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Abstract: The use of 1D, 2D, and 1D/2D modelling techniques to identify flood prone areas is a critical
component of any flood hazard management project (e.g., APDF — action plan for dam failure) in the
proximity of big dams and reservoirs. In this work, we manage to computed flood hazard models using 2D
HEC-RAS module based on Digital Elevation Models (DEM’s) derived from Light Detection and Ranging
(LiDAR) data and pre- and post-processed using Geographic Information Systems (GIS)-based software
(e.g., ArcGIS, HEC-RAS). Therefore, to produce urban flood hazard (FH) maps downstream of the
Strdmtori-Firiza reservoir (S-Fr) in NW Romania, a multi-scenario approach based on LiDAR-derived
DEM integration, 2D hydraulic modeling, and remote sensing (RS) data validation is provided. In this
context, to assess the flood control capacity (FCC) of the S-Fr hydro-technical system, three flood tests
based on S-Fr flow rate with 5% (167 m3s), 1% (270 m®/s) and 0.1% (447 md/s) return periods were
performed. The flood impact within the urban area of Baia Mare located downstream of S-Fr was achieved
for each flood scenarios using four spatial data derived from the RAS Mapper module: flood extent (FE),
flood depth (FD), flood velocity (FV) and flood hazard (FH). The results indicate that a large area of Baia
Mare city can be affected by a potential flood caused by a dam failure and also contribute to the APDF
update of S-Fr dam.

Keywords: 2D hydraulic modeling, LiDAR-derived DEM, complex hydro-technical works, urban flood
hazard maps, flood vulnerability assessment, Strdmtori-Firiza reservoir, Inner Eastern Carpathians

1. INTRODUCTION

Over the last decade, extreme weather has
reached catastrophic levels, especially in natural
disasters manifestations (Albano et al., 2020; Alfieri et
al., 2014; Clarke et al., 2022). Accordingly, the flood
events have changed in frequency, magnitude, and their
behavior (Bloschl et al., 2017; Hall et al., 2015;
Rahmstorf & Coumou, 2011; Schneider et al., 2012). In
this regard, the intensification of the hydrological

regime due to the climatic changes conditions has made
an unprecedented effect on the scale (Do et al., 2020;
Mangini et al., 2018), spatial extent (Kundzewicz et al.,
2013; 2018), duration (Serinaldi et al., 2018) and
frequency (Najibi & Devineni, 2018) of flood events
(Cimpianu & Mihu-Pintilie, 2018). Therefore, in many
studies dedicated to the related climate-natural disasters
field indicates the fact that the occurrence and frequency
of floods around the world have significantly increased
under the drastic changes in climatic conditions (Alfieri
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et al., 2015; Hirabayashi et al., 2013; Tabari, 2020;
Thober et al., 2018). Additionally, according to the
Emergency Events Database (EM-DAT) (Hoeppe,
2016), for the last half century, climate hazards have in-
creased with 300% (Cimpianu & Mihu-Pintilie, 2018),
among them, flooding is the most common and
damaging natural hazard on Earth after storms and
earthquakes (Banholzer et al., 2014; Gigovi¢ et al.,
2017; Wallemacq et al., 2015; Wilby & Keenan, 2012).
Likewise, the increase of flood events has two main
causes: (i) the direct implications of the climate change
phenomenon and (ii) some negative socio-economic
aspects like: changing floodplain functionalities induced
by the land use practices (Cammerer et al., 2013;
Rahman et al., 2021), urban development in flood risk
areas (Feng etal., 2021; Huang et al., 2017), the increase
of socio-economic activities (Dobrovicova et al., 2015)
in flood-prone areas, accidents caused by dam failures,
mismanagement and maintenance errors regarding the
water storage, maintenance errors, strategic dam
destruction or terrorism (Mihu-Pintilie, 2018) and, in
some cases, by the inefficient planning policies in terms
of flood risk reduction (Mustafa et al., 2018). Therefore,
the consequences of human activity are most evident in
urban area where the anthropogenic intervention on
watercourses has profoundly modified the natural
functionality of floodplains (Wheater & Evans, 2009).
However, according to Vojtek & Vojtekova (2016),
under the pressure of modern society the population has
exposed voluntarily to the flood hazard (FH).

Like in the case of many other European Union
(EU) member states (Bubeck et al., 2017; Gralepois et
al., 2016; Holguin et al., 2021), there is a lack in the
flood mitigation strategy along the main watercourses in
Romania (Cimpianu et al., 2021; Romanescu et al.,
2018, 2020; Stoleriu et al., 2020). This statement is
supported by the large number of flood events that have
occurred as a consequence of urban sprawl in high flood
risk areas (Albano et al., 2020; Romanescu et al., 2017).
Overall, this predicament results from the fact that most
of Romania’s current flood defense infrastructure and
hydro-technical works were built between 1960 and
1970 in the communist period, with very few progresses
made in the years that followed. In parallel, the urban
territory development inside of the floodplains and river
regularization  efforts, along with increased
deforestation in the Carpathian Mountains, have
significantly altered the river discharge and flood
regime (Arseni et al., 2020; Costache et al., 2021,
Dumitriu, 2020; Popa et al., 2019).

The Firiza River (study area) has one of the most
modified watercourses in the Somes river basin (NW
Romania) (Sabau et al., 2022; Serban et al., 2020). The
hydro-technical works (most of them located in the
lower sector of the Firiza valley) like Stramtori-Firiza

reservoir (S-Fr), as well as secondary dams, collector
channels, transfer flows, protection works, and banks,
have been constructed in order to reduce the risk of
flooding and to build hydroelectric power plants (Ciurte
et al., 2019). However, even if no significant flood
events have occurred recently along the Firiza River,
due to the recent modification in rainfall and flow
regimes induced by climate change, human intervention
on land cover and land use and, finally, by the increasing
of sedimentation in the S-Fr, this situation can change at
any time. Therefore, all these factors prove that Firiza
River is really challenging in order to apply new FH
assessment methodologies. However, since 2007, when
Romania joined the EU, a first step in this direction has
been taken and several FH and risk maps have been
made under the Flood Directive 2007/60/EC of the
European Council (EC) (Priest et al., 2016; Romanescu
et al., 2020) by the employers of Romanian Waters
National Administration (RWNA, 2022), including here
also the Firiza watershed.

In addition to EC regulations described in the
Floods Directive, the Ordinance no. 1422/192 from
16.05.2012 of the Ministry of Waters and Forests
(RMWF) in Romania, each national water
administration which own at least one reservoir with >
10 m dam height and a storage capacity > 10 million m?
have the obligation to provide an Action Plans for Dam
Failure (APDF) (RGIES, 2022) hypothetical dam
failure and analyze the potential material damage and
human casualties (Urzica et al., 2021). In Romania,
from more than 1,000 registered dams (250 big dams)
only few of them have an APDF. In this case is also the
S-Fr in the middle sector of the Firiza watershed (10 km
north of Baia Mare) which has been operating since
1964. As in the case of other dams in Romania
constructed during the communist period, the S-Fr
reservoir has not yet an actualized APDF according to
the national requirements concerning the flood risk
reductions (RGIES, 2022). Therefore, based on the
adopted methodology which involves 2D hydraulic
modeling combining with remote sensing (RS)
techniques and geographic in-formation systems (GIS)
software, we plan to actualize the APDF for S-Fr and
also to improve the existent official FH maps in the
study site, respectively the lower Firiza Valley.

In this regard, in order to describe the
methodology used in this approach which is relatively
new in common FH assessment practices, it is important
to be aware of the new tools and their capabilities
regarding FH assessment (Samanta et al., 2018).
Therefore, in many studies where 2D hydraulic
modeling was performed for flood assessment purpose,
accurate field-observed data at gauging station (e.g.,
flow rates, amount of precipitation) are requested but we
need to pay a close attention to their accuracy and in
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some cases, the flow data data are not available (Balica
& Wright, 2009; Teng et al., 2017). Earth Observation
(EO) products (e.g., aerial and satellite images) and GIS
tools are also frequently used as secondary method to
determine the flood extent (FE) in affected areas
(Armenakis et al., 2017; Muthusamy et al., 2017;
Pradhan et al., 2014; Wan et al., 2019). However, even
if the RS technique offers accurate information related
to hazard manifestation, this method it can be applied
only for flood events that have already occurred
(Quiroga et al., 2016).

In this framework we aim to develop a complex
methodology in order to assess the FH under real
(average flow rates) and mathematical (flow rates with
different return period) hydrological data by combining
LiDAR-derived digital elevation models (DEM), 2D
HEC-RAS modeling and RS techniques. Therefore, we
provided for the study site (Figure 1) the first accurate
FH maps developed based on computed discharge for
S-Fr and adapted to local environmental settings by
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using the DEM derived from LiDAR data. This new
methodological approach represents the novelty of the
work being in contrast with others studies where FH
maps are provided based on hydrological data calibrated
at river basin scale. Therefore, three 2D HEC-RAS
scenarios with 5% (20-year), 1% (100-year) and 0.1%
(1000-year) return periods were generated in order to
test the impact of the S-Fr on flood mitigation on Firiza
Valley. All scenarios were based on average discharge
and calculated discharge at spillway gate of S-Fr and
correlated with the official operating regulations of S-Fr
dam. The results showed that a large area of Baia Mare
City (Inner Eastern Carpathians, NW Romania) can be
affected by a potential flood caused by a dam failure and
also contribute to the APDF update of S-Fr dam and
contribute to the APDF update of S-Fr.

Taking into account the above, in next sections
the data used, and the techniques developed are
presented and further implications of the study are
discussed.
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Figure 1. (a) Location in NW Romania of the (b) Firiza watershed; (c) The lower Firiza Valley sector and the study site
used for 2D HEC-RAS modeling downstream of the Stramtori-Firiza reservoir (S-Fr). In rectangles the (c1) S-Fr dam,
(c2) Firiza watercourse and (c3) Firiza and Sasar rivers confluence on the Baia Mare territory are highlighted.
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2.STUDY AREA

2.1. 2D Site: Lower Firiza Valley

The study area located in NW Romania (Figure
1a) overlaps with the lower sector of Firiza watershed
(168.19 km?) (Figure 1b) (Ciurte et al., 2019; Sabau et
al., 2022; Serban et al., 2020). With a 28 km length of
main watercourse, the Firiza river is the most important
affluent that flows into Sasar river (left tributary of Tisa
River) (Serban et al., 2020). The lowest elevation point
is found at the confluence of Firiza and Sasar rivers (265
m) and the highest point is located in the eastern part of
the Firiza watershed (Ignis Peak — 1,306.6 m a.s.l.). The
lithology is characteristic of the upper Holocene
deposits (e.g., alluvial deposits) accumulated over a
complex segment of the Neogene and Quaternary
volcanic chain of the Inner Eastern Carpathians (Lexa et
al., 2017). The weather pattern control 60% to 70% of
the flow rate, often overtaken in periods with heavy
rains. The air temperature is ranges between 6.0°C
(Ignis Peak station) and 9.7°C (Baia Mare station)
between 1990 and 2021. The annual precipitation
amount for the same period of time varies between 976
mm/year and 1500 mm/year, with peak values occurring
in the north and east sectors of Firiza watershed (Sabau
et al., 2022). The groundwater contributes with 40% of
the annual flow rate. The multi-annual discharge at S-Fr
inflow gauging station was 4.2 m%/s, with a minimum
flow rate of 1.8 m%s and a maximum flow rate of
7.3m?%s, all values calculated for a period between 1990
and 2021 (Ciurte et al., 2019).

The study site used for 2D hydraulic modeling and
urban FH assessment covers 4.34 km? in the northern
extension of Baia Mare City (lower Firiza Valley) (Figure
1c). According to the last census, the town has a
population of 137.976 inhabitants (17th largest city in
Romania); in the study site, we estimate a number of
people between 10,000 and 15,000 inhabitants (Ciurte et
al., 2019. The considered Firiza River sector has 7.49km
length be-tween S-Fr dam (367.5m) and common
floodplain with Sasar River (265m). The maximum
width of the study site does not exceed 1 km (max. width
—980 m in the lower sector of study site) and the main
morphological aspects are characteristic for mountains
valleys developed in the Inner Eastern Carpathians
region. From 2D streamflow modeling perspective an
accurate predictive flood model is difficult to achieve
through classical methods due to the complex hydro-
technical works which equip the lower Firiza Valley.
However, according to SMIS-CSNR (2022), the fact that
Baia Mare City is one of the most vulnerable cities in
Romania, is not highlighted by the FH maps. Therefore,
the urban area of Baia Mare has grown steadily over the
past 20 years, and new constructions in the Firiza

floodplain up to the vicinity of the S-Fr (Figure 2) are at
risk of being flooded (Ciurte et al., 2019; Sabau et al.,
2022; Serban et al., 2020).

2.2. Stramtori-Firiza reservoir and dam

The Stramtori-Firiza reservoir (S-Fr) is the main
reservoir of the Baia Mare hydro-technical system,
being located 10 km upstream on the Firiza River
(Ciurte et al., 2019) (Figure 2a). Based on the National
Classification of Reservoirs and Lakes, the S-Fr is
classified as special importance (category A) and in the
first class of importance (SMIS-CSNR, 2022) due to
the fact that is the single dam in the region located in
the proximity of a big city (Baia Mare). The S-Fr dam,
a concrete mushroom-head buttress dam with 51.5 m
high and 260 m length, was designed and completed
between 1960 and 1964 (Figure 2b). The entire S-Fr
hydro-technical system was built-up to ensuring the
water supply for drinking and industrial water in the
Baia Mare mining micro-region and for production of
electricity using hydro-power plants (Lexa et al.,
2017). Regarding the flood control capacity (FCC),
although the S-Fr has a normal water level (NWL) of
15.67 million m®(equivalent to flood control level with
5% return periods) the parameters determined by the
operating conditions restrict the attenuation volume to
only for 0.849 million m®. Therefore, the flood defense
downstream of S-Fr (study site) is achieved under high
water conditions by using the spillways that can release
a maximum discharge of 270 m*/s (equivalent to flood
control level with 1% return periods), operations
limited also by the 110 m®/s transport capacity of the
lower riverbed sector of Firiza Valley. However, being
the oldest dam in the region, the rehabilitation and
conditional exploitation of S-Fr are necessary. More
detailed related to water volume and surface ratio at
different storage capacity and the flood control level
for 1% and return period for S-Fr are highlighted in
Figure 2b (Ciurte et al., 2019).

3. MATERIALS AND METHODS

The workflow chart or workflow diagram is
summarized in Figure 3, with LiDAR processing,
bathymetric model processing, hydrological data
correlation and construction data collection, and the
key steps for 2D HEC-RAS modeling. The FCC of the
Firiza Valley in case of Qma (m3s) flow rates
calculated for 5%, 1% and 0.1% return periods has
been computed using the raster results exported from
RAS Mapper module (flood extent — FE, flood depth —
FD, flood velocity — FV and flood hazard — FH)
(AIDR, 2017), within urban area downstream of S-Fr
(study site in Figure 1c).
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Figure 2. (a) 3D bathymetric model of Stramtori-Firiza water accumulation (S-Fr) and (b) a sketch of S-Fr dam with
characterization of water volume and surface ratio at different storage capacity and the flood control level for 1% and
5% return period. In photos the S-Fr dam and splllway gate are hlghllghted

(d)

Orthophotos and

(e)
2D streamflow and
flood modeling

(a) (b) ()
LiDAR ground Bathymetrical Hydrological
points elevation points cloud for data
for study site Stramtori-Firiza 3 N
Correlation

(see Figure 1)

reservoir (S-Fr)

between flow rates

UAV imagery

on-screen digitizing &
H

using HEC-RAS 5.0.7.

Built. d Digitizing data:
= ullt-up an - River network
LiDAR-derived Bathymetrical “"hd“".h:r v|nlllml1e, land cover data R:;::;;;?:gcr — - Ril~;r ::.nl.:r :
DEM (3 m) model (3 m) anc water eve collection : - Flow paths :
for S-Fr H - Cross sections A H
| [ | | ] :
Set recurrence H 2D HEC-RAS
Bathymetrical model (3 m) interval flood data: Import Manning
and built-up data integration 5% (20-year) roughness values
within the final DTM (3 m) 1% (100-year)
0.1% (1000-year) i
| L R = Import digitized data
un ,
3 . - Compute HEC-RAS
L T T T T PP E T T 2]) HE(-RAS - ( heck results
(D | 2D flood multi-seenario development I H i
: Enough
H : o
: | 5% (20-year) I | 1% (100-year) | | 0.1% (1000-year) e
i i 1 Yes
H Flood hazard patterns for each scenario and flood hazard
H assessment within built-up area located downstream of S-Fr
: 2D streamflow
: i 1 1 1 RAStGIS |, curacy based on
P Flood Flood Flood Flood export Q. (m'ls)
H extent depth velocity hazard
LI e e e ey T

Figure 3. Flowchart of the 2D flood modeling process, where: (a) LiDAR ground points elevation and (b)
bathymetrical data has been used to improve the final DEM and (c) hydrological data to correlate the S-Fr outflow rates;
(d) the land cover data and the constructions integration in final DTM; (e) detailed steps regarding the 2D HEC-RAS
flood modeling, flow accuracy assessment based on Qavg (M?/s) flow extent and RAS to GIS export; (f) generate the
flood pattern (FE, FD, FV) and FH assessment using the AIDR methodology.

3.1. Data acquisition

3.1.1. Development of LiDAR-derived DEM

The Stramtori-Firiza reservoir (S-Fr) is the
main During 2007/60/ EC Directive and SMIS-CSNR
No0.28988 project: The plan for the prevention,
protection and mitigation of the effects of floods in
the Somes-Tisa River Basin (S-TRB) in 2015 (SMIS-
CSNR, 2022), the entire territory of the study site was

scanned with LiDAR technology (Figure 3a).
Therefore, by using ArcGIS software we manage to
appended in a new raster dataset with a spatial
resolution of 3 m/pixel all available DEM’s (>100
raster files). Next step was to integrate within the final
DEM all the anthropic constructions (post-2018) like:
houses, attachment buildings, administrative
buildings, and industrial buildings, so one (Arief et
al., 2018; Kim, 2016; Yu et al., 2010).
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The built-up data was obtained by
vectorization process in ArcGIS software using two
main background data sources: orthopothos and
Unmanned Aerial Vehicle (UAV) imagery collected
in different areas of study site. Furthermore, in order
to rasterize the construction data and join to the final
DEM, a 5 m elevation for each building in the study
area was assigned (Figure 3a).

3.1.2. S-Fr bathymetric model

To generate the HEC-RAS models we merged
the S-Fr bathymetric data (Figure 2a) within the
LiDAR-derived DEM obtained in the previous step
(Figure 3b). The bathymetry of the S-Fr was obtained
by the Maramures Water Management System,
Somes-Tisa Water Basin Administration (MWMS - S-
TWBA) (SMIS-CSNR, 2022). The bathymetric
measurements were made in 2011 and > 80,000 depth
points were obtained. By processing the depth points
(Mihu-Pintilie et al., 2014), a final raster with a spatial
resolution of 3 m/pixel was generated (Ciurte et al.,
2019) and GIS-based integrated in the final DEM used
for 2D modeling. However, in order to join the
bathymetry of the S-Fr with LiDAR-derived DEM, a
new Raster Dataset was created and the LiDAR-
derived DEM was joined with the S-Fr bathymetric
model (Figure 3b) (Urzici et al., 2021).

3.1.3. S-Fr outflow data

The discharge data used for 5% (20-year), 1%
(100-year) and 0.1% (1000-year) return periods
computation (Figure 3c) consist in inflow (Figure 4a),
outflow (Figure 4b) and water balance (Figure 4c)
discharge Q(m?%/s) data of Stramtori-Firiza reservoir
(S-Fr) between 1990 and 2021. All data was obtained
from the employers of MWMS - S-TWBA.

According to the Official Operating Rules
(OOR) of Stramtori-Firiza reservoir (S-Fr) which was

(a)
Month of the year

Jan. Feb. Mar. Apr. May June July Aug. Sep. Oct. Nov. Dec.

(b)

Month of the year
Jan. Feb. Mar. Apr. May June July

classified after the height of the dam (51.5 m) and
storage capacity volume (17.39 million m®), in the
first importance category in Romania, the flow rates
calculated for calibration the 2D HEC-RAS modeling
are: 167 m*/s for 5% (20-year) return period, 270 m%/s
for 100-year return period and 447 m®/s for 1000-year
return period (RWNA, 2022). In Table 1 are indicate
the further details on the water surface area (m) and
volume (million m®) of the S-Fr at various Qmax (M?/s)
flow rates.

Table 1. The water volume (million m®) and surface
characteristics (m) in the StrAmtori-Firiza reservoir at
different Qmax (M®/s) flow rates calculated for 20-year,

100-year and 1000-year return periods

Return Water volume | Water surface Qmax

period (Million md) elevation (m) (m3/s)

20-year 15.67 369.90 167
100-year 16.62 370.80 270
1000-year 17.39 371.50 447

3.1.4. Land cover data

Using on-screen digitizing techniques, we
obtained the land use data from two main background
data sources: orthophotos (2015 and 2018 editions)
and Unmanned Aerial Vehicle (UAV) imagery
collected in different areas of study site (Figure 3d).
Therefore, there were obtained 17 land cover classes
according to the Corine Land Cover (CLC)
classification (Feranec et al., 2010; Kucsicsa et al.,
2019; Rusu et al., 2020): discontinuous dense urban
fabric (Code 112.1: 50% - 80%); discontinuous
medium density urban fabric (Code 112.2: 30% -
50%); discontinuous low density urban fabric (Code
112.3: 10% - 30%); discontinuous very low density
urban fabric (Code 112.4: <10%); isolated structures
(Code 133); industrial, commercial, public, military
and private units (Code 121); land without current use

(c)

Month of the year

Aug. Sep. Oct. Nov. Dec.  Jan. Feb. Mar. Apr. May June July Aug. Sep. Oct. Nov. Dex.

Discharge [Q(m’s)]

Discharge [Q(m”s)]
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Figure 4. Raster hydrographs shows (a) inflow (iS-Fr) and (b) outflow (0S-Fr) average monthly discharge Q (m®/s) of
Stramtori-Firiza reservoir (S-Fr) between 1990 and 2021. In figure (c) the water balance (iS-Fr / 0S-Fr) of S-Fr are
indicated, where negative values represent iS-Fr > 0S-Fr and positive values represents iS-Fr < 0S-Fr.

154



(Code 134); sports and leisure facilities (Code 142);
arable land (annual crops) (Code 211); pastures (Code
231); forests (Code 313); water (Code 511); roads and
associated roads land, railways and railways and
associated land (Code 122). After the final validation
of land use data in the study site were digitized more
than 5,000 polygons features (minimum mapping unit
of 30 m?).

3.2. Hydraulic modelling

3.2.1. 2D HEC-RAS modelling

The HEC-RAS is open-source software
released in 1995 by U.S. Army Corps of Engineers
(USAGE) with the capability in FH modeling (Balica
& Wright, 2009; Brunner, 2016a, 2016b; Samanta et
al., 2018; Teng et al., 2017). In this study, all flood
scenarios were computed using the 5.0.7 version of
the HEC-RAS.

Overall, the FH modeling based on HEC-RAS
software requires accurate data regarding the terrain
data (e.g., DEM derived roughness coefficient) and
flow data (e.g., river discharge). HEC-RAS software
is able to simulate FH using three different methods:
one-dimensional unsteady flow model (Bush et al.,
2022), two-dimensional unsteady flow model and
hybrid 1D-2D modeling (Brunner, 2020; Jonoski et
al., 2019; Mitsopoulos et al., 2022; Samarasinghe et
al., 2022).

Considering that downstream of the S-Fr is a
highly populated area and we obtained accurate data
for the site area (e.g., LiDAR-derived DEM,
bathymetric model, hydrological data, roughness
coefficient for all land use categories), the 2D
modeling is the best method in order to test the FE in
the lower sector of Firiza Valley. Furthermore, for a
2D accuracy models we choose to represent the urban
areas by integrated the buildings in the final LiDAR-
derived DEM (see sub-section LiDAR Data). One of
the advantages of the 2D hydraulic models is that we
can capture the changes (the increases and decreases)
of the water depth or water velocity for each cell.

Considering that HEC-RAS software is able to
generate unsteady flow routing using two different
equations: (1) full Saint Venant (also called full
momentum equation) and (2) & (3) diffusion wave
equation (Brunner, 2016a, 2016b; Mehedi et al.,
2022; Yazdan et al., 2022), we created 2D models
with Equation (1), Equation (2) and Equation (3). We
use the diffusion wave equation based on the best
similarity results (Cimpianu & Mihu-Pintilie, 2018).
However, this equation is recommended to be used in
order to acquire a high stability of the models and a
faster computational time.

In this framework, the storage area extents
(study site) were imported in the RAS Mapper
module and create the sub-grid model (mesh; Figure
5a) which represents a polygonal network where each
cell has information about the underlying terrain. In
2D modelling each cell from the mesh is similar to a
cross-section from the 1D hydraulic modeling.
Therefore, the 2D flow area (Figure 5a) directly
connected with S-Fr dam was created based on the FE
which consists in > 67,000 cells with 64 m? each. In
this way, we can capture as many LiDAR-derived
terrain characteristics as possible.

The last step in RAS Mapper processing was to
set the roughness coefficients specific to each land
cover category from the study site. In this context, due
to the fact that the study site a typical mountain
floodplain area, the floodplain roughness of the land
uses categories was assigned according to Gallegos et
al., (2009) specifications (Figure 5b). After the
geometries were created and the roughness
coefficient was set, the first step in 2D streamflow
modeling consists by setting the boundary conditions
(BC). In this step we choose the start point and the
end point of the FE within the flow area.

Therefore, for the upstream boundary
condition (U-BC) which represent the start point of
the flood wave we used the flow hydrographs and for
the downstream boundary condition (D-BC) which
represent the end point of the flood wave we used the
normal depth boundary conditions (BC) which means

0 Op 0q

ataxtay =0 )
6p d pZ 0 rq nng p2+q2 a( 9 F
. -—\| 5 _—) == —— - 2 . o 2
ot ax<h>+ay(h) hZ ghax+pf+pax(hrxx)+pay(hrxy) )
9q , 0 (q*\ 9 q n2qgp* +q* & d P
99,9 (9, % (Pa\_ _ 0t KB 9 ;
ot ay<h>+ax(h) — iz ghay+qf+pay(hryy)+pax(h‘rxy) ®3)

Where: h — water depth (m); p — specific flow for x directions (m?s™) and q — specific flow for y directions
(m?s?); ¢ — surface elevation (m), g — gravitational acceleration (ms2); n — Manning's roughness coeff.; p —
water density (kg m?), 7,, Tyy, and 7, — effective shear stress components; f — Coriolis (s*). When the

diffusive wave is selected the inertial terms of the momentum equations are neglected (Eqg. (2) and Eg. (3)).

155



Legend

Boundary condition =

[ 2D flow mesh
U-BC: Upstream boundary

Manning’s
roughness #
coefficient |- .
(m*’s)

N 03
I 0013
I 0.014
0.015
0.035
Il 0.015
M 0015
M 0.015
W 0015
0.015
0.015
0.035
0.13

I 0.03

Land cover

Il Construction sites
B Roads / associated land

wux B Railways / associated land

Isolated structures

Land without current use
I Industrial units
B Continuous urban fabric

D-BC: Downstream bound. |\

Built-up area
I Buildings
Roads arsre

Hydrography
[ Reservoir e
— River network a

2'WE

0 0s 1

B Discontinuous dense u.f.
B Discontinuous medium u.f.

B Water

Discontinuous low u.f.
Discontinuous very low u.f. |
Arable land (annual crops)
Pastures =
Forests

Green urban areas
Sports facilities

5%

Baia Mare
N L

2wE

Legend

Roads
— River network

Km

0 0s I 2
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the average of the riverbed slope. In our case study,
three scenarios were simulated, and a hydrograph and
the normal depths boundary conditions were applied to
each flood model outcome. Each flow hydrograph was
24 h long with hourly recorded values. The U-BC
where the hydrographs represent the start point of the
flood wave is set at the spillway gate of S-Fr dam, and
the D-BC is set at the limits of LiDAR-derived DEM,
near to Firiza and Sasar confluence and an energy slope
equivalent to 10* mm™ was set (Figure 5a).

The estimation of the computational time is a
crucial stage in 2D modeling projects. The stability of
the 2D HEC-RAS hydraulic models might be
impacted by incorrect calculation time. In more
words, a big-time step can create the attenuation of
the flood peak and a small-time step can lead to a very
long computational period. For the proper
computational time we used the Courant Condition
(Equation (4)):

V,, AT

C <1, ar=2%. y
oA T Y,

_de
T dA

(4)

Where: C — Courant number; AT — time step
(S); Ax — distance step (m) or avg. two-dimensional
cell size; Vi — flood wave speed (m/s); dQ — flow
change over a short time interval (Q2— Q1); dA —cross
section area change over a short time interval (A; —
A1). According to Equation (4) a time step of 10
seconds was used to run the model.

3.2.2. 2D HEC-RAS simulation accuracy

In order to run the 2D HEC-RAS flood
modelling based on computed discharge (see Table
1), a flow test was performed to see the calibration
accuracy of the hydrologic modelling project (e.g.,
boundary condition) and hydraulic stability of the
used LiDAR-derived DEM (Ahmad et al., 2022;
Awadallah et al., 2022).

Therefore, based on the daily average
discharge values registered at outflow and a Sentinel-
2 optical ground-projected image extracted from the
study site showing the water extent in the same date
the assessment of the flow accuracy was made.
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The results indicate a similarity of 91%
between the water extent generated by the 2D
hydraulic computation for average discharge value
and the water extent extracted from the Sentinel-2
optical image according to Romanescu et al., (2017)
methodology. However, considering that in our study
site the vegetation may cover the water surface in
some sectors, and also, the low resolution of Sentinel-
2 scene comparing with DEM resolution (Cimpianu
etal., 2021; Mihu-Pintilie et al., 2019), the test results
are considered satisfactory. In this framework, we
decided to run the 2D flood models by using all
hydrological settings and data input in RAS Mapper
processing.

3.2.3. Flood multi-scenario development

The flood scenarios with 5%, 1% and 0.1%
return periods were computed using the hydrological
measurements obtained from the Stramtori-Firiza
reservoir (S-Fr) official operating rules. For all three
scenarios, upstream boundary conditions (U-BC)
were created with a temporal precision of one hour
during the water flow for a period of 24 hours (see
Figure 5a). The average discharge scenario used for
flood simulation accuracy in the previous section was
carried out under the same conditions. Therefore, in
case of first scenario (S1) with 5% (20-year) return
periods take into consideration a discharge of 167
m?/s, in case of second (S2) scenario with 1% return
period a discharge of 270 m®/s and in case of third
scenario (S3), a discharge of 447 m3s with 0.1%
return period (Table 1).

3.3. Flood impact assessment

Generally, there are many studies dedicate to
the flood impact assessment in urbanized areas of
which the most used classification methods are based
on the FE (Cimpianu et al., 2021; Mihu-Pintilie et al.,
2019; Stoleriu et al., 2020). In this approach, we
employed the FD-FV raster product from RAS
Mapper to categorize the flood risk.

According to the technique developed by the
employers of the Institute for Disaster Resilience

from Australian (AIDR, 2017), we divided the flood
danger severity into 6 classes:
H1 (FD-FV < 0.3 m%s)
H2 (FD-FV range between > 0.3 m%s and < 0.6
m?/s)
H3 (FD-FV range between >0.6 m?%/s and < 1.2
m?/s)
H4 (FD-FV range between > 1.2 m?/s and < 2
m2/s)

H5 (FD-FV range between >2 m?/s and < 4 m?/s)
H6 (FD-FV >4 m?/s) (Table 2).

4. RESULTS
4.1. Flood pattern

To analyze the FE pattern, we used the
Inundation Boundary generated by RAS Mapper
module. To flood impact assessment, water depth and
water velocity as raster files were computed.
Therefore, HEC-RAS has the capability to export as
vector and raster files each hydraulic scenario: S1 —
5% (20-year), S2 — 1% (100-year) and S3 — 0.1%
(1000-year) return periods (Figure 3f).

4.1.1. Flood extent (FE)

The hypothetical flooding events downstream
of the S-Fr according to the three hydraulic scenarios
results can flood an area of 54.07 ha (from which 17.56
ha urban area) for the S1, 75.19 ha (from which 25.44
ha built-up area) for the S2, and 103.66 ha (from which
40.07 ha urban area) for the S3 (Figure 6). Based on
the FE results for each scenario, we can conclude that
the Firiza Valley (study site) response proved to be not
effective in diminishing the FE. We support this
statement by the fact that the magnitude of the floods
increases exponentially from the scenario with the
lowest return period (5%) to the worst one (0.1%).
According to a thorough analysis of the built-up areas
that could be impacted by floods, 380 buildings
(15.68% of buildings) could be impacted by floods in
the case of a S1, 609 buildings (25.15% of buildings)
in case of S2, and 910 buildings (37.57% of the
buildings) in the case of S3 (Table 3).

Table 2. FH classification developed by AIDR.

Hazard classes | *FD-FV (m?/s) FH description
H1 <03 Generally safe vehicles, people and buildings
H2 <0.6 Unsafe for small vehicles
H3 <12 Unsafe for vehicles, children and the elderly
H4 <2 Unsafe for vehicles and all category of inhabitants
H5 <4 All the construction types vulnerable to structural damage and / or to failure
H6 >4 All construction types considered vulnerable to failure.

* FD - flood depth; FV — flood velocity.
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Table 3. The impact of each flood scenarios within urban
area downstream of the S-Fr computed for each scenario
with 5%, 1% and 0.1% return periods.

Return periods
5% 1% 0.1%
Discontinuous urban fabric / 112.1 (ha) 0.01 0.41 0.96
Discontinuous urban fabric / 112.2 (ha) 3.01 4.49 7.13
Discontinuous urban fabric / 112.3 (ha) 2.26 3.69 7.04
Discontinuous urban fabric (ha) / 112.4° 7.99 9.99 13.03
Isolated structures / 133 (ha) 0.27 0.36 0.37

Industrial, commercial, public, military
and private units / 121 (ha)

Land use category / code

1.74 2.94 6.49

Land without current use / 134 (ha) 1.38 1.96 3.04
Sports and leisure facilities / 142 (ha) 0.83 111 1.24
Arable land (annual crops) / 211 (ha) 4.17 6.60 9.07
Pastures / 231 (ha) 1.20 1.65 261
Forests / 313 (ha) 28.43 | 37.30 | 45.28
Water / 511 (ha) 1.33 2.24 3.59
Roads (km) 3.87 6.08 9.19
Associated roads land (ha) 0.65 1.05 2.02
Railways and associated land (ha) 0.80 1.40 1.79
Total affected area (ha) 57.94 | 81.27 | 1129
Buildings (no.) 380 609 910
Railways (km) 0.29 0.9 1.58

For the first FH scenario (5%, 20-year), the
54.07 ha is potentially affected of which 17.56 ha
within urban area. The worst affected land use
categories are the forest vegetation area (28.43 ha),
discontinuous urban fabric (13.27 ha), arable land /
annual crops (4.17 ha), industrial areas (1.74 ha), land
without current use (1.38 ha), pastures (1.2 ha), water
body / wetlands (1.33 ha), as well as 3.87 km of roads
and 0.29 km of railways. The following land use
categories are affected <1 ha: isolated structures,
leisure facilities, associated roads land, railways and
associated land. Referring to the inhabitants located
downstream of the S-Fr who can be potentially
affected by FE with 5% return period we estimate a
number between 750 and 1,000 people.

In the second scenario (1%) an area of 75.19 ha are
affected by FE of which 25.44 ha within urban area As
in case with S1, also the most affected land use
categories are the forest vegetation area (37.30 ha),
discontinuous urban fabric (18.58 ha), arable land /
annual crops (6.6 ha), industrial units (2.94 ha), land
without current use (1.96 ha), water body or wetlands
(2.24 ha), pastures (1.65 ha), sports and leisure facilities
(1.11 ha), as well as 6.08 km of roads (associated roads
land — 1.05 ha) and 0.9 km of railways (railways and
associated land — 1.4 ha). Other land use category which
has the potentially affected surface below 1 ha remain
the isolated structures (0.36 ha). Referring to the Firiza
Valley inhabitants, we estimate a number situated
between 1250 and 1500 people who can be affected by

FE with 1% return period.

In case of S3 (0.1%) 103.66 ha can potentially
affected by FE of which 40.07 ha within urban area.
The most affected land use categories within study
site over 5 ha are the forest vegetation area (45.28 ha),
discontinuous urban fabric (28.16 ha), arable land /
annual crops (9.07 ha), industrial units (6.49 ha), as
well as 9.19 km of roads (associated roads land — 2.02
ha) and 1.58 km of railways (railways and associated
land — 1.79 ha). The rest of land use category totals
over 10 hectares. Referring to the number of
inhabitants located in the study site we estimate
between 1500 and 2000 people which can be affected
by FE with 0.1% return period.

4.1.2. Flood depth (FD)

The FD raster is the second parameter
generated in the RAS Mapper module and used to
develop urban FH maps downstream of the S-Fr. The
FD was computed for each cell based on the LiDAR-
derived DEM in the study site and the maximum FD
value of the each cell from the beginning and to the
end of the hydraulic simulation. Therefore, three
raster files with FD corresponding to each scenario
with 5% (20-year), 1% (100-year) and 0.1% (1000-
year) return periods has been obtained and exported
to GIS (Figure 3e,f).

The results obtained for 5% (20-year) return
period scenario showed that the maximum FD value
is 4.8 m and corresponds to the thalweg of the Firiza
River. A percentage of 80% of the buildings (304
buildings) can be potentially damaged by a FD of
<1.0 m, 18.95% (72 buildings) by a FD between 1.0
to 2.0 m and only 4 structures (1.05%) are potentially
damaged by a flood wave with a depth between 2.0-
3.0 m (Table 4).

For the second scenario with 1% (100-year)
return period the maximum depth is 5.4 m and
74.9% of the constructions (456 buildings) are
potentially damaged by a FD of <1 m, 18.55% (113
buildings) by a FD between 1.0 and 2.0 m, and 40
structures (6.6%) are potentially damaged by a flood
wave depth between 2.0 and 3.0 m. The results
regarding S1 and S2 are similar in therms of FD
classes and flood impact (Table 4). In the case of the
S3 (0.1%) the maximum value of the FD is 7.0 m
and corresponds to the thalweg of the Firiza River
(Figure 7). A percentage of 60.1% (547 buildings)
of buildings could be impacted by floods that are
less than 1.0 m deep, 26.5% (241 buildings) by
floods that are between 1.0 and 2.0 m deep, 10.3%
(94 buildings) by floods that are between 2.0 and 3.0
m deep, and 3.1% (28 buildings) by floods that are
between 3.0 and 4.0 m deep (Table 4).
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Figure 6. FE within urban area located computed for each scenario with 5%, 1% and 0.1% return periods (A1-A5: zoom
into the study area).

Table 4. FD (m) and number of buildings potentially
affected by the floods computed for each scenario with
5%, 1% and 0.1% return periods.

Return period
FD (m) 20-year 100-year | 1000-year
<1 304 456 547
1-2 72 113 241
2-3 4 40 94
3-4 - - 28

4.1.3. Flood velocity (FV)

The FV is the third raster product generated in
the RAS Mapper module and used to develop urban
FH maps downstream of the S-Fr. The FV values
were generated similar with the FD raster and three
raster files with FV corresponding to each scenario

with 5%, 1% and 0.1% return periods (Figure 8). has
been exported from RAS Mapper to ArcGIS (Figure
3e,f).

The FV values for each hydraulic scenario are
greater than 5 m/s: 5.66 m/s for the 5% return period,
6.38 m/s for the 1% return period, and 10.44 m/s for
the 1% return period (Table 5). The maximum values
obtained for the FV can be attributed to the relief
conditions (steep slopes) and land use categories
(>40% urban area) in the Firiza Valley which induced
a low roughness.

Based on the 5% (20-year) return period
scenario a maximum value of the 13.61 m?/s was
obtained along the Firiza floodplain downstream of
the S-Fr. In the study site, 34.02% of the total
potentially affected areas are classified as H1 hazard
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Figure 7. FD (m) within urban area located computed for each scenario with 5%, 1% and 0.1% return periods (A1-A5:
zoom into the study area).

class, 12.32% in the H2 hazard class, 13.89% in the
H3 hazard class, 8.79% in the H4 hazard class,
14.26% in the H5 hazard class and 16.72% in the H6
hazard class. Within the urban area 380 buildings are
affected by the flood wave, of which: 234 buildings
in the H1 hazard class, 59 constructions in the H2
hazard class, 59 houses in the H3 hazard class, 26
buildings in the H4 hazard class and two isolated
houses in the H5 hazard class (Table 6).

4.2. Flood hazard (FH) assessment
The FH maps obtained for each scenario with

5%, 1% and 0.1% return periods (Figure 9) was
generated using 2D models according to AIDR

(2017). Therefore, the FD and FV rasters has been
used to classify the flood impact into six hazard
classes (see Table 2 and Table 6).

Based on the S1 (5% return period) a maximum
value of 20.62 m?s was registered and the
distribution of the affected areas are: 28.13% in the
H1 hazard class, 13.47% in the H2 hazard class,
16.5% in the H3 hazard class, 12.09% in the H4
hazard class, 12.12% in the H5 hazard class and
17.68% in the H6 hazard class. Based on the S2 (1%
return period) in the urban area 609 constructions are
affected by FH according to 1% (100-year) return
period, of which: 294 buildings in the H1 hazard
class, 100 houses in the H2 hazard class, 124
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buildings in the H3 hazard class, 56 constructions in
the H4 hazard class, 34 houses in the H4 hazard class

and one building in the H6 hazard class (Table 6,
Figure 10).

Table 6. FH classes, surface area (ha) and number of buildings affected by flood computed for each scenario with 5%,
1% and 0.1% return periods

S1-5% S2-1% S3-0.1%
FH classes Surface (ha) No. buildings Surface (ha) No. buildings Surface (ha) No. buildings
H1l 18.47 234 21.24 294 23.98 337
H2 6.69 59 10.17 100 9.77 116
H3 7.54 59 12.46 124 17.41 141
H4 4.77 26 9.13 56 17.23 202
H5 7.74 2 9.15 34 16.44 97
H6 9.08 - 13.35 1 19.26 17
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Figure 8. FV (m/s) within urban area located computed for each scenario with 5%, 1% and 0.1% return periods (A1-A5:
zoom into the study area).
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Figure 9. FH classification (see Table 3) within urban area located computed for each scenario with 5%, 1% and 0.1%
return periods (A1-A5: zoom into the study area).

In the S3 (0.1% return period) the maximum
value of FD-FV registered was of the 35.49 m?/s
(Figure 9). In the study site, 23.04% of the total
affected area is in the H1 hazard class, 9.39% in the H2
hazard class, 16.73% in the H3 hazard class, 16.55%
in the H4 hazard class, 15.79% in the H5 hazard class
and 18.5% in the H6 hazard class. In this scenario, is

noteworthy the high proportion of surfaces affected by
H6 hazard class (18.5%) which indicates the flood
wave magnitude along to the Firiza Valley. Therefore,
the flood impact on the built-up area is also significant:
337 buildings in the H1 hazard class, 116 houses in the
H2 hazard class, 141 constructions in the H3 hazard
class, 202 buildings in the H4 hazard class, 97 houses
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in the H4 hazard class and 17 constructions in the H6
hazard class (Table 6, Figure 10).
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Figure 10. FH classes distribution for (a) potentially FE

area and (b) potentially affected buildings based on FH

classification criteria (see Table 2). HEC-RAS scenarios
with 5%, 1% and 0.1% return periods in each chart.

5. DISCUSSION

Inside of highly modified water environments
(e.g., regulated river sectors, floodplains equipped with
dams, reservoirs and other hydro-technical works)
which overlaid with urbanized areas, floods and their
associated phenomena can cause a tremendous number
of damages (Afzal et al., 2022; Bellos et al., 2022;
Iroume et al., 2022; Romanescu et al., 2017; Tosi¢ et
al., 2022; Urzica & Grozavu, 2021). Even in well-
designed river systems (e.g., lower Firiza Valley),
flood disasters exist, and populated area is in danger
due to a human or accidentally error in the discharge
flow at the spillway gate. The best example in Romania
for such an event is the historical flood event which
occurred on Prut River in the period July — August
2008, downstream of the Stanca-Costesti reservoir
(Romanescu et al., 2011). Therefore, due to the large
impact on the environment (e.g., natural, social,
economic), a good preparation regarding FH
assessment in the proximity of S-Fr (e.g., downstream
of the dams) is always welcomed (Abdelkarim et al.,
2019; Gibson et al., 2022; Mihu-Pintilie et al., 2019;
Papaioannou et al., 2021; Tegos et al., 2022).

In this paper, we propose a complex
methodology for FH assessment under accurate
(average flow rates) and mathematical (flow rates with
different return periods) hydrological data by
combining LiDAR-derived DEM, 2D HEC-RAS
modeling and RS techniques which complement the
Action Plans for Dam Failure (APDF) and the national
flood mitigation strategy. We chose this methodology
because according to Sanders (2007), the LiDAR-
derived DEM offer the best results within 2D flood
simulations. More than that, HEC-RAS software can

offer a fast solution with a low amount of data to an
overview of a potential flood event being widely
accepted by the scientific community and there is no
license fee (Brunner, 2016a, 2016b).

In this framework, to create the 2D hydraulic
model, within 4.37 km? floodplain extent of Firiza
Valley (urban area of Baia Mare city, NW Romania), a
polygonal mesh with 67,000 computational cells was
created. The hydraulic detailed properties of
computational cells (elevation-volume relationship)
were captured using the LiDAR-derived DEM.
Comparing an unsteady flow model with and steady
flow model by their complexity, the unsteady flow
model is more common to have instability issues (Bellos
et al., 2022; Costabile et al., 2020; Dasallas et al., 2019;
David & Schmalz, 2021; Unes et al., 2020). In order to
acquire a 2D hydraulic model with a high accuracy and
stability we gave a huge attention to the geometric data,
flow data and boundary conditions accuracy (Cedillo et
al., 2021; Prior et al., 2021; Urzica & Grozavu, 2021).
For the geometric data we used the grayscale 3D
representation of the LIDAR derived DEM and generate
the 2D flow area and the break lines. Considering the
importance of the Manning’s n values, we also updated
the roughness coefficient based on our study area
geomorphological ~ characteristics and  land-use
categories. According to Brunner (2016b) there is an
inversely relationship between Manning coefficient and
FV (e.g., a high value of the roughness coefficient leads
to a low FV). At the end of our work, we also compared
the 2D HEC-RAS results with the flood maps results
realized under the Directive 2007/60/EC of the EC for
the flood mitigation strategy and provided by S-TWBA
(Figure 11).

Overall, the comparison between 2D HEC-
RAS and NARW hazard maps indicate strongs
similarities along the lower Firiza Valley for all three
scenarios with the exception of some densely
populated areas where the NARW scenarios
underestimated the FH impact. The NARW obtained
a FE area of 87.45 ha, which is a difference of 16.20
ha, whereas we acquired a FE area of 103.66 ha based
on 2D HEC-RAS results in the case of 0.1% return
period (Figure 11a). We derived a FE area of 75.15
ha (Figure 11b) and the NARW of 15.47 ha for the
1% return period (a difference of 15.47 ha).

Figure 11c shows the FE area for the 5%,
which is 54.07 ha, and the NARW area, which is
29.59 ha (a difference of 24.47 ha). The two cases
with the biggest variations are 0.1% and 5%. The
differences in FE area are mainly given by the spatial
resolution of the DEM used for the hydrological
modeling (SMIS-CSNR, 2022).
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The NARW states that risk and hazard maps for
the Firiza River were created with spatial resolutions
of 5and 10 m. We used a 3 m LiDAR produced DEM
with all the topographical information for our analysis
(e.g., houses, attachment constructions, administrative
buildings, industrial built-up area).The best results can
be obtained by using DSM because this product has
already integrated the solid objects of the topography.
If a DSM is not available for the interest area the best
option is to apply the methodology mentioned above.
One more reason for the existing differences is that
NARW made the hydrological modelling scenarios for
the whole catchment, without taking into consideration
the S-Fr while in our study we managed to create a 2D
hydraulic model only for the area downstream S-Fr,
thus improving the final result of hydrological
modelling scenarios.

The advantages for using 2D HEC-RAS
modeling is that the 2D projects are more stable than
1D projects, less time building the hydrological model,
less subjective decisions (e.g., cross section, distance
between cross sections), hydrodynamic animations
trough RAS Mapper module. The main disadvantages
about the 2D HEC-RAS are the long running time and
the need of a detailed DEM (e.g., LIDAR derived
DEM). The interoperability, the friendly user interface,
the large community of practitioners, the RAS Mapper
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Figure 11. Comparison between official FH data (NARW) and 2D FE computed for (a) 5% (20-year), (b) 1% (100-
year) and (c) 0.1% (1000-year) return periods.

maps results (e.g., velocity, depth, shear stress, arrival
time, duration, recession) make HEC-RAS software
the best and fastest solution in flood mitigation
strategy.

6. CONCLUSIONS

Integrating LIiDAR data and RS-based
validation techniques for 2D hydraulic modeling using
HEC-RAS software produced sufficiently information
to develop accurate urban FH maps downstream of S-
Fr (urban area of Baia Mare City, NW Romania).

The following concluding remarks can be
presented based on the FH patterns computed using
various discharge releases from the S-Fr spillway gate
(average discharge for evaluating the hydraulic
stability of the models; calculated discharge with 5%,
1%, and 0.1% return periods): (i) The 2D multi-
scenarios developed for the study site allowed to test
the FCC and indicate the outflow values at S-Fr
spillway gate which can cause flood events; (ii) In case
of all three computed scenarios with 5%, 1% and 0.1%
return periods the FE patterns within urban area of Baia
Mare City indicate a potential high impact. This aspect
is highlighted by the hazard maps developed using the
FD and FV models obtained through the RAS Mapper
module; (iii) Integrating 2D HEC-RAS modeling,
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LiDAR measurements and hydrological data can be a
good option to elaborate FH maps in the proximity of
the big dams in order to improve the flood mitigation
strategy.

Any flood mitigation strategy must include the
development of flood scenarios for small to medium
catchment regions since large-scale analyses (like
official flood hazard maps in Romania) overestimates
the impression of flood risk. Therefore, the 2D flood
modeling based on LiDAR-derived DEM is essential
part for every urbanized environment in the context
of climate change and modern society development
pressure and trends.
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