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Received: Abstract

December 23, 2024 Gorgan Bay, located in northern Iran, is a sensitive and ecologically significant coastal
Accgpted: ecosystem facing increasing threats due to climate change, reduced freshwater inflow, and
Apr!l 21, 202_5 human activities. This study aimed to model and predict changes in the bay’s water area
Available online: using hydrological, satellite, and climatic data from 2000 to 2023, including temperature,
April 25, 2025 precipitation, discharge, water level, and the MNDWI-derived water area of the Caspian Sea.

Several advanced machine learning models—XGBoost, Radial Basis Function Network
(RBFN), Random Forest, and Linear Regression—were applied due to their ability to model
complex, nonlinear relationships. Correlation analysis and linear regression were used to
Keywords: explore inter-variable relationships. Results showed that the Caspian Sea’s water level had

. ’ the highest correlation with Gorgan Bay’s water area (r = 0.90, p < 0.001), followed by the
Caspian ~ Sea  Water | cagpian water area (r = 0.66, R2 = 0.43) and inflow discharge (r = 0.63, R? = 0.40).
Level, Remote Sensing, | precipitation and temperature had weaker effects (r = 0.43 and -0.34, respectively). Among

Machine Learning, = models, XGBoost showed the highest accuracy (R? = 0.93, MAPE = 4.9%, RMSE = 16.9,
Statistical Modeling, | MAE = 15.3), outperforming others. Five years (2000, 2008, 2011, 2016, 2018) were used
Water Surface Area | for validation. While all models simulated fluctuations, XGBoost captured variations most
Changes. precisely, making it the most suitable model for predicting Gorgan Bay's water area changes.

1. Introduction

Gorgan Bay, a shallow water body in northern Iran connected to the Caspian Sea, holds critical
ecological and economic value. However, it is increasingly threatened by climate change,
freshwater depletion, and human activities, leading to reduced water area and adverse impacts
on biodiversity and local livelihoods. Fluctuations in temperature, precipitation, water levels,
and discharge exacerbate these challenges. To support sustainable management, this study
focuses on predicting water area changes using advanced machine learning models, evaluating
their accuracy in capturing the complex interactions among key hydrological and climatic
variables.

2. Materials and Methods
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To achieve the study's objective, data from 2000 to 2023—including temperature, precipitation,
discharge, water level, and MNDWI-derived water area—were collected from hydrological,
climatic, and satellite sources. MNDWI was used to estimate the water area of Gorgan Bay due
to its effectiveness in detecting water bodies. Advanced machine learning models such as
XGBoost, RBFN, Random Forest, and Linear Regression were applied to predict water area
changes, chosen for their ability to capture complex, nonlinear relationships. The relationships
among variables were analyzed using Pearson correlation, statistical tests, and nonlinear
regression. Model performance was assessed using RMSE, MAE, MAPE, MBE, and R2. Water
level showed the strongest correlation with water area, while temperature and precipitation
influenced it indirectly through discharge and evaporation. Model accuracy was validated by
comparing predictions to actual data from five randomly selected years.

Results

The analysis showed that the Caspian Sea’s water level had the strongest correlation with the water area
of Gorgan Bay (Pearson = 0.90, R2 = 0.83, p = 0.001), indicating that sea-level fluctuations are a key
driver of changes in the Bay’s extent. Similarly, the Caspian Sea’s water area also showed a notable but
weaker correlation (r = 0.66, R* = 0.43), suggesting its contribution to the Bay’s drying. Inflow
discharge from upstream sources had a moderate influence (r = 0.63, R2 = 0.40), indicating its partial
role in maintaining water levels. Precipitation and temperature showed the weakest correlations 0.43
and -0.34 respectively highlighting their limited direct impact. Precipitation may influence inflow, but
its effect is moderated by evaporation and other dynamics. The negative correlation with temperature
likely reflects increased evaporation, which reduces water coverage. Overall, while multiple variables
affect the water area of Gorgan Bay, the Caspian Sea’s water level remains the most significant factor.
To assess the performance of the predictive models, five evaluation metrics were used: RMSE, MAE,
MAPE, MBE, and R2. The XGBoost model emerged as the top-performing model, with an R2 value of
0.93 and a MAPE of 4.9%. These results indicate that XGBoost was able to accurately capture the
complex relationships between the input variables and the water area, providing precise predictions
with minimal error. The Random Forest model, which is known for its robustness in handling high-
dimensional data, came second with an R2 of 0.76 and a MAPE of 8.08%. This suggests that Random
Forest is a reliable model, but it does not perform as well as XGBoost in terms of accuracy. The Linear
Regression model, a simpler algorithm, ranked third with an R2 of 0.74 and a MAPE of 8.3%. While it
is less complex and computationally expensive than other models, its performance was still satisfactory
for predicting water area changes. The RBFN model, despite its ability to model nonlinear relationships,
exhibited the weakest performance, with the highest systematic error. The RBFN model had an RMSE
of 32.5, an MAE of 30.9, and a MAPE of 10.1%. This suggests that the model struggled to capture the
underlying patterns in the data, possibly due to its inability to handle the complex interactions between
the variables as effectively as other models. To further evaluate the models, five years (2000, 2008,
2011, 2016, and 2018) were randomly selected to predict the water area of Gorgan Bay. The results
demonstrated that all models were capable of simulating the fluctuations in the water area, but the
XGBoost model provided the most accurate predictions, particularly in predicting severe fluctuations.
This is especially important for environmental planning, where predicting extreme events such as
droughts or heavy rainfall is crucial for managing water resources. The XGBoost model’s ability to
accurately capture such fluctuations confirms its superiority in predicting the water area of Gorgan Bay.

Discussion and Conclusion

This study demonstrates the effectiveness of advanced machine learning models in predicting
changes in the water area of Gorgan Bay. The results show that Caspian Sea water level
changes are the most significant predictor, followed by inflow discharge. Precipitation and
temperature have a weaker, more indirect influence. Among the tested models, XGBoost was
the most accurate, highlighting the strength of gradient boosting in modeling complex
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environmental data. These findings emphasize the value of machine learning in managing water
resources and forecasting changes in sensitive ecosystems. Accurate predictions can support
environmental planning and sustainable management, helping to reduce the impacts of climate
change and human activities. This study also lays the groundwork for future research to
incorporate more environmental variables and assess long-term climate effects on the region’s
hydrology.
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