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ABSTRACT

Aim of the study
The study aims to simulate the extent and depth of fluvial and pluvial flooding under different scenarios using 
the 2D hydraulic MIKE+ model in combination with geographic information systems (GIS).

Material and methods
As for the fluvial floods, we used steady-state flow conditions for three flood scenarios (Q10, Q100, and Q1000). 
The modeled flood maps were compared to official flood maps created under the second cycle of EU Floods 
Directive (2007). Regarding the pluvial flooding, we used the rain-on-grid method, where the rainfall input 
was set to three constant intensities (20, 40, and 60 mm/hour) under two scenarios: fully saturated soils and 
infiltration losses. Study area was a 3.68 km section of the Teplica River in western Slovakia. 

Results and conclusions
Based on the results, the flood extent difference against the official flood maps was 0.009, 0.075, and 0.123 km2 
for Q10, Q100, and Q1000, respectively. In case of 20, 40, and 60 mm/hour rainfall scenarios and fully satu-
rated soils, 13.5, 22.1, and 29.2% of the domain, respectively, had flow depths between 0.005‒0.1 m, while 
2.0, 4.2, and 6.1% of the domain had flow depths above 0.1 m. In case of 20, 40, and 60 mm/hour rainfall 
scenarios with infiltration losses, 6.0, 14.6, and 22.7% of the domain, respectively, had flow depths between 
0.005‒0.1 m, while 0.4, 2.5, and 4.5% of the domain had flow depths above 0.1 m. When the infiltration rates 
of land cover classes are applied, pluvial flood extent decreases by 58.2%, 34.4%, and 23.2% for the 20, 40, 
and 60 mm/hour rainfall scenario, respectively.
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INTRODUCTION

Mapping fluvial and pluvial flood hazard is essential 
for effective flood risk management. It focuses on de-
lineation of flood-prone zones and prediction of po-
tential inundation, supporting decision-makers in im-
plementing mitigation strategies and planning resilient 
infrastructure (Schanze, 2006; Vojtek et al., 2023). 

Fluvial floods, represented by riverine and flash 
floods, arise when flood water level exceeds channel 
capacity and overflows onto surrounding floodplain. 
Riverine floods result from long-term rainfall or snow-
melt, while flash floods are driven by short and intense 
rainfall (Maranzoni et al., 2023). Pluvial floods, or 
surface water flooding, occur when intense rainfall 
exceeds the infiltration or drainage capacity of sur-
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faces or urban systems. They are independent of riv-
ers or lakes and can occur anywhere on slopes or flat 
terrains, and they are particularly dangerous in urban 
areas with inadequate drainage infrastructure (Rözer 
et al., 2019). 

Studies focusing on fluvial flood hazard are well 
represented in the literature (Beevers et al., 2020; Voj
tek et al., 2024). In contrast, only a limited number of 
studies present a comprehensive analyses that specifi-
cally address pluvial flood hazard (Rözer et al., 2021; 
Mediero et al., 2022; Chano et al., 2025). Yet, pluvial 
flooding can pose economic risks comparable to those 
of fluvial flooding, especially in urban environments 
(Tanaka et al., 2020). Furthermore, several recent 
studies have explored the compound effects of fluvial 
and pluvial flood hazards (Rizeei et al., 2019; Bates 
et al., 2021; Xu et al., 2023; Cea et al., 2025).

Different approaches can be adopted for mapping 
fluvial and pluvial flooding inundation. The traditional 
approach is the physically-based, i.e. hydrologic-hy-
draulic, while the other approaches rely on geographic 
information system (GIS) and/or remote sensing (RS) 
techniques (Teng et al., 2017; Mudashiru et al., 2021). 
These approaches offer distinct modeling procedures 
for estimating flood extent, flow depth and veloci-
ty, each with their own advantages and limitations 
(Chlumsky et al., 2025; Vojtek et al., 2025).

The most accurate method for delineating flood ex-
tent and estimating flow depth is considered the phys-
ically-based (hydrologic-hydraulic) approach. The hy-
drologic component determines design discharges or 
hydrographs for specific return periods, which serve as 
upstream boundary conditions for the hydraulic mod-
el. The hydraulic component simulates the progress of 
flood discharge or flood wave through the channel and 
floodplain (Sciuto et al., 2025). 

One-dimensional (1D) and two-dimensional 
(2D) hydraulic models are most commonly em-
ployed, each having different fundamentals and lev-
el of complexity (Dimitriadis et al., 2016; Arash and 
Yasi, 2022). Moreover, coupling 1D and 2D models 
is also possible (Vozinaki et al., 2016; Zandsalimi 
et al., 2024). In case of complex terrains and urban 
settings, 2D hydraulic models, which solve shallow 
water equations across a computational mesh, are 
preferred over 1D models (Vojtek and Vojteková, 
2026). Owing to their higher numerical complexi-

ty, 2D models generally require longer computation 
time than 1D models.

The main aim of this article is to model fluvial and 
pluvial flood extents and flow depths using a 2D hy-
draulic approach, in particular the MIKE+ model, and 
geographic information systems under different sce-
narios. In particular, we investigated two partial objec-
tives for the presented case study: 
•	 Comparison and quantitative assessment of our 

hydraulic modeling results with the official fluvial 
flood maps for Q10, Q100, and Q1000 flood scenarios.

•	 Comparison and quantitative assessment of pluvial 
flood inundation maps for three net rainfalls (20, 
40, and 60 mm/hour) under fully saturated soils 
scenario and scenario based on infiltration losses.
The novelty of this study for the Slovak scientif-

ic community lies in the fact that, to the best of our 
knowledge, no research, except those from the au-
thors, has applied the MIKE+ model in the territory 
of Slovakia to date. The model has not been used for 
either fluvial or pluvial flood mapping. From this per-
spective, we present a case study demonstrating how 
the MIKE+ model can be applied in similar study ar-
eas across Slovakia using similar fluvial and pluvial 
flood inundation scenarios. 

MATERIAL AND METHODS 

Study area
The study area was located in the municipality of 
Sobotište, in western Slovakia, covering an area 
of 3.76 km2 and including a 3.68 km long section of 
Teplica River. The area’s elevation ranges from 231.3 
to 376.7 m a. s. l. (Fig. 1a). The bed slope of the stud-
ied river section is 0.005 m/m. Since the studied area 
has been affected several times by fluvial and pluvi-
al floods in the past, it is classified as a critical area 
for fluvial flooding, as determined by the most recent 
Preliminary Flood Risk Assessment cycle from 2024 
(PFRA, 2024), carried out by the Ministry of Envi-
ronment of the Slovak Republic under the EU Floods 
Directive (2007). Previous floods, especially those 
causing damage to assets, were the fluvial floods 
from 1997, 1999, 2005, 2006, 2009, and 2010. The 
last fluvial flood occurred on 15 September 2024 with 
a peak discharge equivalent to a return period of ap-
proximately 30 years.
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The share of land cover classes from 2023 on the 
study area is as follows (Fig. 1b): arable land (30.5%), 
grassland (22.6%), orchard/garden (17.4%), built-up 
area (12.5%), forest (7.7%), building (3.7%), vineyard 
(2.3%), asphalt roads (1.7%), river channel (1.0%), 
and urban greenery (0.6%).

Data
Several types of input data were required for the hy-
draulic modeling of fluvial and pluvial floods, which 
were mainly processed in GIS. The airborne laser 
scanned (LiDAR) digital elevation model (DEM) with 
a resolution of 50 cm was available via the Geodetic and 
Cartographic Institute. The parameters of two bridg-
es located on the river section were collected during 
a field survey along with the measured cross-sections, 
which were inserted into the DEM as bathymetry. The 
land cover of the study area was processed from the 
basic database for geographic information system (ZB-
GIS) from 2023, provided by the Geodetic and Carto-
graphic Institute. The subsequent initial assignment of 
Manning’s n roughness values was done following the 

work by Chow (1959), while the infiltration losses for 
individual land cover classes were assigned based on 
work of Rahmati et al. (2018). Table 1 presents the ini-
tially assigned Manning’s n roughness values and the 
infiltration losses of land cover classes.

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

Land cover class Manning’s n 
values (s/m1/3)

Infiltration rate 
(mm/h)

Arable land 0.035 10
Building 1.00 1
Built-up area 0.04 5
Channel 0.04 0
Forest 0.15 40
Grassland 0.05 30
Orchard, garden 0.07 20
Road (asphalt) 0.02 1
Urban greenery 0.05 20
Vineyard 0.035 10

Fig. 1. Study area: a) elevation, b) land cover (Source: own elaboration) 
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The fluvial flood models were calibrated by vary-
ing roughness coefficients until the maximum water 
stage value was reached during the fluvial flood from 
18 March 2005.  the Sobotište gauging station record-
er its peak discharge at the rate of 26.56 m3/s (Q10). 
The adjusted roughness coefficient of the channel af-
ter calibration was 0.048, which matched to the mea-
sured water stage of 249 cm during this flood most 
closely. We used the calibrated Manning’s n rough-
ness coefficient from this flood event also for the rest 
of flood scenarios (Q100 and Q1000), as reliable water 
stage data was available for these two flood scenarios. 
For the comparison of the modeled fluvial flood ex-
tent and flow depths, we used official flood maps for 
the same flood scenarios (Q10, Q100, and Q1000) created 
by the Slovak Water Management Enterprise under 
the second cycle of the EU Floods Directive (2007). 
In the absence of spatially coherent field or remote 
sensing data necessary for validation, the results of 
the hydraulic modeling were instead assessed based 
on photographs taken during the last fluvial flood on 
15 September 2024 in the study area. The fluvial flood 
of 15 September 2024 corresponds to a return period 
of approximately 30 years. The peak discharge mea-
sured at the Sobotište gauging station was 42.28 m3/s. 
For validation purposes, we modeled this scenario too, 
using the same parametrization as for the other mod-
eled flood scenarios. We then compared the flood ex-
tent for a particular river section depicted in the pho-
tographs with the modeled flood extent. In the case of 
pluvial flood models, there were no reliable records or 
data against which we could compare our modeling 
results.

Methods
In this article, we employed the two-dimensional 
(2D) hydraulic approach under the integrated MIKE+ 
interface. Some previous studies used MIKE+ (Wel-
ten et al., 2024) or its older version MIKE Flood (Ho 
et  al., 2023; Wang et al., 2023; Xu et al., 2023) to 
model fluvial or pluvial floods. A specific MIKE Zero 
application was used to generate a flexible mesh. A tri-
angular mesh with a maximum element area of 9 m2 
was created for floodplain, while a quadrangular mesh 
with the maximum lengths of 5 m in the stream direc-
tion and 2 m in the transversal direction was used for 
the river channel. The total number of mesh elements 

was 615,654. The minimum and maximum mesh el-
ement sizes were 0.54 and 18 m2, respectively. Due 
to the unavailability of measured data, the water lev-
el for the downstream boundary condition was esti-
mated by prolonging the length of the river reach far 
enough downstream to eliminate potential uncertainty 
in raising or lowering the resulting flow depth/surface 
water elevation. Initial conditions were set to a uni-
form water level of 229.2 cm. Further information on 
the applied 2D numerical scheme and water equations 
can be found in the MIKE+ documentation (https://
manuals.mikepoweredbydhi.help/2025/MIKEPlus.
htm#Documentation). In case of fluvial flood models, 
steady-state flow conditions were used to model max-
imum discharges with return periods of 10, 100, and 
100 years, with the values of 26.8, 75, and 120 m3/s, 
respectively. These maximum discharges represented 
the officially estimated values provided by the Slovak 
Hydrometeorological Institute.

In terms of pluvial flood modeling, we employed 
the rain-on-grid method with three modeled rainfall 
scenarios (20, 40, and 60 mm/hour) under the fully 
saturated soil conditions. Moreover, we also modeled 
the same three rainfall scenarios with infiltration loss-
es for each land cover class. The Manning’s n rough-
ness values were used in the same way as for fluvial 
flooding. For both model types, the 2D overland hy-
drodynamic solver was used, with the maximum CFL 
factor value of 0.8. The simulation time step was set 
to 10 seconds, as this is a common and recommend-
ed value by DHI for detailed yet efficient simulations 
aiming to achieve numerical stability in the model. 
The simulation time was 3 hours for fluvial flooding 
and 30 minutes for pluvial flooding.

To evaluate quantitative differences between the 
modeled flood extents and official flood, five metrics 
(critical success index ‒ CSI, bias, recall, precision, 
and F1-score) were calculated using the following 
equations (1‒5) (Vojtek et al., 2025):

	 CSI TP
TP FP FN

�
� �

	 (1)

	 Bias �
�
�

TP FP
TP FN

	 (2)

	 Recall �
�
TP

TP FN
	 (3)
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	 Precision �
�
TP

TP FP
	 (4)

	 F1 score
Precision Recall

Precision Recall
� �

� �
�

2
	 (5)

where TP, FP, and FN are true positive, false positive, 
and false negative areas (in m2), respectively. True po-
sitive represents areas where the modeled and official 
flood extent are the same. False positive are modeled 
areas outside the official flood extent. False negative 
are areas with no flood extent modeled by the MIKE+ 
model inside the official flood extent maps. Regarding 
the evaluation of overlapping flow depth pixels be-
tween modeled and official maps, these four metrics 
were used: root mean square error (RMSE), mean ab-
solute error (MAE), mean error (ME), and standard 
deviation (SD).

RESULTS

Fluvial flood inundation
The modeled flood extent for the Q10 flood scenario 
yielded a total area of 59,303 m2. This is 8,268 m2 less 
than the area in the official Q10 flood map, a result that 
was also confirmed by the calculated metrics. The 
TP, FP, and FN areas were 56,406.25, 2,896.75, and 

11,164.58  m2, respectively. The resulting compara-
tive metrics had the values of 0.800, 0.878, 0.835, 
0.951, and 0.889 for the CSI, bias, recall, precision, 
and F1-score metric, respectively. Regarding the 
Q10 flood scenario, the values of 0.37 (RMSE), 0.29 
(MAE), −0.17 (ME), and 0.32 (SD) were recorded 
when comparing the flow depth difference (Table 2).

The percentage share of flow depth intervals for 
Q10 flood scenario is shown in Figure 2a. A similar 
proportion of flow depth pixels was recorded in the 
first four intervals (around 21‒26%), while the flow 
depth pixels in the last interval (2.0–2.6 m) accounted 
for only 5.4% of pixels. Figure 2b illustrates the differ-
ences in flow depths between the modeled and the of-
ficial flood map. The highest percentage of flow depth 
differences occurred between ‒0.50–0.50 m (83.6%) 
and between ‒1.00– ‒0.50 (14.1%). The other inter-
vals of flow depth differences represented around 1% 
or less of overlapping flood extent.

As for the modeled flood extent for the Q100 flood 
scenario, the calculated total area was 264,019  m2, 
which is less by 75,581 m2 than in the official Q100 flood 
map. The area of TP, FP, and FN resulted in the values 
of 257,337.45, 6,681.50, and 82,262.59 m2, respective-
ly. The resulting comparative metrics had the values of 
0.743, 0.777, 0.758, 0.975, and 0.853 for the CSI, bias, 
recall, precision, and F1-score metric, respectively. 

Table 2. Comparison metrics for the modeled vs. the official flood extent and flow depth for the studied flood scenarios

Q10

Modeled 
extent TP FP FN

CSI Bias Recall Precision F1-
score RMSE MAE ME SD

(m2) (m2) (m2) (m2)

59,303 56,406.25 2,896.75 11,164.58 0.800 0.878 0.835 0.951 0.889 0.368 0.289 ‒0.174 0.324

Q100

Modeled 
extent TP FP FN

CSI Bias Recall Precision F1-
score RMSE MAE ME SD

(m2) (m2) (m2) (m2)

264,019 257,337.75 6,681.50 82,262.59 0.743 0.777 0.758 0.975 0.853 0.283 0.190 ‒0.135 0.249

Q1000

Modeled 
extent TP FP FN

CSI Bias Recall Precision F1-
score RMSE MAE ME SD

(m2) (m2) (m2) (m2)

423,159 414,545.25 8,613.25 131,947.56 0.747 0.774 0.759 0.980 0.855 0.307 0.214 ‒0.169 0.255
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As for the Q100 flood scenario, the values of 0.28 
(RMSE), 0.19 (MAE), −0.14 (ME), and 0.25 (SD) were 
achieved when comparing the flow depth difference 
(Table 2).

The calculated percentage share of flow depth in-
tervals for the Q100 flood scenario (Fig. 3a) was as fol-
lows. Most of the pixels (63.3%) fell into the first in-
terval 0.0–0.5 m. A similar proportion of pixels (12.7% 
and 12.8%) was recorded in the second (0.5–1.0 m) 
and last interval (2.0–3.6 m). The smallest percent-
age of pixels was in the third (1.0–1.5 m) and fourth 
(1.5–2.0 m) interval, with percentage values of 6.2% 
and 5.1%, respectively. Figure  3b presents the differ-
ence in flow depths between the modeled and the of-
ficial flood map. The highest percentage difference in 
flow depth was recorded in the interval ‒0.50–0.50 m 
(91.9%) and interval ‒1.00– ‒0.50 (6.6%). The other 
flow depth difference intervals demonstrated around 
1% or less of overlapping flood extent.

In case of the modeled flood extent for the Q1000 
flood scenario, the calculated total area was 423,159 m2, 

which is less by 123,334 m2 than in the official Q1000 
flood map. The area of TP, FP, and FN resulted in the 
values of 414,545.25, 8,613.25, and 131,947.56 m2, 
respectively. The resulting comparative metrics had 
the values of 0.747, 0.774, 0.759, 0.980, and 0.855 for 
the CSI, bias, recall, precision, and F1-score metric, 
respectively. In case of the Q1000 flood scenario, the 
values of 0.31 (RMSE), 0.21 (MAE), −0.17 (ME), and 
0.26 (SD) were recorded when comparing the flow 
depth difference (Table 2).

The calculated percentage share of flow depth in-
tervals for the Q1000 flood scenario (Fig. 4a) recorded 
similar values as in case of the Q100 flood scenarios. 
Most of the pixels (64.9%) fell into the first interval 
0.0–0.5 m. A similar proportion of pixels (14.5% and 
10.8%) was recorded in the second (0.5–1.0 m) and 
last interval (2.0–4.1 m). The smallest percentage of 
pixels was in the third (1.0–1.5 m) and fourth (1.5–
2.0  m) interval with percentage values of 6.0% and 
3.7%, respectively. Figure 4b shows difference in 
flow depths between modeled and official flood maps. 

Fig. 2. Q10 fluvial flood scenario: a) modeled flow depths and official flood extent and b) difference in flow depths between modeled 
and official maps (Source: own elaboration) 
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Fig. 3. Q100 fluvial flood scenario: a) modeled flow depths and official flood extent and b) difference in flow depths between mod-
eled and official maps (Source: own elaboration)

Fig. 4. Q1000 fluvial flood scenario: a) modeled flow depths and official flood extent and b) difference in flow depths between mod-
eled and official maps (Source: own elaboration) 
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The highest percentage difference in flow depth was 
recorded between ‒0.50 and 0.50 m (90.6%) and be-
tween ‒1.00 and ‒0.50 (7.8%). The other flow depth 
difference intervals reached around 1% or less of the 
overlapping flood extent.

Validation of the modeled Q30 fluvial flood on 15 
September 2024 in Sobotište is presented in Figure 5. 
Although this is only a short section of the modeled 
river, there is a good agreement between the modeled 
and the actual flood extents during this flood event.

Fig. 5. Validation of flood lines caused by the fluvial flood on 15 September 2024 based on photograph taken in the Sobotište mu-
nicipality during this flood (Source: own elaboration)  
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Pluvial flood inundation
Regarding the pluvial flooding scenario involving 
net rainfall and fully saturated soils at the intensity of 
20 mm/hour, most of the pixels (84.4%) in the study 
area were categorised as non-flooded areas, as they had 
flow depths less than 0.005 m. The flood extent was 
0.55  km2. The percentage share of flow depth inter-
vals that were higher than 0.005 m in the 20 mm/hour 
rainfall scenario were classified as flooded. The larg-
est proportion of pixels (7.8%) of the total area extent 
fell into the second interval 0.01–0.05 m, followed by 
the first interval (0.005–0.01 m) and the third interval 
(0.05–0.10  m), which accounted for 3.5% and 2.2% 
of pixels, respectively. The least percentage of pixels 
occurred in the fourth (0.10–0.50 m) and fifth (0.50–
1.36 m) intervals with percentage values of 1.8% and 
0.2%, respectively (Fig. 6a).

In case of the pluvial flooding scenario involving 
a net rainfall of 20 mm/hour, incorporating infiltration 
losses, most pixels (93.4%) in the study area were clas-
sified as non-flooded, as they had flow depths less than 

0.005 m. The flood extent covered 0.23 km2. The per-
centage share of flow depth intervals that were higher 
than 0.005 m were classified as flooded. The largest 
proportion of pixels (3.6%) of the total area extent fell 
into the second interval 0.01–0.05 m, followed by the 
first (0.005–0.01 m) and the third (0.05–0.10 m) inter-
vals, which accounted for 1.5% and 0.9% of pixels, 
respectively. The least percentage of pixels occurred 
in the fourth (0.10–0.50 m) and the fifth (0.50–1.36 m) 
intervals with percentage values of 0.4% and 0.001%, 
respectively (Fig. 6b).

As in the previous rainfall scenario with fully sat-
urated soils, the majority of pixels in the study area 
in the case of a 40 mm/hour rainfall scenario were 
classified as non-flooded, as they had flow depths be-
low 0.005 m (73.7%). The flood extent was 0.93 km2. 
The percentage share of flow depth intervals that were 
higher than 0.005 m for the 40 mm/hour rainfall sce-
nario were classified as flooded. The largest proportion 
of the pixels (12.0%) of the total area extent fell into 
the second interval 0.01–0.05 m, followed by the first 

Fig. 6. Pluvial flood scenario with the rainfall intensity of 20 mm/hour: a) modeled flow depths under fully saturated soils and b) 
modeled flow depths with infiltration losses (Source: own elaboration) 
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(0.005–0.01 m), and the third (0.05–0.10 m) intervals, 
with values of 6.6% and 3.5%, respectively. The least 
percentage of pixels was in the fourth (0.10–0.50 m) 
and the fifth (0.50–1.59 m) intervals, with percentage 
values of 3.4% and 0.8%, respectively (Fig. 7a).

In case of the pluvial flooding scenario involving 
net rainfall of 40 mm/hour, incorporating infiltration 
losses, most pixels (82.9%) in the study area were 
classified as non-flooded, as they had flow depths be-
low 0.005 m. The flood extent was 0.61 km2. The per-
centage share of flow depth intervals that were higher 
than 0.005 m were classified as flooded. Most pixels 
(8.3%) of total area extent fell into the second interval 
0.01–0.05 m, followed by the first (0.005–0.01 m) and 
the third (0.05–0.10 m) intervals, with values of 3.8% 
and 2.5%, respectively. The least percentage of pixels 
was in the fourth (0.10–0.50 m) and the fifth (0.50–
1.36 m) intervals, with percentage values of 2.4% and 
0.2%, respectively (Fig. 7b).

In the case of 60 mm/hour rainfall scenario with 
fully saturated soils, the majority of the pixels in the 

study area were classified as non-flooded, as they had 
flow depths below 0.005 m (64.7%). The flood extent 
covered 1.25 km2. The percentage share of flow depth 
intervals that were higher than 0.005 m for the 60 mm/
hour rainfall scenario were classified as flooded. Most 
pixels (15.7%) of the total area extent fell into the 
second interval 0.01– 0.05 m, followed by the first 
(0.005–0.01 m) and the fourth (0.0– 0.10 m) intervals, 
with values of 9.0% and 4.7%, respectively. The least 
percentage of pixels was in the third (0.10–0.50  m) 
and the fifth (0.50–2.08 m) intervals, with percentage 
values of 4.5% and 1.4%, respectively (Fig. 8a).

Regarding the pluvial flooding scenario involving 
the net rainfall of 40 mm/hour, incorporating infil-
tration losses, most pixels (72.8%) in the study area 
were classified as non-flooded, as they had flow depths 
below 0.005 m. The flood extent covered 0.96  km2. 
The percentage share of flow depth intervals that 
were higher than 0.005 m were classified as flooded. 
Most pixels (12.3%) of the total area extent fell into 
the second interval 0.01–0.05 m, followed by the first 

Fig. 7. Pluvial flood scenario with the rainfall intensity of 40 mm/hour: a) modeled  flow depths under fully saturated soils and b) 
modeled flow depths with infiltration losses (Source: own elaboration) 
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(0.005–0.01 m) and the third (0.05–0.10 m) intervals, 
with values of 6.7% and 3.7%, respectively. The least 
percentage of pixels was in the fourth (0.10–0.50 m) 
and the fifth (0.50–1.36 m) intervals, with percentage 
values of 3.7% and 0.8%, respectively (Fig. 8b).

DISCUSSION 

Flood hazard mapping or inundation modelling, 
whether fluvial or pluvial, are covered by one of the 
Sustainable Development Goals (SDGs) set by the 
United Nations. More specifically, it falls under the 
Climate Action goal, which prioritizes taking mea-
sures to address climate change and its impacts, such 
as the occurrence of natural hazards (in this case spe-
cifically floods) worldwide. 

This study highlights the capacity of the MIKE+ 
modeling framework to simulate fluvial and pluvial 
flooding through physically-based hydraulic repre-
sentations. The calibrated 2D overland MIKE+ model 
was able to represent the river overbank inundation, 

yet it underestimates the official flood extents for the 
studied flood scenarios. Pluvial flooding was simulat-
ed using the same 2D overland solver in the MIKE+ 
model with rainfall inputs for fully saturated soils and 
with infiltration losses. This enabled direct represen-
tation of overland flow for these two variants. This 
approach is consistent with other pluvial flood studies 
that emphasize the advantages of fully two-dimen-
sional hydraulic models over simplified runoff routing 
techniques (Bao et al., 2017; Yang et al., 2020). The 
results indicate that the 2D MIKE+ model effectively 
captures major pluvial flow paths and accumulation 
zones, particularly in varying terrain. Using high-res-
olution DEM (0.5  m resolution) ensures that mi-
cro-topographic features influencing shallow overland 
flow, such as road cambers and small embankments, 
were resolved, leading to localized representation of 
flow depths. The necessity of high-resolution input 
data for hydraulic modeling of fluvial and pluvial 
flooding was also confirmed by Chano et al. (2025) 
and Sañudo et al. (2025).

Fig. 8. Pluvial flood scenario with the rainfall intensity of 60 mm/hour: a) modeled flow depths under fully saturated soils and b) 
modeled flow depths with infiltration losses (Source: own elaboration) 
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Despite its advanced capabilities, the MIKE+ mod-
eling framework is subject to uncertainties related to 
parameter selection, boundary conditions, and input 
data quality. Pluvial flood simulations are particular-
ly sensitive to rainfall intensity, which emphasizes the 
importance of high-resolution rainfall data for urban 
flood modeling. Additionally, the absence of construct-
ed stormwater drainage networks in the studied urban-
ized parts of the municipality led to significant surface 
flooding, which was also pointed out by Montalvo 
et al. (2024).

The generated flood extent and flow depth maps 
were compared with the officially modeled flood extents 
produced during the second cycle of the EU Floods Di-
rective (2007) implementation. It should be noted that 
only limited information about the official flood hazard 
maps was available, which was a limitation for the re-
search. The official flood maps were developed using 
the 2D hydraulic modeling approach, i.e. the MIKE+ 
model with the same numerical scheme, under steady-
state flow conditions for design discharges correspond-
ing to 10-, 100-, and 1000-year return periods. 

However, input data, like DEM, and key model 
parameters, such as roughness coefficients, hydraulic 
structures, boundary conditions, and mesh generation 
details, were not accessible. Although these parameters 
are documented in the technical reports accompanying 
the official flood maps and were formally requested 
from the Slovak Water Management Enterprise, the 
request was denied. Consequently, model comparison 
was performed using the flood extent polygons as well 
as flow depths for the same 10-, 100-, and 1000-year 
return periods.

The calibrated channel value of 0.048, which cor-
responds to the water stage during the flood on 18 
March 2005, was also used for the other flood scenari-
os. The reason for this is there are no measured records 
of water stages or discharges at the Sobotište gauging 
station, which could have been used for the calibration 
of Q100 and Q1000. As confirmed by Ardiçlioǧlu and 
Kuriqi (2019), estimating the  roughness of a channel 
is one the most challenging procedures in developing 
hydraulic models for flood prediction and flood hazard 
mapping. The calibration process used in this study 
could have influenced the resulting flood extent for 
Q100 and Q1000 flood scenarios. Compared to the of-
ficial flood maps, these scenarios recorded lower val-

ues of CSI and bias than the Q10 scenario. However, 
we must also raise a question whether (and how) the 
official flood maps for the Q100 and Q1000 flood sce-
narios were calibrated and validated, as no such flood 
occurred in the last 30‒40 years of well-documented 
discharges in the study area.

Furthermore, the decrease in performance metrics, 
such as CSI and recall, with higher return periods was 
due to a mixture of model parameter settings and input 
data, which we believe were different in the official 
flood maps. As we are unaware of the exact model 
parametrization and use of input data, we assume that 
the most influential parameter propagating the differ-
ence was roughness, probably with higher Manning’s 
n values. Liu et al. (2019) found out that the perfor-
mance of 2D models improves with increasing chan-
nel roughness, enabling more water to enter the flood-
plain. In addition, we hypothesize that the generated 
mesh was coarser, with a lower number of elements 
and a larger element size, as a much longer section of 
the Teplica River was simulated in the official flood 
mapping than in this study. Hoch et al. (2018) found 
out that coarser mesh tends to predict larger inunda-
tion extent on floodplains. All in all, the parameters 
that were the same as in the official flood maps were 
the return periods, steady-state flow conditions, and 
the 2D overland solver in the MIKE+ model. 

We also acknowledge the limitations of validation 
data for pluvial flooding, given that no such data were 
available. Therefore, future research has to focus on 
obtaining more reliable and spatially coherent vali-
dation data for both types of floods. In particular, the 
validation data for pluvial flooding need to be obtained 
during or shortly after the actual pluvial events, utiliz-
ing also citizen reports/photographs, post-event sur-
veys, or satellite-based flood detection. Incorporating 
climate change scenarios into the models with varying 
rainfall inputs under optimistic, neutral, and pessimis-
tic scenarios can be also included into future research. 
In addition to the already mentioned future directions, 
uncertainty/sensitivity analysis, for example with re-
gard to DEM resolution, roughness values, infiltration 
rates, or simulation times, could also provide useful 
information to improve the modeling results. Future 
research should plan using the validated fluvial and 
pluvial flood maps for further training of the machine/
deep learning models, so that the flood extent as well as 
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flow depths can be extrapolated to other sections of the 
studied river, as well as to other (similar) study areas. 

CONCLUSIONS

Based on the results achieved, we can summarize that 
the 2D MIKE+ hydraulic model yielded significant flu-
vial flooding risk for Q100 and Q1000 flood scenarios, 
while for the Q10 flood scenario, it has revealed rela-
tively low flood hazard in the studied area. Moreover, 
the modeled fluvial flood extents underestimated the 
flood extents in the official flood maps for all flood sce-
narios. The underestimation of modeled flood extents, 
compared to the official flood maps, increases from the 
Q10 to the Q1000 flood scenario. The highest percentage 
of flow depth difference was recorded in the intervals 
–0.50–0.50 m and –1.00– –0.50 m for all flood sce-
narios. It has to be noted that due to lack of detailed 
information on the modeling procedure and input data 
used for the creation of official flood maps, the models 
were only compared with respect to the flood extent 
polygons and rasters of flow depths corresponding to 
the same return periods of 10, 100, and 1000 years.

Furthermore, under the modeled net rainfall sce-
narios (20, 40, and 60 mm/hour), the study area could 
be significantly influenced by pluvial flooding, when 
the soils are fully saturated. The share of flow depths 
higher than 0.005 m at the total pluvial flood extent 
increases with the increasing rainfall amounts. When 
counting with the infiltration rates of individual land 
cover classes, pluvial flood extent decreases by 58.2%, 
34.4%, and 23.2% for the 20, 40, and 60 mm/hour 
rainfall scenario, respectively.

The presented results emphasize the need for as-
sessing pluvial flood hazards along with fluvial ones. 
Official flood hazard maps, created under the EU 
Floods Directive (2007), only show fluvial flood haz-
ard. However, there is also a need for assessing poten-
tial pluvial flooding scenarios , which gradually gains 
the same importance as the fluvial flooding, specifical-
ly, in Slovakia.
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ZASTOSOWANIE MODELU HYDRAULICZNEGO 2D MIKE+ DO MODELOWANIA POWODZI 
RZECZNYCH I OPADOWYCH: STUDIUM PRZYPADKU NA SŁOWACJI

ABSTRAKT

Cel badania
Celem badania była symulacja zasięgu i głębokości powodzi rzecznych i opadowych w różnych scenariu-
szach przy użyciu dwuwymiarowego modelu hydraulicznego MIKE+ w połączeniu z systemami informacji 
geograficznej (GIS).

Materiały i metody
W przypadku powodzi rzecznych przyjęto warunki przepływu w stanie ustalonym dla trzech scenariuszy 
powodziowych (Q10, Q100 i Q1000). Modelowe mapy powodziowe zostały porównane z oficjalnymi mapami 
powodziowymi przygotowanymi w ramach drugiego cyklu Dyrektywy Powodziowej UE (2007). W odnie-
sieniu do powodzi opadowych zastosowano metodę opadów na siatce, w której opady deszczu zostały ustalo-
ne dla trzech stałych intensywności (20, 40 i 60 mm/godz.) w dwóch scenariuszach: gleby w pełni nasycone 
i straty infiltracyjne. Obszarem badań był odcinek rzeki Teplica (3,68 km) w zachodniej Słowacji.

Wyniki i wnioski
Zgodnie z uzyskanymi wynikami różnica w zasięgu powodzi w stosunku do oficjalnych map powodziowych 
wyniosła odpowiednio: 0,009, 0,075 i 0,123 km2 dla Q10, Q100 i Q1000. W przypadku scenariuszy opadów wy-
noszących 20, 40 i 60 mm/godz. oraz całkowicie nasyconych gleb, odpowiednio 13,5, 22,1 i 29,2% obszaru 
wykazywało głębokość przepływu między 0,005 a 0,1 m, podczas gdy 2,0, 4,2 i 6,1% obszaru wykazywało 
głębokość przepływu powyżej 0,1 m. W przypadku scenariuszy opadów wynoszących 20, 40 i 60 mm/godz. 
z uwzględnieniem strat infiltracyjnych, odpowiednio 6,0, 14,6 i 22,7% obszaru charakteryzowało się głębo-
kością przepływu wynoszącą od 0,005 do 0,1 m, natomiast 0,4, 2,5 i 4,5% obszaru ‒ głębokością przepływu 
powyżej 0,1 m. Po zastosowaniu współczynników infiltracji dla poszczególnych klas pokrycia terenu zasięg 
powodzi opadowej zmniejsza się odpowiednio o 58,2%, 34,4% i 23,2% dla scenariuszy opadów wynoszą-
cych 20, 40 i 60 mm/godz. 
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