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Introduction

Surface runoff is a complex hydrological process influenced by soil, topography,
climate, and land use. In mining areas, human activities like excavation and
vegetation removal alter the land surface, reducing infiltration and increasing
runoff. These changes raise risks of flooding, erosion, and contamination.
Understanding runoff dynamics in such disturbed landscapes is vital for effective
resource management.
This study investigates how the integration of high-resolution Digital Elevation
Models (DEMs) can enhance the accuracy of runoff estimation. We conduct an
analysis of modeling approaches that explicitly incorporate DEM data as a
modeling variable across methods of conceptual approaches, empirical
techniques, physically based models, and advanced machine learning algorithms.
Although the diversity of model structures introduces challenges in establishing
direct comparisons, we focus our analysis on those methods where DEM
integration allows for a meaningful and coherent evaluation, in particular, CNN
and LSTM models—through their ability to learn from spatial and temporal
patterns—demonstrate greater compatibility for comparative analysis within a
data-driven framework. The results underscore the critical role of detailed
terrain representation in runoff modeling, especially in complex, human-altered
environments such as post-mining landscapes.

Methodology

Study area

▶ Northwest Lower Silesian Voivodeship (highlighted in purple)

Materials

▶ Soil geological infiltration varies spatially due to diverse geology and soils

▶ Used 30 meter pixel-size DEM from Polish GUGiK portal (GUGiK, 2025).

▶ Hydrometeorological inputs: evapotranspiration
(EUMETSAT, 2025), precipitation (Czernecki et
al., 2025; IMGW-PIB, 2025), and runoff
(ECMWF, 2025) for cross- validation.

▶ Sample day: Sep 30th, 2023.

▶ Data processed with the GitHub pipeline /ynramirezy/hydroclimate-pipeline

Figure 1. Location of the study area in the Lubin region.

Integrating the DEM as an input variable provided a common basis for
comparing methods across different modeling approaches. CNN and LSTM
models proved the most comparable, as both effectively incorporate spatial and
temporal features from the DEM within a deep learning framework.

Method Type Output DEM Integration

Rational Method Conceptual Peak discharge Low

Curve Number Empirical Runoff depth Medium

TANK Model Emp./Conceptual Runoff time series Medium

SWAT Physically-Based Flow, runoff Medium

GJ4R Physically-Based Flow, runoff Medium

CNN Deep Learning Runoff time series High*

LSTM Deep Learning Runoff time series High*

Table 1. Summary of runoff estimation methods and DEM integration levels (* selected approach)

Results

Cross-validation results indicate that incorporating DEM data improves the
LSTM model’s performance, yielding lower metrics compared to CNN models.

without DEM Integration with DEM Integration

Method RMSE NSE R2 RMSE NSE R2

LSTM 0.0984 0.4912 0.9194 0.010 0.6500 0.9894

CNN 0.1961 0.450 0.8950 0.025 0.5700 0.9023

Table 2. Comparison of runoff estimation methods based on RMSE, NSE, and R2 metrics, with and without DEM integration.

Integrating the Digital Elevation Model (DEM) as an additional spatial feature
layer into the CNN and LSTM architectures enhances the models’ capacity to
capture terrain-driven hydrological gradients. This results in improved spatial
coherence of the runoff estimations, with predicted values clustering more
tightly around observed measurements in pixel-wise validation scatterplots.

Figure 2. Graphs of the observed vs predicted runoff considering the DEM integration.

Error spatial analysis further confirms decreased and more spatially coherent
residuals, underscoring the critical role of high-resolution terrain representation
in enhancing runoff estimation accuracy in heterogeneous mining environments.

Figure 3. Graphs of the observed vs predicted runoff considering the DEM integration.

Discussion

The integration of high-resolution DEM data improves the spatial fidelity of
runoff predictions, reducing scatter and bias, which highlights the critical role of
terrain representation in enhancing model accuracy and reliability in
hydrological applications. The preliminary results of the modelation of LSTM
demonstrates a better capability to integrate and moderate the influence of
DEM-derived features within its modeling framework, leading to enhanced
representation of terrain-driven runoff variability. In contrast, while CNN excels
in capturing spatial patterns, it is less effective in assimilating complex
topographic information with the same fidelity.

Future research

Future research will aim to develop a scalable, parameter-driven runoff
modeling system integrating spatially distributed inputs and advanced machine
learning techniques, enabling robust and transferable runoff predictions across
heterogeneous catchments throughout Poland.
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