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Abstract

This study aimed at prediction of pluvial flow depth and velocity using the rain-on-grid method in MIKE+ hydraulic
model. The studied domain was represented by an upstream part of the Gidra River basin (1.51 km?), where the Pila
municipality (western Slovakia) is located. We simulated an extreme 58-minute rainfall event from 7 June 2011, which
hit also wider surrounding area and caused a destructive flash flood on the Gidra River. The time series of rainfall
intensities were recorded at the nearby Castd rainfall station. Based on the results, the largest flood extent was
recorded after 32 minutes of rainfall, when 1.1 km? of the domain was represented by non-flood areas with flow depths
<0.005 m. The flooded areas accounted for 0.41 km? out of which most of the flooded pixels belonged to the shallow
flow depth intervals from 0.01 to 0.05 m (53.5%) and from 0.005 to 0.01 m (18.0%).
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INTRODUCTION

Pluvial flooding, caused by intense rainfall overwhelming natural and artificial drainage systems, has become an
increasingly significant hazard in both urban and rural environments. Unlike fluvial flooding, which is associated with
river overflow (Vojtek, 2023), pluvial floods originate directly from precipitation that exceeds infiltration capacity and
surface drainage efficiency. These events are typically characterized by rapid onset, short duration, and high spatial
variability, making them particularly difficult to predict and manage. In recent decades, the frequency and intensity of
extreme rainfall events have increased in many regions, largely attributed to climate variability and change, thereby
amplifying the risks associated with pluvial flooding (Rosenzweig et al., 2018; Bates et al., 2021). Small catchments are



especially vulnerable to pluvial flood events due to their limited storage capacity and rapid hydrological response. In
such environments, even short-duration rainfall can generate significant surface runoff, leading to pluvial/flash flooding
with potentially severe consequences for infrastructure, property, and human safety. The accurate prediction of flood
extent, flow depth, and velocity in these settings is therefore essential for effective risk assessment, emergency
planning, and the design of mitigation measures (Vojtek et al., 2023a, 2024).

Advances in physically-based modeling have significantly improved the ability to simulate complex surface runoff
processes. Traditional hydrologic approaches often rely on simplified assumptions and lumped parameters, which may
not adequately capture the spatial heterogeneity of rainfall and terrain. In contrast, two-dimensional (2D) hydraulic
models provide a more detailed representation of overland flow by solving governing flow equations across a spatial
grid (Yang et al., 2020). When combined with high-resolution topographic data and temporally detailed rainfall inputs,
these models enable realistic simulation of flood dynamics at local scales (Teng et al., 2017; Vojtek and Vojtekova,
2026a). One of the most effective approaches for modeling pluvial flooding within a 2D framework is the rain-on-grid
method. This technique involves the direct application of rainfall onto each computational grid cell, allowing for
explicit simulation of runoff generation, flow routing, and accumulation without the need for predefined inflow
hydrographs (Montalvo et al., 2024). The rain-on-grid method is particularly advantageous for analyzing localized flood
phenomena, as it accounts for land surface characteristics and micro-topography. As a result, it has become a widely
used approach in recent flood modeling studies (Cea et al., 2025; Vojtek and Vojtekova, 2026b).

The MIKE+ hydraulic modeling platform, developed by DHI, integrates advanced hydrologic and hydraulic
capabilities, including the implementation of the rain-on-grid method. MIKE+ enables fully dynamic 2D simulations of
surface flow, making it suitable for both urban drainage analysis and natural catchment studies. Its flexibility in
handling complex terrain, combined with robust numerical solvers, allows for detailed investigation of flood processes
under various scenarios, including extreme rainfall events (Xu et al., 2023). Extreme rainfall events provide valuable
opportunities to evaluate the performance of hydraulic models under realistic and challenging conditions. These events
are typically associated with convective storms, which produce high-intensity rainfall over short durations. The
resulting runoff processes are highly nonlinear and influenced by multiple factors, including soil saturation, land
use/land cover, terrain slope, and drainage network capacity. Capturing these processes accurately requires both high-
quality input data and advanced modeling techniques (Mediero et al., 2022; Safiudo et al., 2025).

This study focuses on pluvial flood inundation modeling under extreme rainfall conditions using the rain-on-grid
method implemented in MIKE+. The selected case study from the Gidra basin examines a small catchment
characterized by rapid hydrological response and susceptibility to pluvial/flash flooding. Such case studies are critical
for understanding how extreme precipitation translates into surface runoff and flood hazard at the local scale. In this
context, the present study aims to simulate pluvial flooding using observed rainfall data and high-resolution terrain
information to assess the spatial and temporal distribution of flood inundation. Particular attention is given to the
prediction of flow depth and velocity, as these parameters are critical indicators of flood hazard. While flood extent
provides a general overview of affected areas, depth and velocity determine the severity of impacts, including potential
damage to infrastructure and risks to human safety. In light of ongoing climate change and increasing urbanization, the
need for accurate and reliable flood modeling tools is critical (Di Salvo et al., 2017; Rozer et al., 2021; Preisser et al.,
2022). The methods applied in this study can support decision-makers and planners in developing effective flood risk
management strategies and enhancing resilience to extreme weather events. By improving our understanding of pluvial
flood dynamics, studies such as this play a key role in mitigating the impacts of future flood events and protecting
vulnerable communities.

DATA AND METHODS

Studied domain

The studied domain was represented by 1.51 km? buffer along the Gidra River (3.1 km), which is located in western
Slovakia. The elevation in the studied domain ranges from 213 to 371 m a. s. l. (Figure 1). One of the most sever flash

floods in Slovakia affected the studied river section on 7 June 2011, from which the extreme rainfall intensity was taken
to our analysis (Vojtek et al., 2023b, 2025).
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Figure 1. Studied domain and elevation ranges

Data

A variety of input datasets were required for the hydraulic modeling of pluvial flooding, most of which were processed
within a GIS environment. A high-resolution digital elevation model (DEM) derived from airborne LiDAR data, with a
spatial resolution of 1 m, was obtained from the Geodetic and Cartographic Institute. Land cover information for the
study area was derived from the 2023 Basic Database for Geographic Information Systems (ZBGIS), also provided by
the Geodetic and Cartographic Institute (Figure 2). Based on this dataset, initial hydraulic parameters were assigned to
individual land cover classes. Manning’s roughness coefficients (n) were allocated following the values proposed by
Chow (1959), while infiltration losses were estimated according to the approach described by Rahmati et al. (2018).
The assigned values of Manning’s n and infiltration rates for each land cover class are summarized in Table 1. For the
simulation of pluvial flooding, the rain-on-grid method was applied using the time-series from the extreme rainfall
event on 7 June 2011, which is shown in Figure 3. The rainfall data were acquired from the Slovak
Hydrometeorological Institute.
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Figure 2. Land cover classes in the studied domain



Table 1. Manning's n roughness values and the infiltration losses of land cover classes

Land cover class Manning’s n values (s/m'?) | Infiltration rate (mm/h)
Building 1.00 1
Built-up area 0.04 5
Channel 0.04 0
Forest 0.15 40
Grassland 0.05 30
Material/waste dump 0.03 5
Orchard, garden 0.07 20
Road (asphalt) 0.02 1
Shrub 0.06 30
Urban greenery 0.05 20
Vineyard 0.035 10
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Figure 3. Time-series of the extreme rainfall event from 7 June 2011
Methods

In this study, a two-dimensional (2D) hydraulic modeling approach was implemented using the integrated MIKE+
platform. Previous research has applied MIKE+ (e.g. Welten et al., 2024) as well as its predecessor, MIKE Flood (e.g.
Ho et al., 2023; Xu et al., 2023), for the simulation of pluvial flood processes.

To accurately represent the computational domain, a flexible mesh was generated using the MIKE Zero environment.
The floodplain area was discretized using a triangular mesh. In contrast, the river channel was modeled using a
structured quadrangular mesh, with a maximum element length of 3 m in the longitudinal direction and 1 m in the
transverse direction, ensuring adequate resolution of channel hydraulics.



The resulting computational grid contained a total of 800,256 elements, with the maximum mesh element size of 5.37
m?, reflecting the varying level of detail required across different parts of the modeled domain. More details on the
applied 2D overland numerical scheme and water equations can be found in MIKE+ documentation
(https://manuals.mikepoweredbydhi.help/2025/MIK EPlus.htm#Documentation).

The computational time step for all simulations was set to 10 seconds, in line with recommendations by DHI for
achieving a balance between computational efficiency and numerical stability in high-resolution hydraulic models. The
Courant-Friedrichs-Lewy (CFL) condition was controlled using a maximum factor of 0.8 to ensure stable numerical
performance throughout the simulations.

RESULTS
Flow depths derived by MIKE+ model

Based on the results, the largest flood extent was recorded after 32 minutes of rainfall, when 1.1 km? of the domain was
represented by non-flood areas with flow depths <0.005 m. The flooded areas accounted for 0.41 km?, out of which
most of the flooded pixels belonged to shallow flow depth interval from 0.01 to 0.05 m (53.5%), followed by the
interval 0.005 — 0.01 m (18.0%). The flow depth interval from 0.10 to 0.50 m included 13.0% of pixels and the flow
depth interval from 0.05 to 0.10 m recorded 10.8% of pixels. The interval with the lowest percentage distribution of
flow depths was the last interval from 0.50 to 1.86 m (4.7%). The mean flow depth value was 0.09 m (Figure 3).
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Figure 3. Hydraulically modeled flow depths for the extreme rainfall from 7 June 2011
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Flow velocity derived by MIKE+ model

In case of flow velocity, the highest share of pixels was included in the flow velocity interval from 0.00 to 0.50 m/s
(71.4%), followed by the interval 0.50 — 1.00 m/s (20.2%). The flow velocity intervals from 1.00 to 1.50 m/s and 2.00-
5.69 m/s both included 3.4%. The interval with the lowest percentage distribution of flow velocities was the interval
from 1.50 to 2.00 m/s (1.6%). The mean flow velocity value was 0.48 m (Figure 4).
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Figure 4. Hydraulically modeled flow velocity for the extreme rainfall from 7 June 2011

DISCUSSION AND CONCLUSION

The results of this study demonstrate the applicability and effectiveness of the rain-on-grid approach implemented in the
MIKE+ hydraulic model for simulating pluvial flood dynamics in small catchments under extreme rainfall conditions.
The model successfully captured the spatial and temporal variability of flood extent, flow depth, and flow velocity,
providing detailed insights into the behavior of surface runoff during a short-duration, high-intensity rainfall event.

The findings indicate that the majority of the study area experienced relatively shallow inundation depths, with more
than half of the flooded pixels falling within the 0.01-0.05 m range. This suggests that while the flood was spatially
extensive, it was predominantly characterized by low water depths, which are typical for pluvial flooding in small
catchments. However, even shallow water depths can pose significant risks, particularly in urbanized or built-up areas
where drainage systems may be insufficient. The presence of deeper water levels (up to 1.86 m) is limited in spatial
extent mainly to the watercourse itself.



Similarly, the analysis of flow velocities revealed that most of the area experienced low velocities (below 0.50 m/s),
indicating relatively slow-moving surface runoff. Nevertheless, areas with higher velocities, although less frequent,
represent critical zones where erosive processes and damage to infrastructure may occur. These localized high-velocity
flows are particularly important from a risk management perspective, as they can significantly increase the destructive
potential of pluvial flood events.

The temporal evolution of flooding, with the maximum extent occurring after 32 minutes of rainfall, underscores the
rapid response of small catchments to extreme precipitation. This rapid onset highlights the challenges associated with
early warning and emergency response in such environments. The results confirm that high-resolution input data,
including LiDAR-derived DEM and detailed land cover information, are essential for accurately representing micro-
topographic features and surface characteristics that control runoff generation and routing.

Despite the strengths of the applied methodology, several limitations should be acknowledged. The model relies on
assumptions related to infiltration rates and roughness coefficients, which may introduce uncertainties into the
simulation results. Additionally, the inclusion of direct validation data, using observed flood extent, may enhance the
overall performance of the model outputs. Future research efforts should therefore aim to incorporate field observations
or remote sensing-based flood mapping to improve model validation and reduce uncertainties.

In conclusion, this study confirms that the rain-on-grid method within the MIKE+ framework is a robust and suitable
tool for modeling pluvial flooding in small catchments. The approach enables detailed assessment of flood hazard
characteristics, including depth and velocity distributions, which are critical for risk evaluation and mitigation planning.
The results contribute to a better understanding of pluvial flood processes under extreme rainfall conditions and provide
valuable information for local authorities and planners in developing effective flood risk management strategies. Given
the expected increase in the frequency and intensity of extreme rainfall events due to climate change, the application of
such advanced modeling techniques will become increasingly important for enhancing resilience and reducing flood-
related impacts in vulnerable regions.
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