaluated to identify the optimal partition based on variance reduction. Out-of-bag error was used
for internal validation and uncertainty estimation (68%, 90%, and 95% confidence intervals). Model performance
was evaluated using R2 (coefficients of determination), RMSE (Root Mean Squared Error), and NSE (Nash—
Sutcliffe efficiency coefficient).

Results and Discussion: Integration of Sentinel-2 and ALOS DEM data enabled accurate identification of the
water-land boundary, with NDWI demonstrating superior spatial resolution for water extraction compared to
MNDWI, particularly in shallow and marginal zones. Three scenarios were evaluated using the Random Forest
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model. Scenario 1 (satellite data only) achieved a test RMSE of 1.33 m with mild overfitting; low water levels
(470-475 m) showed overestimation due to weak satellite signal reflectance, while high water levels (490-495 m)
exhibited local fluctuations. Scenario 2 (satellite data + 5-day lagged measured water level) significantly improved
performance, reducing test RMSE to 0.74 m (44% improvement) and achieving NSE = 0.92, with more overfitting
compared to Scenario 1 (RMSE increase of 0.25 m from training to testing). Scenario 3 (adding a 10-day lag)
showed no meaningful improvement over Scenario 2. Uncertainty assessment revealed that Scenarios 2 and 3 had
narrower 90% confidence interval bandwidths (1.40 m) compared to Scenario 1 (1.65 m), with coverage rates of
93% close to the theoretical 90% value. Overall, the Random Forest model with a single 5-day lagged water level
provides an efficient, low-cost, and generalizable tool for continuous reservoir water level monitoring.
Conclusion: This study aimed to estimate the water level of the Jarreh Dam reservoir by integrating Sentinel-2
remote sensing data, the ALOS Digital Elevation Model (DEM), and the Random Forest machine learning
algorithm. The results demonstrated that combining spectral and topographic information enables accurate
delineation of the water—land boundary and effective monitoring of spatial variations in the reservoir. From the
scenario analysis, the first scenario demonstrated that reservoir water levels can be estimated solely from remotely
sensed data, without requiring in-situ measurements. Although the second and third scenarios, which incorporated
lagged water level variables, improved predictive accuracy, they showed no substantial performance advantage
over the simpler persistence-based approach. The sensitivity analysis revealed that the model was most responsive
to variables representing the temporal dynamics of reservoir water levels, with short-term lagged water levels
exerting the greatest influence on model performance. Furthermore, the out-of-bag (OOB)-based uncertainty
assessment indicated that the prediction intervals achieved coverage rates close to the nominal 90% confidence
level, demonstrating the reliability of the uncertainty estimates. From a practical perspective, the proposed
framework provides a cost-effective and reliable tool for continuous monitoring of reservoir water levels,
particularly in arid and semi-arid regions where in-situ measurements are unavailable or difficult to obtain.
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Figure 1- A view of the geographic location of Jarreh Reservoir Dam
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Figure 2- Sentinel-2 satellite image (a) and ALOS-PALSAR digital elevation model (b) of Jarreh Dam Reservoir
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Figure 3- Flowchart of the water level extraction method for Jarreh Dam reservoir using spectral indices and Random Forest model
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Figure 5- Results of the Random Forest model for Scenario 1 (a), Scenario 2 (b), Scenario 3 (c)
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Table 1- Statistical analysis of Random Forest results for estimating Jarreh Dam reservoir water level

Train Test All data
cenario
S i R2 RMSE NSE R2 RMSE NSE R2 RMSE NSE
(m) (m) (m)

Scenario 1 0.98 1.01 0.97 0.83 1.33 0.80 0.95 1.07 0.94
Scenario 2 0.99 0.49 0.99 0.93 0.74 0.92 0.98 0.54 0.98
Scenario 3 0.99 0.45 0.99 0.93 0.76 0.92 0.98 0.51 0.98
Persistence - - 0.93 0.75 0.92 - - -
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Table 2- Statistical analysis of Random Forest results for estimating water level at Jarreh Dam reservoir

Scenario Bandwidth (m) OOB. Coverage (%) 0OB RMSE (m) OOB RMSE as %
68% 90% 95%  Train Test of mean target
Scenario 1 1.01 165 198 94 91 1.02 0.22
Scenario 2 0.85 140 1.67 99 93 0.85 0.18
Scenario 3 0.85 140 1.67 99 93 0.85 0.18
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Table 3- Permutation importance sensitivity analysis results for Random Forest input parameters
Extracted Water Level ~ Water Level Reservoir

Input parameters Water Level (5-day Lag) (10-day Lag) Surface Area NDWI- MNDWI
Proportion of Total ARMSE (%) 16.3 432 18.3 11.0 6.0 5.2
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