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Abstract: Since the beginning of the 21st Century, Europe has been affected by destructive floods.
European Union Member States have an obligation to develop flood hazard and flood risk maps as
support to the Flood Risk Management Plan (FRMP). The main objective of this study is to propose a
methodological framework for hazard and risk assessment of pluvial flash floods in Croatia at the
catchment level, which can be integrated into the FRMP. Therefore, a methodology based on the
source—pathway—consequence approach for flood risk assessment is presented, which complies with
the EU Floods Directive. This integrated and comprehensive methodology is based on high-resolution
open data available for EU Member States. Three scenarios are defined for a low, medium, and high
probability, defined by design storms of different durations. The proposed methodology consists of
flood hazard analysis, vulnerability assessment, and risk analysis. Pluvial flash flood hazards are
analyzed using a 2D hydrologic-hydraulic model. The flood vulnerability assessment consists of a
GIS analysis to identify receptors potentially at risk of flooding and an assessment of susceptibility
to potential flood damage using depth-damage curves. Flood risk is assessed both qualitatively in
terms of risk levels and quantitatively in terms of direct damages expressed in monetary terms. The
developed methodology was applied and tested in a case study in the Gospi¢ catchment in Croatia,
which surrounds a small rural town frequently affected by pluvial flash floods.

Keywords: flash floods; flood risk; flood modeling; flood mapping; Floods Directive

1. Introduction

Between 1995 and 2015, floods accounted for 43% of all documented natural disasters,
affecting 2.3 billion people worldwide and causing USD billions in damage [1]. Total
economic damages caused by weather- and climate-related extremes in the European
Economic Area (EEA) amounted to more than EUR 433 billion in the period 1980-2015,
with the largest share of economic impacts (38%) caused by floods [2,3]. Furthermore,
extreme flooding in Europe between 1998 and 2009 caused more than 1100 deaths and the
displacement of about one million people [4].

The most catastrophic flood events are caused by extreme rainfall, but the conse-
quences of flooding are also exacerbated by inefficient river regulation measures, defor-
estation, and (unplanned) urbanization in floodplain areas [5]. Over the years, many
communities in the EU have been affected by some form of flooding. Recognizing that
flood impacts and damages are likely to increase in the near future due to climate variability
and change, increased urbanization, and migration trends [6-9], awareness of the impor-
tance of flood risk management plans (FRMP) to mitigate the consequences of flooding has
increased [10-12].

The best-known example of an international document that refers to flood risk man-
agement plans is the EU Floods Directive (FD) (2007/60/EC, 2007) [13,14]. The main
objective of the FD is to assess, reduce, and manage the risks that floods pose to human
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health and life, the environment, cultural heritage, and economic activities in the European
Union (EU). The FD requires all EU Member States to undertake a preliminary flood risk
assessment (PFRA) of their river basins and coastal areas to identify areas where there is a
potentially significant flood risk [13,14]. They must also prepare and develop flood hazard
maps, flood risk maps, and flood risk management plans (FRMPs) for these areas. These
steps must be reviewed every six years in a cycle that is coordinated and synchronized with
the Water Framework Directive (2000/60/EC, 2000) implementation cycle. Lessons from
implementing the FD in EU countries have been reported over the last ten years [15-20].

This study focused on pluvial flash flooding (PFF), which can be broadly defined as rapid
flooding caused by heavy rainfall [21,22]. These floods have fundamentally different charac-
teristics than fluvial floods because they can occur away from large rivers and develop over
a short period of time, usually less than six hours [21-23]. More specifically, PFF results
from rainfall-generated overland flow before runoff enters a watercourse, drainage system,
or sewer system or cannot enter because the network is overloaded [24-26]. Pluvial flash
floods are among the most-common and -destructive natural hazards, causing significant
direct losses (e.g., personal injury and property damage) and increasing indirect impacts
(e.g., disruption of public services and economic activities) [8,27]. In addition, the lack of
anticipation of flood events, such as the unavailability of short-term forecasts and warnings,
combined with inadequate adaptation measures, largely limit the efficiency of flood risk
management, leading to the increased consequences of these events [21,22].

Recent research related to flash floods has made progress in several areas. In the con-
text of flood hazards, several authors have developed and improved GIS-based approaches
to mapping flash flood hazards as an alternative to hydrodynamic modeling [28,29]. There
are also studies investigating the best modeling approach for flash floods [23,30,31] and
improving available numerical models [32-34]. Better understanding of flash floods and
their consequences is also the focus of several recent studies that examine the response to
heavy rainfall events using historical information and measured data [25], conduct post-
flood analyses using a combination of numerical modeling and field investigation [35], and
reconstruct flash flood events using hydrodynamic models [36]. In addition, new indicators
of flash flood severity have recently been proposed [37]. In the context of flood vulnerability,
many studies focus on assessing flash flood susceptibility using various machine learning
and hybrid approaches (e.g., [38—43]). Some authors have improved the integration of
social data and perceptions in flood risk assessment [44,45]. Special attention is also given
to the impact of flash floods on the road network and transport infrastructure [21,22,46],
as well as to uncertainties in flood damage estimation and their impact on investment
decisions [47]. In addition to flash flood risk assessment, significant progress has been made
in flash flood forecasting models that use machine learning techniques [48-50] or remote
sensing weather radar data [51,52]. A comprehensive review of recent advances in pluvial
flash flood forecasting has been published by Zanchetta and Coulibaly [53]. However,
despite recent progress, there are still no consistent and integrated methods or guidelines
for flash flood risk analysis that support and integrate all phases of the FRMP, from data
collection and processing, to modeling and flood hazard mapping, to data availability and
vulnerability assessment, to flood risk and damage estimation. This is especially true in
light of recent advances in numerical modeling and public data availability.

The main objective of this study was to outline a methodological framework for the
risk assessment of pluvial flash floods at the catchment scale as a support to the flood risk
management in EU. The Gospi¢ catchment (Croatia) was selected as a case study to test the
proposed methodology and to illustrate how the new flood hazard and risk maps could
improve the efficiency of flood risk management. The developed methodology follows
recent advances in the field of flood risk assessment and improves existing approaches by
providing a more detailed and comprehensive analysis. This was achieved through the use
of hydrologic-hydraulic modeling, the use of higher-resolution open data available in the
EU, and the assessment of flood risk at both qualitative and quantitative levels. In addition,
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special attention is given to the exposure and risk level of the population, road network,
and buildings to pluvial flash floods.

This study is organized as follows. In the next section, the proposed methodology for
flood hazard and flood risk assessment is explained in more detail. Then, the results—flood
hazard maps, flood exposure maps, and flood risk maps—for the Gospi¢ catchment are
presented. Finally, we discuss the methodology and results by comparing them with the
current maps of Croatia and give some recommendations for further improvements.

2. Materials and Methods
2.1. Flood Risk Management in Croatia

The EU Floods Directive states that FRMPs should cover all stages of flood risk
management, with particular emphasis on prevention, protection, and preparedness. Flood
risk maps should provide information to stakeholders and policy makers and assist them
in selecting appropriate flood protection measures and actions. However, decisions about
flood protection measures and actions are complex, and assistance is often needed to
support them. End users and policy makers need information that is easy to interpret
and properly contextualized, and therefore tailored specifically to their needs [46,54].
The FD provides general guidance on the content of flood hazard and risk maps, but
unfortunately does not provide details on the methods or approaches that can be used to
achieve these goals.

Despite the detailed legal framework and strict deadlines, analysis of the first FRMP
implementation cycle, which was completed at the end of 2015, shows a rather inconsistent
situation among the EU Member States, with significant differences in scope, area, or
methodology and with an apparent lack of consistency and coordination among and even
within Member States [15,16,18,19,55]. Therefore, it is crucial to exchange experiences and
good practices in flood risk mapping between EU Member States at all levels.

In Croatia, the second FRMP (2022-2027) has completed the public consultation phase
and will soon be submitted to the European Commission. The flood hazard and flood
risk maps for the second FRMP were completed in 2019 [56]. These maps include fluvial
flooding (from rivers and torrential streams), coastal flooding, flooding from underground
water in karst areas, flooding from reservoir overflow and artificial channels, and flooding
from the loss of flood control system function in major rivers, as well as in large lowland
and mountain retention basins.

The analysis of potentially significant flood risk at the national level showed that
9049 km? (16.0%) of the territory is at risk of flooding at a low probability of occurrence,
4259 km? (7.5%) at a medium probability of occurrence, and 3249 km? (5.7%) at a high
probability of occurrence [56]. Flood hazard maps in Croatia provide a spatial overview
of the extent of flooding and water depths for three different scenarios in relation to the
probability of flood occurrence. Flood risk maps provide a spatial overview of the potential
negative consequences of the flood scenarios depicted in the flood hazard maps. They are
primarily intended for the public and a wide range of stakeholders to help them participate
in and be better informed about flood risk management.

The flood risk maps for the 2022-2027 planning cycle have been improved compared
to the previous cycle by using higher-quality, more-comprehensive, and detailed input
data [56]. The greatest improvements have come from more reliable identification of
potentially vulnerable populations and new receptors related to cultural assets, power
grids, and social facilities. Unfortunately, the second cycle of Croatian flood risk maps still
does not include pluvial flooding, and although flash floods are officially listed as a source
of the flooding, they refer only to major torrential channels and streams. Croatia will soon
start preparing the next generation of flood hazard and flood risk maps to support the third
FRMP cycle.
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2.2. Methodological Framework for Flood Hazard and Risk Assessment

Here, we propose a methodology for assessing flood hazards and risks based on
the requirements of the EU Floods Directive (EC 2007/60/EZ). According to the Floods
Directive, flood risk is a combination of the probability of a flood event and the potential
adverse consequences for human health, the environment, cultural heritage, and economic
activities. Flood risk assessment should be based on three scenarios related to a low,
medium, and high probability of occurrence. In addition, flood hazard maps should cover
the geographic areas that could be flooded and show the extent of the flood, water depths
or levels, and flow velocity (if applicable). Flood risk maps, on the other hand, should show
the adverse consequences associated with flood scenarios and should be expressed in terms
of the number of inhabitants potentially affected, economic activities in the potentially
affected area, and facilities that could cause accidental pollution in the event of a flood.

The proposed framework also uses the source-pathway-receptor-consequence (SPRC)
approach to identify flood risk [44,57]. The SPRC is a conceptual model commonly used in
flood risk assessment to provide a better understanding of each element of the risk analysis
(see Figure 1). The SPRC concept describes the relationship between hazard, vulnerability,
and risk as a functional chain of source, pathway, receptor, and (adverse) consequences.

Source
Extreme rainfall

<>

Pathway
Runoff generation and flood routing

Hazard analysis

Measures

Receptors
Subjects and objects

Flood risk analysis
I

Consequences
Economic, social, and environmental

+
Vulnerability
analysis

Figure 1. Source-pathway-receptors—consequences framework for the pluvial flash floods.

The source can be defined as the cause or origin of a hazard. In the context of
pluvial flash floods, the source is a heavy rainfall event that typically occurs within a
short period of time and results in high runoff (hydrological analysis). The pathway
describes the dynamics of surface water flow toward a receptor (hydraulic analysis), which
is related to the topographic characteristics of the flooded area, soil properties (infiltration),
and imperviousness. Receptors are the objects and subjects (population, buildings, road
network, land, etc.) that are exposed to a hazard and are potentially susceptible to negative
consequences (vulnerability analysis). It should be noted that a pathway must exist between
the source and a receptor for a risk to occur. The term consequences includes negative
impacts such as economic (e.g., property damage, crop destruction, loss of livestock), social
(e.g., loss of life, injury, loss of cultural property), or environmental (e.g., soil and/or water
contamination, public health degradation) that may result from a receptor’s exposure to a
hazard [44,58].

The proposed methodology follows [12,59] and consists of hazard, vulnerability, and
risk assessment. The main elements of the proposed methodology are shown in Table 1
and Figure 2, with specific details for each step described in the following subsections. In
this way, flood risk maps can be useful to various end users and decision support systems.
First, the risk levels are more easily understood by the public, facilitating their participation
in the flood management process, and second, the risk of damage expressed in monetary
terms supports the cost-benefit analysis of mitigation measures [12].
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Table 1. Main elements of the pluvial flash flood risk analysis.

Type of Analysis Methods Results/Maps
Hazard 2D hydrologic-hydraulic Water depth, water velocity, and flood severity.
modeling of surface flow
Vulnerability GIS exposure analysis Exposure of population, buildings, road network, land, public fa-
cilities, pollution sources, cultural heritage, and protected areas.
Susceptibility assessment Depth-damage curves and maximum potential damages for
land-use.
Risk GIS qualitative analysis Risk level to the population, buildings, and roads.
GIS quantitative analysis Risk of damage expressed in monetary terms.
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Figure 2. Schematic overview of the proposed methodology for the pluvial flash flood risk assessment.
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2.3. Flood Hazard Analysis
2.3.1. Scenarios

According to the report on flood hazard and flood risk maps in the EU [55], only 50%
of Member States mapped pluvial floods in the first FRMP cycle, and 28% of them mapped
pluvial floods in combination with fluvial floods. Those that mapped pluvial floods used a
wide range of return periods corresponding to low probability (100-1000 years), medium
probability (25-200 years), and high probability (10-50 years). Considering the fact that rain
gauges in Croatia have a relatively short observation period, we decided to stay at the lower
end of these ranges for the purposes of this study. Therefore, we propose three scenarios
defined by corresponding return periods or annual exceedance probabilities (AEPs):

*  Scenario H—high probability: describes a high probability of flooding, characterized
by lower extreme rainfall intensity, corresponding to a return period of 5 years or
20% AEP.

*  Scenario M—medium probability: describes a medium probability of flooding, charac-
terized by a medium extreme rainfall intensity, corresponding to a return period of
25 years or 4% AEP.

®  Scenario L—low probability: describes a low probability of flooding, characterized by
a higher extreme rainfall intensity, corresponding to a return period of 100 years or
1% AEP.

2.3.2. Rainfall Data

The key input to the PFF hazard analysis and hydrologic-hydraulic model is the
amount of rainfall defined by design storms of different durations for three different prob-
abilities. Following the recommendations of a previous study [60], which investigated
different approaches to design storms and evaluated their suitability for Croatian coastal
catchments, we use the average variability method (AVM) [61]. First, non-dimensional de-
sign storms (cumulative curves) were created based on high-resolution 60-year precipitation
data (1961-2020) for a duration of 1, 2, 3,4.5, 6, 9, 12, 18, and 24 h, obtained from the Gospié¢
meteorological station. Design storms were then derived for 5-, 25-, and 100-year return
periods by combining dimensionless cumulative curves and depth—duration-probability
(DDF) curves (see Figure 3).

2.3.3. Spatial Data

Key spatial data for the PFF hazard analysis are listed in Table 2. The digital terrain
model (DTM) was created from vectorized elevation data by spatial interpolation at a
5 m resolution. The vectorized elevation data were obtained from the Croatian State
Geodetic Administration. The DTM was analyzed using a GIS flow accumulation model to
derive the boundaries of the catchment and identify the main flow paths. The DTM was
also validated by high-resolution satellite imagery and processed at bridges, underpasses,
overpasses, and culverts. The land-cover model (LCM) was created from satellite imagery
(Sentinel 2) using the geographic-object-based image analysis (GEOBIA) method [62-64].
The segmentation parameters and optimal classifier were determined by evaluating the
accuracy of the most commonly used classifiers [65,66]. A total of 21 cover classes were
identified and mapped. Imperviousness density was taken from the Copernicus Land
Monitoring Service for 2018 [67] and resampled to a 5 m resolution.

Two additional maps were created from the LCM. First, the Manning roughness
coefficient map was created using average data from the literature [68-70]. Then, the curve
number (CN) map was created to define the infiltration capacity of the catchment using
literature data [70-72]. Table 3 shows the proposed values for the corresponding land-cover
classes. Figure 4 shows the main spatial data and maps for the Gospi¢ catchment. In
particular, we derived the digital terrain model with the hydrographic network, the slope
map, the land-cover map, the imperviousness density map, the curve number map, and
the Manning roughness map.
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Figure 3. Design storms for the Gospi¢ catchment for different rainfall durations and probabilities.

Table 2. Spatial data used for the flood hazard assessment.

Data Type Source

Digital terrain  Raster, 5 m resolu- Interpolated vector elevation data ob-

model (DTM) tion tained from the State Geodetic Admin-
istration of the Republic of Croatia
(DGU)

Land-cover Raster, 10 m resolu-  Created from satellite imagery (Sen-

tion tinel 2) using GEOBIA, European Space

Agency.

Imperviousness Raster, 5 m reso- Imperviousness density (IMD), Coper-

density lution (upsampled  nicus Land Monitoring Service

Surface roughness

Soil infiltration

from 10 m)
Raster, 5 m reso-
lution (upsampled
from 10 m)
Raster, 5 m reso-
lution (upsampled
from 10 m)

Generated from the land-cover using
appropriate Manning’s roughness coef-
ficient data from the literature
Generated from the land-cover using
appropriate CN data from the literature
(SCS method)
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Table 3. Manning’s roughness coefficient and CN numbers for corresponding land-cover classes
(compiled from [68-72]).

Manning’s CN
Land-Cover Class n (m~1/3s) A B C D
Low-density fabric (IMD < 30%) 0.099 39 59 72 80
Dense urban fabric (IMD => 30-80%) 0.135 68 80 87 90
Continuous urban fabric (IMD => 80%) 0.179 85 90 93 94
Road networks and associated land 0.026 98 98 98 98
Gravel and dirt roads 0.032 69 80 85 88
Agro-forestry 0.093 49 69 79 84
Abandoned crops with natural vegetation 0.049 67 80 87 91
Complex cultivation patterns 0.054 52 69 79 84
Vineyards, fruit trees, and olive groves 0.057 28 52 67 75
Woods and forests 0.138 38 62 75 81
Natural grassland and meadows 0.047 44 63 75 85
Dry grassland 0.048 49 69 79 84
Mountain grassland 0.048 23 49 63 71
Transitional woodland and scrub 0.093 40 61 73 79
Scrubs 0.091 45 65 75 80
Sparse vegetation on rocks 0.035 70 81 88 92
Burnt areas (except burnt forest) 0.032 70 81 88 92
Bare rocks and outcrops 0.034 70 81 88 92
Inland marshes 0.094 86 86 86 86
Water bodies and surfaces 0.026 100 100 100 100
Channels 0.035 77 85 90 91

2.3.4. Hydrologic—-Hydraulic Model

Rainfall-related (non-fluvial) flooding is modeled using the approach known as direct
rainfall modeling or rain-on-grid (RoG). In this approach, the hydrologic and hydrodynamic
flood processes are modeled entirely with the 2D hydrodynamic model, rather than in two
different model systems. This approach is increasingly used to determine the rainfall-runoff
processes of watersheds of different sizes (see, for example, [23,31-33,73]).

Flood simulations were performed using the Hydrologic Engineering Center-River
Analysis System (HEC-RAS 6.1) [70]. The grid size of 20 m was chosen to represent the
entire area, with breaklines of higher resolution (10 m) chosen along major river channels
and roads to ensure more accurate results. Note that HEC-RAS computes the geometric and
hydraulic features for each cell and each cell face to capture the sub-grid topography [31,70].

Three boundary conditions were defined for the flood simulations: (a) normal wa-
ter depth along the land boundary, (b) uniform stage hydrograph along the Lika River
(northeastern boundary), and (c) spatially uniform precipitation over the entire 2D domain
defined by the design storm. The shallow water equation (SWE-ELM) with a variable time
step was used to simulate the unsteady 2D flood propagation resulting from each design
storm. The simulation time for each scenario lasted 1 h longer than the duration of the
precipitation. Infiltration was calculated using the SCS method and the CN map; Manning
roughness was calculated from the Manning roughness coefficient map; the percentage of
impervious surfaces was calculated from the imperviousness density map.
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Figure 4. Spatial data used for flood hazard analysis in the Gospi¢ catchment: (a) digital terrain
model and hydrographic network, (b) terrain slope, (c) aggregated land-cover, (d) imperviousness
density, (e) curve number CN for infiltration, and (f) Manning’s roughness coefficient.

2.3.5. Flood Severity Analysis

The flood severity was determined using four hydraulic parameters based on the
SUFRI method developed for pluvial floods [44]. The four hydraulic parameters are the
water depth y, water velocity v, drag parameter vy, and sliding parameter v?y. Based on a
combination of these parameters, five severity levels are assigned (negligible, low, medium,
high, and extreme severity). Each level describes the severity for people, vehicles, and
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buildings. Table 4 lists the parameters for each severity level, and Figure 5 shows each
flood severity level in the hydraulic parameter space.

Table 4. Flood severity levels and the corresponding hydraulic parameters as defined by the SUFRI
methodology [44].

Flood Severity Level (S) Depth y  Velocity v  Dragging Sliding Pa-
(m) (m/s) Parameter rameter v’y
vy (m?/s) (m®/s?)
S0 Negligible severity. No fatalities are ex- <0.45 <1.50 <0.50 <1.23
pected. People expected to survive.
S1 Low severity. People may suffer loss of sta-  <0.80 <1.60 <1.00 <1.23
bility. People in danger.
S2 Medium severity. Significant loss of stability. ~ <1.00 <1.88 <1.00 <1.23
Cars can lose roadholding. Floating.
S3 High severity. High risk for people outside. ~ >1.00 >1.88 >1.00 >1.23
Low risk for buildings.
S4 Extreme severity. Structural damages to >1.00 >1.88 >3.00 >1.23
buildings.
rlood severity levels from depth-velocity ratios] R =16
(pluvial flooding) o .v=188 vy=0.5

—Vz_yA:1_23

3 \
2.5

b vey=1 —y=3
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0.5 I
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Figure 5. Flood severity levels from depth-velocity rations for pluvial floods as defined by the SUFRI
methodology [44].

2.4. Vulnerability Analysis

Under the proposed methodology, we indirectly assessed three dimensions of vulner-
ability: (a) physical vulnerability related to physical damage to buildings, roads, and land;
(b) social vulnerability related to injuries, unavailability of public services, and damage to
cultural heritage; and (c) environmental vulnerability related to damage to protected areas
and damage to facilities that may cause pollution. We adopted the definition of vulnerabil-
ity that includes exposure analysis (receptors affected by a flood scenario with a certain
probability) and susceptibility analysis (specific characteristics that make receptors prone to
being harmed or damaged by a flood scenario associated with a certain probability) [12,74].

To this end, we collected and processed relevant spatial data, which are presented in
Table 5. To obtain land-use data, we used the Natura 2000 (N2K) land-cover and land-use
(LC/LU) product of the Copernicus Land Monitoring Service, which is more detailed than
the Corine Land Cover. The N2K vector layers are based on satellite image classification
and distinguish 55 thematic LC/LU classes specified by ecosystem type. The minimum
mapping unit is 0.5 ha with a minimum mapping width of 10 m. Individual building
footprints, as well as road and rail network were taken from OpenStreetMap (OSM).
Population data (number of inhabitants in each settlement) was provided by the Croatian
Bureau of Statistics (census from 2021) and evenly distributed over the building footprint.
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Table 5. Spatial data used for the flood risk analysis in the Gospi¢ catchment.

Data Type Source

Land-use Raster, 5 m res- Natura 2000 (2018), Copernicus Land
olution (rasterized = Monitoring Service. Corrected and up-
from polygons) graded with OpenStreetMap.

Building footprint Vector, polygon OpenStreetMap (OSM).

Road and railway  Vector, polygon OpenStreetMap (OSM).

network

Population Vector, point Number of inhabitants in each settle-

ment spatially distributed over build-
ings. Croatian Bureau of Statistics.

Public services Vector, point Emergency services, education, trans-
port, cemetery, Google Maps, and man-
ual digitalization.

Facilities that can  Vector, point Industrial facilities, SEVESO, gas sta-

cause accidental tions, landfills, Ministry of Economy

pollution and Sustainable Development of the Re-
public of Croatia.

Protected areas Vector, polygon Protected areas, Natura 2000 sites, Min-

istry of Economy and Sustainable De-
velopment of the Republic of Croatia.

Cultural heritage Vector, polygon Ministry of Culture of the Republic of
Croatia.

Public facilities such as emergency services, educational facilities, transportation, ceme-
teries, etc., were taken from a previous project at the national level and from Google Maps
(using Google Earth Engine) and corrected by manual digitization. Facilities potentially
causing pollution, such as industrial plants (e-PRTR), SEVESO facilities, gas stations, and
landfills, and protected areas (including Natura 2000 sites) were provided by the Ministry
of Economy and Sustainable Development of the Republic of Croatia (these data are freely
available through the WFS service). Cultural heritage sites were provided by the Ministry
of Culture of the Republic of Croatia, also via the open WFS service.

Exposure to flooding, i.e., identification of receptors at risk, was assessed by overlaying
subjects (population) and objects (buildings, roads, land-use data) with flood hazard maps
(the extent of flooding for each probability scenario). In addition, we included exposure
of protected areas, cultural heritage, public services, and facilities that could potentially
cause pollution.

Susceptibility to flooding was assessed at the land-use level. For each land-use cate-
gory, the commonly used depth—-damage curves were used [74]. These curves express the
relative economic damage of receptors (in this case, land-use categories) as a function of
water depth [75,76]. Furthermore, these curves are typically related to specific regional
characteristics, which limits their application in different economic contexts [12]. In this
study, we used the later JRC model [76], which provides a comprehensive list of the values,
damages, and depth—damage functions used in different countries, followed by recommen-
dations for each continent and country. All damages and functions refer to six land-use
categories: (a) residential (RES), (b) commercial (COM), (c) industrial (IND), (d) transporta-
tion (TRA), (e) infrastructure—roads (INF), and (f) agriculture (AGR). Figure 6 shows the
depth-damage curves for the six major land-use categories.
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Figure 6. Depth-damage curves for different land-use categories [76].

For each category, 2010 construction costs are also provided in the JRC manual [76].
For some categories (RES, COM, IND, and AGR), values are available for Croatia, while
for the others (TRA, INF), only EU-level values are available. When data for Croatia were
not available, they were extrapolated from EU values based on the ratio of gross domestic
product (GDP) per inhabitant between the EU and Croatia for 2010. All data were then
extrapolated to 2020 using the consumer price index (CPI). Both economic indicators (GDP
and CPI) were taken from the official World Bank database for the corresponding year.

2.5. Flood Risk Analysis

The qualitative risk was estimated by overlaying the exposure of selected receptors
(people, buildings, and roads) with the flood severity map. Due to the lack of more detailed
data, susceptibility was neglected at this stage and a risk level was assigned directly as a
one-to-one function of flood severity, e.g., a receptor exposed to a flood severity of S1 was
assigned a risk level of R1 for a given probability scenario (H, M, or L). This risk analysis
focused on the social flood risk category by emphasizing flood severity (loss of stability,
injuries, fatalities, traffic disruptions, etc.), rather than damage.

Quantitative risk assessment focuses on damages and was conducted in more detail.
Direct damage D expresses the expected damage as a result of each flood probability
scenario (H, M, or L). The damage was calculated by combining the water depth map
(flood hazard) with the land-use exposure map [12]. For each exposed land-use category,
maximum potential damage was corrected by a depth-damage curve based on that category
and the water depth at that location. Because the analysis was conducted at the catchment
scale, we used a pixel-based approach in which damages were calculated per area of each
pixel (5 x 5m). In this way, direct damages are expressed in EUR/m?. Finally, we integrated
the maps of direct damages for each probability scenario using a weighted average to
express the expected annual damages (EADs) in EUR/m?/year by using Equation (1):

n
EAD =Y pD;; 1)
j=1

where p; ; is the probability of the i-th scenario and D; ; is the damage in each j-th pixel for
the i-th scenario.

Finally, all risk maps were spatially integrated to provide a quantitative measure of
flood risk at the catchment level by calculating direct damages, population density, length
of roads, and number of buildings at risk for a given range of flood probabilities.

2.6. Study Area

Gospi¢ is a small rural town in the mountainous and sparsely populated Lika region
of Croatia. Although it is the administrative center of Li¢ko-senjska County, it has only
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11,464 inhabitants. It should be noted that small- and medium-sized towns, as well as
rural settlements face the same risks associated with urbanization, unlike larger towns
without well-developed non-structural measures (protection and preparedness) [77]. They
often have fewer financial and human resources and infrastructures or less-specialized
administrations [78]. Birkmann et al. [79] looked at city size in relation to vulnerability to
flooding and showed that small and medium-sized cities have stronger barriers to dealing
with heavy rainfall than large cities because they are particularly vulnerable and susceptible
to natural hazards and climate change and often have limited capacity to build resilience.

The main topographic feature of Lika is the hilly mountainous area of Velebit in the
western part and the flat area of the Lika valley in the eastern part. According to the Koppen
climate classification, most of central Lika has the characteristic Cfsbx climate class (the
temperate warm rainy climate) [80]. It is a moderately humid climate, where the average
temperature in the coldest month is below —3 °C, while summers are relatively cool, and
the monthly temperature in the hottest month is below 22 °C. The driest part of the year
falls in the warm season, and there are two rainfall maxima: a primary one in late autumn
and a secondary one at the beginning of the warm part of the year. The higher parts of the
Velebit mountains above 1200 m a.s.l. have the characteristics of a D climate, i.e., a boreal or
subarctic climate. The higher parts of the central and southern Velebit receive on average
more than 2500 mm of precipitation per year, and the amount of precipitation decreases
towards the central part. In the central Lika Valley, Gospi¢ (564 m a.s.l.) receives an average
of 1419 mm, while stations further away register only 1186 mm.

The town of Gospic¢ is located in the central part of the Lika River basin. This is a
64.5 km-long perennial river that sinks into several smaller and larger sinkholes and flows
underground [80]. Its catchment area is 1227 km?. High water levels occur in winter,
while it nearly dries up in summer, so there are large seasonal variations. In this study,
we focused on the Gospi¢ catchment, which includes the river Nov¢ica (which flows into
the Lika River) with its tributary Bogdanica (see Figure 7). The total area of the Gospi¢
catchment is 238 km?.

5, Croatia
Kruscica
reservoir

Gospic

Otesicq

g LEGEND

I [ Gospi¢ Catchment

/ /) I Rivers and lakes
< Gospic city
%% Lo ’
% - Sea

% . 7 $ st

o 3 4 1l riy 2 By 0 2.5 5km
s 2 vy e
F.r 4 » ,‘ f

Figure 7. Geographic location of the Gospi¢ catchment with the main hydrographic elements (rivers
and reservoirs).
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In the city of Gospi¢, forests and agricultural land occupy 93% of the total area [80].
Therefore, these are very important resources for the development of the city. In the
total structure of agricultural land, arable land, as the most-productive part, accounts for
only 22%. The special quality of this area is the relatively large amounts of water and
underground and surface streams, which are a very important resource for the water supply
of a larger area and as a source of water energy within the Kruscica reservoir for the needs
of the Senj Power Plant. In addition, the energy reservoir is partly a source of water for the
regional water supply system of the Croatian coast. Unfortunately, the Krus¢ica reservoir
has a negative backwater effect on the high water levels of the Lika and Nov¢ica rivers
(which extend upstream from Gospic), exacerbating flooding in the Gospi¢ catchment area
during heavy rainfall events.

3. Results
3.1. Historical Floods

A recent historical flood in the Gospi¢ region was selected for calibration and validation
of the hydrologic-hydraulic model. We focused on the flood event that occurred between
14 and 15 October 2015. Within 48 h, a total of 196 mm of rainfall was recorded at the
Gospi¢ meteorological station, including 151 mm in 24 h and 69 mm in 3 h. This rainfall
has an occurrence probability of 2 to 4 % (depending on the duration).

According to local news reports, flooding occurred in the wider area of Gospi¢ due to
heavy rainfall and overflowing of the river channels of Nov¢ica, Bogdanica, and Tisovac.
As a result, Croatian Waters called for extraordinary flood protection measures. A number
of residential and commercial buildings were flooded, traffic was disrupted, and several
private vehicles and tractors were trapped underwater. In addition, water turbidity in-
creased, making the water undrinkable in many settlements. The official extent of flooding
was taken from Croatian Waters from the Flood Registry, and the specific locations of the
flood interventions were recorded by the fire department and civil defense services.

After comparing the flood extent from the flood register and the locations of flood
interventions, the infiltration (CN number) was corrected in several places. Figure 8 shows
the modeled water depths for the 2015 flood and the flood extent from the Flood Registry,
as well as the intervention locations. Overall, the agreement is satisfactory. The flood
extent from the Flood Registry is based on field reports and analysis of GIS using a lower-
resolution topographic map (1:25,000 scale). Therefore, the estimated flood extent (from
the Flood Registry) is slightly larger (and less accurate) than the simulated flood extent.

7 —\k E

HISTORICAL FLOODS ' *»

LEGEND

Flood Cadastre Historical floods

2015 flood (Register) yyate gepth (m) - October 2015
Other flooded areas. ot

¥ Interventions
0

Receptors
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Buidlings

\ 0 100 200m

—-—

Figure 8. Simulated water depths for the 2015 flood compared to the flood extent from the Flood
Registry and the intervention locations obtained from the firefighter and civil protection service.
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3.2. Pluvial Flash Flood Hazard

Pluvial flash flood hazard was analyzed for three probabilities: (a) low probability
(100-year return period), (b) medium probability (25-year return period), and (c) high prob-
ability (5-year return period). For each probability, six simulations were run for different
rainfall durations defined by a corresponding design storm (see Figure 3). Simulation
results—water depth, water velocity, and flood severity—were mapped by calculating the
envelope over the entire rainfall duration for each probability.

Figures 9-11 show the PFF hazard maps—water depth, water velocity, and flood
severity—for a low probability (100-year return period) in the Gospi¢ catchment. The maps
for pluvial flash floods provide detailed insight into flood generation processes. Floods
in this catchment are primarily determined by torrential runoff from the mountainous
area in the western part of the catchment to downstream lowlands and by hydrological
processes in the Lika, Nov¢ica, and Bogdanica rivers in the eastern part of the catchment.
After the construction of the Sklope Dam and the formation of the Krus¢ica Reservoir,
the natural course of the Lika River was altered, affecting the flow capacity in upstream
channels and streams. The backwater effect caused by the high water level in the reservoir
extends several kilometers upstream and negatively affects the water levels in the Nov¢ica
and Bogdanica rivers and their capacity to accept numerous smaller streams and surface
runoff. In addition, the high water level of the Nov¢ica negatively affects the water flow
regime of numerous small torrents in the upstream Velebit Mountains. The problems in
this catchment are well known and documented in the Croatian Flood Protection Plan.

FLOOD HAZARD (WATER DEPTHS) F 7 "; Al =

LEGEND

Flood hazard  Receptors Buidlings

Low probability Infrastructure
Water depth (m) Roads and railways
3
0

0 100 200m
_—

4 S

Figure 9. Flood hazard map—water depth—for a low probability in the Gospi¢ catchment.
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Figure 11. Flood hazard map—flood severity level—for a low probability in the Gospi¢ catchment.

However, the main problem during heavy short-term rainfall is not the overflow of
water from rivers and streams. The local flooding processes are primarily characterized
by a series of smaller torrents and the inability of surface water runoff to enter the main
drainage channels and rivers due to their high water levels. In the urbanized part of the
Gospi¢ settlement, drainage channels are additionally stressed by the high imperviousness
of the surface (i.e., built-up area, which prevents natural infiltration of water into the soil).
The highest flow velocities are expected in the Nov¢ica and Bogdanica watercourses and
upstream streams and smaller tributaries. The highest severity is concentrated in flat areas
around the main river channels and inside the urbanized area.
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3.3. Exposure to Pluvial Flash Flooding

The vulnerability to pluvial flooding was conducted with the aim of determining the
risk, which is presented in the next section. In this section, the results of the exposure
analysis for pluvial flash floods are presented. Figure 12 shows an example of an exposure
map for a low probability in the Gospi¢ catchment. The exposure analysis identified land-
uses (aggregated into six major classes) within the flood extent for a low probability and
all identified receptors from the category of public services, potential pollution sources,
protected areas, and cultural heritage.

Figure 13 shows the summary results extracted from the exposure map. It shows the
total flooded area for each land-use class and all three probabilities (bar chart), as well as
the proportion of land-use classes with a low probability of flooding (pie chart). The total
observed Gospi¢ catchment area is 238.5 km?, and the total flooded surface is 32.4 km?
(14%) at high probability, 39.5 km? (17%) at medium probability, and 44.9 km? (19%) at low
probability. The figure shows that most of the flooded areas consist of forests and meadows. A
significant portion of the inundated land is used for agriculture (about 24%), while residential,
commercial, transportation, and industrial land combined account for less than 5%. During a
high-probability flood event, 759 hectares of agricultural land use, 78 hectares of residential
land use, and 7.3 hectares of industrial land use are expected to be flooded.

FLOOD EXPOSURE
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[8] Education [ Agriculture Cultural heritage
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Figure 12. Flood exposure map for a low probability in the Gospi¢ catchment.
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Figure 13. Flood exposure results in terms of the flooded area for different land-use classes and all
three probabilities (bar chart) and the proportion of land-use classes for a low probability (pie chart).
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In terms of exposure of critical receptors in the public services and facilities group
that may cause pollution, almost all of them are located outside the reach of the flood or
in a location where the severity of the flood is negligible. Healthcare facilities are located
outside the reach of the flood, with the exception of the general hospital, which may be
affected by flooding, but its severity is low. Kindergartens and schools are also outside the
reach of flooding, as is the central bus station. Industrial facilities are outside the reach
of flooding; gas stations are either outside the reach of flooding or the flood severity is
negligible; Seveso facilities are all outside the reach of flooding. Part of Velebit Nature
Park is located in the Gospi¢ catchment area; however, the protected area is located in the
mountains, where there is no significant flooding, except for the settlement of Brusani,
where pluvial flash floods are observed. Almost the entire Gospi¢ settlement catchment
area is part of the Natura 2000 ecological network (with the exception of the urbanized area
of the Gospi¢ settlement). Part of the cultural-historical complex of the Gospi¢ settlement
is partially exposed to floods.

3.4. Pluvial Flash Flood Risk

Based on the hazard and vulnerability analyses, the PFF risk in the Gospi¢ catchment
was also identified. First, the results of the qualitative risk assessment are presented.
Figure 14 shows the risk levels for buildings and roads, and Figure 15 shows the risk
levels for the population, all for a low probability. Most buildings, roads, and inhabitants
with moderate or high-risk levels are located in the urban part of Gospi¢. However, the
proportion of flooded agricultural land and associated buildings upstream of Gospi¢ in the
Nov¢ica and Bogdanica subcatchments is also significant. Damage risk was also calculated
for each probability scenario and, then, combined to represent total damage risk, expressed
as expected annual damage (EAD), shown in Figure 16. Again, the highest expected
damages were found in the urban part of Gospic¢.
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Figure 14. Flood risk map—risk level for buildings and roads—for a low probability in the Gospi¢
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Figure 15. Flood risk map—risk level for people—for a low probability in the Gospi¢ catchment.
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Figure 16. Flood risk map—expected annual damages—in the Gospi¢ catchment.

In addition to the qualitative risk analysis that estimates the level of risk for different
receptors and for each probability, a quantitative risk analysis is also presented that relates
the total number of exposed receptors (population, buildings, road length, damage) to the
probability of occurrence of pluvial flash floods The results of the risk analysis are shown
in Figure 17, with an estimate of the probability of: (a) direct flood damage, (b) people at
risk of flooding, (c) length of flooded roads, and (d) number of flooded buildings. The
potential number of people affected by pluvial flooding was estimated to range from
1269 residents (high probability) to 1825 residents (low probability). The length of flooded
transportation infrastructure (mainly paved roads) ranges from 41 km (high probability) to
58 km (low probability). The number of flooded buildings/properties ranges from 1138
(high probability) to 1486 (low probability). The amount of direct damage ranges from EUR
8.7 million (high probability) to EUR 14.5 million (low probability).
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Figure 17. Flood risk results. The probability of: (a) direct flood damages, (b) people exposed to
floods, (c) flooded length of roads, and (d) flooded number of buildings.

4. Discussion

The proposed methodology for hazard and risk assessment of pluvial flash floods
was based on the concepts and standards presented by Merz et al. [74] and on the recent
improvements by Arrighi et al. [59] and Albano et al. [12] for Italy. However, the proposed
methodology was specifically adapted for pluvial flash floods and takes advantage of
recent advances and availability of hydrologic-hydraulic models (HEC-RAS 6+ with rain-
on-grid and variable infiltration) and high-resolution open data in the EU (Copernicus
Land Monitoring Service, OpenStreetMap, etc.)

Following the recommendations of Albano et al. [12], the proposed approach went
beyond the expert-driven qualitative (EDQ) approach to risk assessment and adopted
qualitative and quantitative risk analysis. Albano et al. [12] argued that the EDQ approach
fails in supporting cost-benefit analyses because the vulnerability component is not prop-
erly assessed [12,17]. Therefore, flood risk should also be quantified to efficiently support
flood risk management and the selection of suitable objectives and adequate mitigation
measures [47]. However, in contrast to previous work [12], we proposed an alternative
definition of qualitative risk assessment that refers to the severity of flooding and the risk
to people, vehicles, facilities, etc., rather than a derivation of flood damages. In this way,
two different aspects of flood risk are provided to end users.

Opverall, the flood hazard and risk maps presented here are a significant improvement
over the official flood maps in Croatia [56]. First, the official hazard maps from 2019 were
compiled from various sources, fluvial floods were analyzed using 1D and 2D hydraulic
models and simplified GIS analysis, flash floods were analyzed using expert judgment
and GIS analyses, and pluvial floods were not analyzed at all. In addition, the hydraulic
analyses were based on a DTM with a resolution of 25 m (except for a few individual
smaller catchments), and the results are presented at a scale of 1:25,000. Figure 18 shows the
new water depth map for the Gospi¢ catchment and the official water depth map from 2019
for a return period of 100 years. The main differences are visible not only in the improved
resolution and accuracy, but also in the type of flooding—pluvial flash floods—which
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include all surface flooding and encompasses the entire catchment, in contrast to flash
floods concentrated only in the floodplain along the main river channels.

A. FLOOD HAZARD MAP (WATER DEPTHS) FOR 100-YR RETURN PERIOD (2022)
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Figure 18. Comparison of flood hazard map showing the water depths for 100 yr return period:
(A) proposed methodology (2022); (B) map from the present Flood Risk Management Plan (2019) [56].

In addition, the 2019 official flood risk maps could be characterized as a combination
of exposure and vulnerability maps—providing only the information about exposed pop-
ulations, land-use, protected areas, and facilities that could cause pollution. This study
shows a way to map flood risk both qualitatively and quantitatively by using open data
available for the entirety of Croatia.
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5. Conclusions

The new flood hazard and flood risk maps are a significant improvement over the
current 2019 flood maps for Croatia. More accurate and detailed maps of higher quality
provide more reliable information for flood risk management plans. The biggest advantage
is the possibility to include pluvial flooding in the next FRMP cycle in Croatia. In addition,
flood risk assessment at both qualitative and quantitative levels enables its use for a wide
range of end users, as well as for prioritization and participation phases and for the cost-
benefit analysis of mitigation measures.

The main limitation of the proposed approach is its sensitivity to input data, par-
ticularly for flood risk assessment. In general, data availability and quality should be
improved to reduce uncertainties. Quantitative flood risk analysis relies on depth-damage
curves and maximum possible damage estimates, which can lead to uncertainties in direct
damage assessment. Improper selection of maximum potential damages could result in
flood risk maps that are even more misleading than if there were no flood damage maps
at all. Qualitative flood risk analysis ignores susceptibility aspects, which also leads to
uncertainties in risk level assessment. More detailed information on the demographics,
building characteristics (type of material, basements, etc.), road network, and pollution
sources would allow for more accurate and comprehensive risk analysis.

The proposed approach could be further improved in several ways. The first aspect
is the digital terrain model, which is the main input to the hydrologic-hydraulic model.
Unfortunately, Croatia still does not have a nationwide LiDAR survey; however, this will
soon become available for the entire Croatian territory within the project Multisensor Aerial
Survey of the Republic of Croatia for disaster risk reduction assessment. Second, other processes
could be integrated into the PFF hazard assessment, such as sediment and pollutant trans-
port. Third, post-event analysis should be conducted during more extreme flood events to
reduce uncertainty in the damage assessment. Fourth, the joint probability of extreme flood
events could be analyzed by considering compound events related to the co-occurrence
of flash floods and fluvial floods. Furthermore, for flash floods, a joint probability of soil
moisture (related to antecedent rainfall conditions) and high-intensity rainfall should be
quantified. Fifth, the flood propagation in urbanized parts of the catchment should be
analyzed more accurately by considering dual drainage (surface and pipe flow).

Overall, the proposed methodology shows great potential for assessing the risk of
pluvial flash floods by providing a better understanding and knowledge that decision-
makers need to identify appropriate mitigation measures and activities and to involve
citizens in the flood management process. Therefore, this approach could be suitable for
the next cycle of flood risk maps and FRMPs, not only in Croatia, but also in other EU
Member States.
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(accessed on 1 July 2022).
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