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Abstract: Watercourses act like a magnet for human communities and were always a deciding factor 
when choosing settlements. The reverse of these services is a potential hazard in the form of flash 
flooding, for which human society has various management strategies. These strategies prove to be 
increasingly necessary in the context of increased anthropic pressure on the floodable areas. One of 
these strategies, Strategic Flood Management (SFM), a continuous cycle of planning, acting, moni-
toring, reviewing and adapting, seems to have better chances to succeed than other previous strat-
egies, in the context of the Digital-Era Governance (DEG). These derive, among others, from the 
technological and methodological advantages of DEG. Geographic Information Systems (GIS) and 
Unmanned Aerial Vehicles (UAV) stand out among the most revolutionary tools for data acquisi-
tion and processing of data in the last decade, both in qualitative and quantitative terms. In this 
context, this study presents a hybrid risk assessment methodology for buildings in case of floods. 
The methodology is based on detailed information on the terrestrial surface—digital surface model 
(DSM) and measurements of the last historical flash flood level (occurred on 20 June 2012)—that 
enabled post-flood peak discharge estimation. Based on this methodology, two other parameters 
were calculated together with water height (depth): shear stress and velocity. These calculations 
enabled the modelling of the hazard and risk map, taking into account the objective value of build-
ings. The two components were integrated in a portal available for the authorities and inhabitants. 
Both the methodology and the portal are perfectible, but the value of this material consists of the 
detailing and replicability potential of the data that can be made available to administration and 
local community. Conceptually, the following are relevant (a) the framing of the SFM concept in the 
DEG framework and (b) the possibility to highlight the involvement and contribution of the citizens 
in mapping the risks and their adaptation to climate changes. The subsequent version of the portal 
is thus improved by further contributions and the participatory approach of the citizens. 
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1. Introduction 
The prognosis and spatial identification of the areas prone to flash flood risk repre-

sent the current challenges that local public authorities are facing. Solutions should be 
looked for in the general context of current climate changes. One of the specific elements 
of climate change is represented by the high amount of rainfall over a short time interval, 
with a rapid response in terms of hydrodynamics and processes related to negative effects 
on human communities [1–4]. Each year, millions of people from all over the world are 
forced to relocate their residence due to the indirect effects of climate change. Floods are 
responsible for the largest part of these relocations [5]. 

The attention that decision-makers worldwide are paying to floods and other natural 
risk phenomena is proven among others by: (a) the United Nation’s Agenda Transforming 
our world: the 2030 Agenda for Sustainable Development, with its Goal 13—“Take urgent 
action to combat climate change and its impacts”; (b) UNESCO’s synthesis on Flood Risk 
Management: a Strategic Approach, a part of the Strategic Water Management in the 21st 
Century series [6]; (c) the Disaster Resilience: A National Imperative, 2012 Report, focus-
ing on the need to create a resilience culture among communities in the USA; (d) the Eu-
ropean Directive 2007/60/EC on the assessment and management of flood risks suggesting 
that the member states should assess the activities that generate the increase in flood risks 
based on local and regional circumstances. Moreover, they should base their assessments, 
maps and plans on the appropriate best practices and best available technologies, not en-
tailing excessive costs for flood risk management [7–9]. 

Recently, the digitalization of the flood effects management gained higher im-
portance in terms of the response, recovery and attenuation of their effects. The role of 
technology in managing the direct and indirect effects of floods is to connect, inform and 
eventually save the lives of those affected. In this regard, it is useful to create a cooperation 
system with crowdsourced, spatial and historical data with scalability potential [10]. This 
system could be integrated in an application that, in case of a weather warning, should 
inform the user on the location of a floodable area [11]. The development of tools for be-
havior modeling and simulation, as well as of the drainage network characteristics, is pos-
sible on the GIS platform, where heterogeneous data sources can be integrated [12,13], 
including those achieved by means of UAV [14,15]. This leads to the opportunity for the 
real-time simulation of some flood-type events, especially with the purpose of improving 
the warning procedures and enabling the local stakeholders to periodically update their 
risk maps [16]. These new opportunities need to be correlated with awareness campaigns, 
including by encouraging the creation of some insurance policies [17] in order to reduce 
the financial pressure on central and/or local authorities. 

Communities’ relations to the implications of floods should be managed by a Strate-
gic Flood Management (SFM). A really efficient SFM may be more easily imagined in Dig-
ital-Era Governance (DGE)—a macro-theory of public sector development and the contin-
uation of New Public Management, whose final stage is defined by the promotion of a 
’Social Web’ [18]. Right from the appearance of the idea, it was assumed that DEG will 
imply the reintegration of functions in the governmental sphere, adoption of needs-ori-
ented structures and the progress in the digitalization of administrative processes [19]. 
Here, we refer to the electronic dialog between the public administrations, citizens and 
companies, which represents the key element for the development of the public sector 
[20]. This interactive communication, capable of information and knowledge exchange, is 
both a tool for action and a main responsibility of the municipalities in the digital era. 

In this case, the implementation of UAV techniques and GIS spatial analysis [21] 
makes it easier to acquire digital databases that can be used in spatial analysis models to 
identify vulnerability and risk of flooding and to improve the accuracy of the final result. 
At the same time, the spatial database resource is made available to the local public ad-
ministration for the purpose of integration in the local IT system and information to be as 
complete as possible [22]. 
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In the last decade, it was assessed that UAVs, with their capacities, were able to rev-
olutionize natural resource management, remote sensing and many other fields, in the 
same way the emergence of GIS did three decades ago [23]. The frequency of using UAVs 
in the study of extreme natural phenomena is highlighted by a series of specialized stud-
ies, which treat the implications of this technology for the management and monitoring 
of natural hazards [24,25]. In addition, the frequent use of UAV is supported by the fact 
that it can operate like a Big Data system in natural disaster management [26,27] or as a 
source of images, which can be processed by means of remote sensing and GIS techniques, 
with good results in water resources and flood risk management [3]. 

Having multiple uses for wetland mapping and hydrological modeling [28,29], 
UAVs stand out among the applications dedicated to the study of floods due to the times 
in which they can be used, i.e., before (prevention), during and after occurrence (e.g., dam-
age assessment, remapping of the affected area). UAV applications support the planning 
and preparedness of flood emergency responses and the development of tools that enable 
the response before, during and after the event [30]. 

One of the topics intensely addressed in hydrology is represented by the effect of the 
digital elevation model (DEM) resolution on floodable stripes modeling [31]. At large 
scale, this issue is solved. The DEM resulting from images processed through the SFM 
method is a relatively rapid and detailed enough product that enables the monitoring of 
channel morphology variation [32–35]. 

UAV is frequently used for acquiring a high accuracy DEM or digital surface model 
(DSM), which can become an input database for the hydraulic models for tracing the 
floodable stripes [36–38]. UAVs may be supports for the calibration and validation of the 
hydraulic models conducted at small topographic scales [39–43]. In this case, their role is 
indisputable, considering the importance of precision in mapping the floodable stripes. 
The digital elevation models obtained based on the UAV technique were integrated as 
input databases in various types of GIS models. The models implemented based on the 
dedicated software, HEC-RAS, were used for the achievement of the floodable stripes [44–
50] or for flood vulnerability identification [51–53]. Many expert studies underline the 
usefulness of DEM and DSM, achieved by means of a UAV with an RGB sensor, in order 
to conduct the levels of hydraulic modeling for various sectors of the hydrographic net-
works of various riverbed geometries [32,36,37,54]. 

It is difficult to imagine now the full coverage of an extended area with detailed data 
and often very expensive sensors, although the evolution of the technology leads to an 
increase in the quality of working tools (spatial dynamics, precision, size, etc.). The use of 
UAV in assessing the various aspects related to floods represents a big evolutionary step 
[35]. This is due to the increase in precision in identifying the river basin parameters [2,55], 
flood risk modeling [46,56–58] or damage modeling [59,60], as well as the cover of a larger 
area by means of various sensors. 

In the current global context, which emphasizes the digitization of spatial infor-
mation and its integration into the IT and information systems of local authorities and the 
development of methodologies in order to integrate digital databases for the semi-auto-
mation/automation identification of flood-risk areas, research in this field is justified and 
of vital importance. We have developed this study in line with the current trend and 
which has several objectives with practical application in the study of flood risks in small 
river basins where measurements and digital spatial databases are missing: 
(i) The development of an integrated GIS spatial analysis model that integrates all stages 

of the flood band identification methodology and related databases needed to iden-
tify vulnerability and risk of flooding; 

(ii) The development of GIS sub-models of spatial analysis based on UAV techniques for 
the acquisition of digital databases (DSM, maximum flood rate) useful in the hydrau-
lic modeling of floodplains; 
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(iii) The implementation of a hydraulic model for the delimitation of floodplains, flood 
water level, shear stress and flow rate, outlined as digital databases useful for the 
methodological development of the identification and digital mapping of flood risk; 

(iv) The development of a complex methodology for identifying flood risk based on in-
formation obtained as a result of the implementation of the hydraulic model. 

(v) Creating a web portal designed to inform the human component about the risk of 
floods, a portal based on the integration by digital mapping of databases obtained as 
a result of the implementation of the complex model of spatial analysis. 
The entire set of digital databases obtained as a result of the implementation of the 

proposed model and methodology can be made available to local public administrations. 
The present model can be integrated into their systems and used or re-packaged for anal-
ysis and decision making regarding flood risk management in accordance to the current 
context of digital-age governance. 

2. Materials and Methods 
2.1. Study Area 

The quality of the small river basin is highlighted in the analyzed flood due to the 
previous generated flood that took place both on the slopes of the Tarlisua valley and the 
minor and major riverbed, the consequences being cumulative. The studied area (Figure 
1) is included in small river basins due to the fact that it is a homogeneous basin in terms 
of conditional factors of runoff, and it can be identified with a watershed [61] in which the 
manifestation of flooding is possible both on the slope as well as concentrated in the drain-
age channel. 

The Târlișua event occurred on 20 June 2006. Although there were rainfalls in a small 
area, the event led to the loss of 13 lives and to EUR 1.1 million in damages [62–67]. The 
relevance of selecting the event as a case study is proven by its presence in a representative 
list of events at the European level (25 major flash floods occurred in Europe during the 
1994–2008 period). This was developed on the criterion of rainfall intensity and their hy-
drological response [68]. The dimensions of the generated impact [69] enabled the valida-
tion of some damage-assessment methodologies. Primary data at large topographic scales 
are necessary. Without these data, any methodology will offer results with errors beyond 
the tolerance limit [70]. In a comparative analysis of three flash flood disasters in the Tran-
sylvania Depression in the 2001–2010 interval, including the event in Târlișua, the material 
and human losses were due to the contribution of natural factors (the high amount of 
rainfall, the saturated soil combined with steep slopes, etc.) and the anthropic ones (the 
high occupancy of the floodable area, the disorganized logging, the quasi-lack of other 
risk management measures from the authorities) [65].  
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Figure 1. The geographic location of the study area. 

The assessment reports of the County Committee for Emergency Situations present 
in detail the RON 110,357,999 material damages caused by the floods in the Ilișua Valley 
basin. Broken down, these included 248 flooded houses (32 destroyed and 52 damaged), 
183 household annexes (134 destroyed and 21 damaged), 1635 ha of cultivated agricultural 
land, 10 bridges, 90 foot bridges, 39.46 km of road network, 27 km of electrical power 
supply network, 5 public interest buildings, silting of 462 fountains, livestock damages, 
etc. [71]. 

The literature also mentions other events that caused damages and/or even victims 
in the Ilișua Valley basin: 1875 (the upper basin), July 1910 (the Dobric subbasin—the 
lower basin, where 23 deaths were recorded), May 1970 (the entire basin) [72] and June 
2012 (the lower basin) [73]. The last event was characterized by a significant negative im-
pact on agricultural lands, especially on pastures. Another characteristic of this event was 
the torrent flooding of the villages built on the terraces, such as Căianu Mic. All these turn 
the Ilișua river basin into a hotspot when it comes to floods. 

2.2. Methodology and Database 
The major challenge raised by the post-event modeling of floods generated by rapid 

flash floods in hydrometrically undeveloped and uncontrolled river basins necessitates 
the pursuit of a complex methodology. Thus, a methodology was developed based on 3 
stages (Figure 2) meant to highlight the modeling of risk induced by the analyzed flash 
flood. At the same time, together with the modeled spatial databases, the methodology 
can provide useful information to the public administration by means of a web app.  
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The first stage is known in the literature as the post-flood peak discharge estimation 
[39,40,42,48]. This generally means acquiring the digital databases that the subsequent 
spatial analysis model is based on. It is composed of two different subsections in terms of 
the database acquisition manner. It is about (a) the direct acquisition by exploring the re-
ality in the field [39,40,42,48] and (b) the spatial analysis stage outlined as a submodel with 
its own results [33,41,74]. These results (b) represent input databases in the model that set 
the bases of flood risk identification. 

 
Figure 2. Methodological flowchart. 

The acquisition of spatial data that were input in the modeling process was per-
formed in two ways: direct data acquisition and acquisition by spatial analysis. The direct 
acquisition implied field measurements via GNSS RTK E-Survey E600 and the processing 
of images acquired by means of a UAV DJI Phantom 4 Pro. The acquisition based on spa-
tial analysis implied the processing of images by the specialized software Agisoft 
Metashape Professional 1.7.2. This analysis resulted in two sets of data: the orthomosaic 
and the DSM data. These enabled the vectoring of buildings (the first) and the subsequent 
modeling (the second). The DSM, together with the levels taken on the buildings, made 
possible the identification of the maximum flash flood flow. In parallel, the buildings’ 
footprint enabled the calculation of the risk these were exposed to. 
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The second methodological stage implied the development of a HecRAS 6.1 hydrau-
lic model (open-source product), which integrated the data obtained in the first stage of 
territorial analysis [47,75–79]. The obtained data contain the vectorial information, repre-
senting the geometry of the riverbed (banks, flow channel, cross-sectional profiles), raster 
information (the digital surface model) and alphanumeric information (the Manning coef-
ficient, the maximum flow). The integration aimed at achieving useful raster data in the 
process of risk identification and management (height/depth of water, velocity and shear 
stress). 

The integration of these databases was conducted by the implementation of this 2D 
hydraulic model based on the diffusion wave equation. The equation was applied on a 
polygonal grid structure (l = 4 m) in a vectorial database that emphasizes the roughness 
coefficient. The time step used was 12 s, small enough to ensure the stability of the model. 
The time step was chosen after running several successive GIS hydraulic analysis models. 
The model with the time step leading to the best territorial validation results was chosen. 

The validation of the hydraulic analysis results was conducted in the spatial analysis 
stage. The use of the direct validation method (comparing the results achieved with the 
reality in the field) was applied in this study due to the fact that there were many buildings 
that could be identified in the field, where the water level of the analyzed flash flood was 
easy to see. Therefore, the value of the water level identified on a building was compared 
to the cross-sectional profile of the maximum flow (Figure 3). The building is found on the 
river bank opposite (the right river bank) to the reference building used for the flow calcu-
lation.  

 
Figure 3. The geographical position of GCP and CP. 
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The high complexity of the spatial analysis stage was generated by the risk identifi-
cation methodology. The databases achieved as a result of running the hydraulic model, 
were integrated in the spatial cognitive analysis. The aim was to identify risk associated 
with each particular residential territorial infrastructure. The spatial impact of two data-
bases was analyzed in an integrated manner, i.e., shear stress and water height. The results 
of integration were related to each polygonal structure given by the buildings inside the 
study area [56,76,80]. 

The last methodological stage consisted of the dissemination of the final results re-
flecting the risk associated with the territory. This aims at warning the population and 
developing an efficient risk mitigation management by the local public authorities, in case 
of similar events. The dissemination of final results was based on webgis apps. These ena-
ble the public to access the achieved databases via a portal, without visualization and ac-
cess interdictions on the Internet [44,81–84]. 

The spatial analysis model is based on a large range of spatial data in different for-
mats and geometries, each data set having a well-established role within the model (Table 
1). The database management has the purpose of generating new spatial data structures, 
resulted by modeling.  

Table 1. Database used in spatial analysis. 

No. Name Structure Type Attributes 
1 UAV photographs Raster/.jpg primary  
2 GCP Vector/point primary XYZ coordinates 
3 CP Vector/point primary XYZ coordinates 
4 Dense Points Cloud Vector/point modeled RGB, XYZ 
5 DSM Raster/tif modeled Z 
6 Orthomosaic Raster/tif modeled - 
7 Maximum flow Numerical calculated m3/s 
8 Cross-sectional profiles Vector primary - 
9 Riverbed banks Vector/line primary - 

10 Thalweg Vector/line primary - 
11 The Manning coefficient Numerical calculated - 
12 Slope Numerical calculated - 
13 Water surface elevation Raster/tif modeled m 
14 Shear stress Raster/tif modeled Pa/m2/s 
15 Velocity Raster/tif modeled m/s 
16 Floodable stripe Vector/line modeled surface 
17 Buildings Vector primary cost EUR/m2 
18 Risk area Raster/tif modeled - 

The proposed methodology is outlined as a complex spatial analysis model, based 
on submodels developed for digital data acquisition. The submodels are logically inte-
grated both horizontally, within the distinct methodological stages, and vertically, be-
tween stages. Data modeling highlights the territorial impact of risk induced by the ana-
lyzed flash flood and helps developing good practices and decision making in SFM.  

3. Results 
Following the proposed methodology, the applicative results were outlined and di-

vided into two distinct categories. The first category is represented by the support data-
bases for the development of spatial analysis models in the hydrology spectrum. The ref-
erence is made here to: (a) DSM as support database for flood risk identification and (b) 
water flow in the calculation profile, as a database that can be used within hydraulic mod-
els. The second category is represented by the results achieved after implementing the 
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hydraulic model and the territorial risk identification methodology (the floodable stripe, 
WSE, shear stress, velocity, areas of various risk degree). The results in the second cate-
gory will be used for quantitative and/or qualitative analyses for decision-making pur-
poses and for the information and awareness of the population regarding flood risk. 

3.1. Acquisition of GIS and Alphanumeric Databases Based on UAV Techniques and 
Hydrological Calculation 

The delimitation of the floodplains and the analysis of the risk induced by floods are 
stages of vital importance. Given that there are no detailed topographic measurements to 
evaluate the small river basins, the main method of analysis is to reconstruct the flow for 
the hazard that generated it. Flow reconstruction is a complex process that is based on the 
assessment of field data measurements (cross-sectional profiling) and direct observation 
of flood effects (identification of water level on housing infrastructure and its measure-
ment). In the current context of digitization and management of GIS spatial databases, the 
reconstitution of the flow associated with the flood analysis can be performed faster, and 
a highly correct flow value can be obtained if correct databases with high spatial resolu-
tion are used in this process. 

In order to calculate the flood flow, reliable cross-sectional profiles are required, 
which can be difficult to obtain based on traditional topographic surveys. In the present 
case study, modern implementations were used such as DSM and raster databases with 
high resolutions and very high representation accuracies. For this purpose, and in the case 
of small river basins for which the local public administration does not have such database 
and accurate measurements, the suitable solution is the UAV and geomatics techniques 
that allow an efficient mapping of databases in terms of short time and at a superior qual-
ity for further implementations in GIS models of spatial analysis. 

Taking into account that the entire methodological process is based on exploiting the 
digital databases, an important stage was represented by the acquisition of the digital sur-
face model for the entire study area. It was important that the DSM had a high resolution 
and high precision. 

The direct acquisition implied the identification of ground control points (GCPs) and 
control points (CPs). The control points are useful in the georeferencing process of the 
photographs and increase the precision of the final representations. In the entire study 
area, 23 points were measured. Of these, 18 points were used in the georeferencing process 
(GCP), and 5 points were used for the estimation of positional accuracies of representa-
tions (CP) [85]. The control points were taken in the Stereographic 1970 projection system, 
using a GNSS RTK E-Survey E600. In recent decades, GNSS systems became the perfect 
choice for topographical surveys and precise measurements of points on the surface of the 
Earth for us as geo-references. GNSS systems are conditioned to optimal field conditions 
such as sufficient satellite availability, network RTK services and open fields [86]. Also in 
this stage, the buildings in the analyzed area were vectorized in order to be used in the 
validation of the floodable stripe and in the risk identification for the territorial infrastruc-
tures (Figure 3). 

A number of 12 flights was necessary for the entire study area (0.71 Km2). The flight 
plans were developed using the Pix4Dcapture software. The UAV was represented by a 
DJI Phantom 4 Pro, with a 24 MP photo camera. Highly accurate final results required the 
use of specific flight parameters. The flight metrics were as follows: 90 m altitude, 85% 
overlap, 90° camera angle, 4 m/s average flight speed, polygon mission and approx. 16 
min flight duration. 

As a result, 2542 images were acquired and processed in Agisoft Metashape Profes-
sional 1.7.2. The resulting errors were: 0.023 m E, 0.019 m N and 0.056 m altitude. The 
resulting products were: dense point cloud (464,038,762 points), the DSM (4.65 cm resolu-
tion) and the orthomosaic (2.32 cm resolution). Their characteristics recommended them 
for the use in the following stages. 
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The study area may be affected by phenomena recorded on a surface of 59 km2 
(mountain and hill area with max. altitude of 1489 m a.s.l. and min. altitude of 360 m a.s.l.), 
the surface of the Izvor river basin. The only hydrometric station is 36 km downstream at 
the influx of the Ilișua river (352 km2) in the Someșul Mare River. In case of rainfalls af-
fecting the entire basin, the hydrometric station is no longer relevant for our study area. 
Yet, the event in 2006 recommends it as useful, with the corresponding error margin. 
However, the reconstruction of the maximum flash flood flow was chosen using the visi-
ble water level on the buildings affected by the above-mentioned event (Figure 4). 

The calculation of the maximum flood rate is based on the Manning formula, based 
on the metrics obtained from the UAV-derived DSM database. The calculation section was 
selected in the southeastern part of the study area, using one of the buildings on the right 
bank of the river, where there are still indications of the level recorded during the 2006 
flash flood. The validation of the floodable stripe and its corresponding level was per-
formed on a building on the left bank, located on the profile. The tracing of the cross-
sectional profile was conducted in compliance with the technical requirements for the hy-
drometric studies, perpendicularly on the river network and tangentially to the residential 
infrastructure considered as reference. 

  
Figure 4. Cross-sectional profile used for the calculation of the maximum flow in the section. 

For the calculation of the maximum flow of the flash flood and its insertion as an 
alphanumerical database in the hydraulic simulation model, the water level related to the 
altitude of the drainage channel thalweg was used. To achieve the water depth and level, 
GNSS RTK measurements were conducted for the identification of the reference building’s 
footprint (367.2 m) and the water height on the respective building (1.16 m). The drainage 
channel thalweg’s altitude (365.051 m) was achieved based on the cross-sectional profile. 
This was drawn based on the obtained DSM. Based on the altitude values presented, the 
water level (3.309 m) was achieved, and it was used to calculate the maximum flow in the 
section. By means of the hydraulic toolbox software, the value of the maximum flow 
(333,559 m3/s) of the analyzed flash flood was acquired. The flow was calculated taking 
into consideration the slope of the flow channel 0.01 m/m (the slope calculated in the field) 
and a Manning coefficient of 0.060.  

3.2. Hydraulic Modeling for Delimitation of Floodplains and to Support Databases for Flood Risk 
Identification 

The component analysis, such as the water height, shear stress and the velocity re-
vealed the impact on the anthropic components of the territory. The integrated analysis 
of the presented components reflected various risk categories, starting from which poten-
tial risk reduction solutions can be drawn.  

As a result of implementing the GIS hydraulic analysis model, in addition to the spa-
tial extension of the floodable stripe, a raster database illustrating the height (depth) of the 
water inside the floodable stripe was obtained.  



Remote Sens. 2022, 14, 2481 11 of 27 
 

 

The fact that the analysis conducted and the development of the entire complex spa-
tial analysis model was based on the reconstruction of an event facilitated the validity of 
the entire model and supported the conclusions and the recommendations that were is-
sued. The results of this material become a land use planning tool. Validation also stressed 
the efficiency of choosing the 12 s time step in the 2D hydraulic dynamic model. It was 
conducted by directly comparing the results (water level) with the visible effects of the 
flood on the buildings in the affected area, and it has the value of 5.4 cm water 
height/depth (1.502 m modeled value and 1.448 m measured value). The validation of the 
model enabled the component analysis of the final results. The component analysis was 
conducted both for the entire area and for two representative frames in terms of flood 
effects. 

The water height analysis at the maximum flash flood flow reflected higher values in 
the thalweg areas, in the minor and major riverbed areas. Small values are specific for the 
larger sectors and toward the slopes. The central-southeastern part of the study area is 
characterized by high water heights in the context of smaller values of the riverbed width. 
Unfortunately, the highest building density is also recorded here. This high value is asso-
ciated with the technical and urban infrastructures, with implications, as we shall see, for 
the dimension of the associated risk (Figure 5 and Video S1).  

 
Figure 5. The water height corresponding to the floodable stripe. 

The analyzed flash flood had a significant impact on the buildings (n = 225). Most of 
the buildings and their associated infrastructures are located in the meadow (the major 
riverbed). As the buildings are closer to the slopes and/or as the meadow becomes wider, 
the impact on the buildings is lower (128 buildings for the 0–0.5 m interval and 53 build-
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ings for the 0.5–1 m interval). The impact considered to be very high is visible for a rela-
tively large number of buildings spatially overlapping the water height interval over 2 m. 
These are all positioned in the sector where the meadow records smaller height values, 
such as in Figure 5a. During the event, values not highlighted in the results of the model-
ing might have been recorded. A possible example is presented in Figure 5b, to the right 
of the watercourse, where, in the area of the three destroyed buildings, it is possible to 
deal with higher values of water height while the bridge was blocked and the watercourse 
was diverted to the right. The blocking of bridges, in flash flood situations, causes nega-
tive effects in the immediate proximity. This also happened in the cases presented in Fig-
ure 5b, on both sides of the bridge. Six persons were carried away by the flash flood here. 
Three of them unfortunately did not survive, not necessarily because of the water level 
but due to a combination of factors.  

The impact on the residential buildings also increases because of the building mate-
rials and techniques that were used, making them more or less resistant to flash floods 
[87–89]. At the time of the event in Târlișua, most of the buildings were made of wood or 
burned brick, with no additional protective structure. To capture the force of the flash 
flood exercised on the buildings, the Shear Stress was modeled for the floodable stripe 
associated to the maximum flow [77,80] (Figure 6).  

 
Figure 6. Shear Stress Map. 

In addition, for a better territorial analysis of vulnerability and impact, the water ve-
locity was also modeled for the maximum flow [47,56,73,74,76–80] (Figure 7). The two 
databases were analyzed correlatively to reveal the cumulated impact of the two processes 
and the response provided by the affected infrastructures [77]. 
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Figure 7. Velocity Map. 

The analysis of the entire territory subjected to modeling reveals a high shear stress 
in the minor riverbed areas and in the areas in its immediate proximity. The shear stress 
is correlated to water velocity, and therefore, the latter also has high values in the minor 
riverbed and in its proximity (Figure 6). The high velocity modeled on the slopes in the 
immediate proximity of the riverbed has a powerful erosion effect, disrupting sedimen-
tary material that it transports and then deposits in the narrow parts of the riverbed form-
ing natural dams. These dams favor the backwater process and the increase in water level 
upstream. Moreover, if these dams fail, an increase in the flow may occur, with negative 
effects. Due to the high velocity and shear stress applied to the building materials and the 
wood material stored near the major riverbed (but also due to the materials carried from 
upstream or by the torrents not considered in the analysis), a phenomenon similar to the 
debris flow develops. This carries heterogeneous elements, storing them in the bridge 
area, behind the more resistant buildings or in areas with smaller flow velocities. At the 
same time, the materials that are carried away increase the destruction capacity of the 
infrastructure elements manifested by the flash flood wave [90]. 

The effects of the two flash flood parameters (shear stress and velocity) are visible, 
thus suggestively validating the two case studies (Figures 6 and 7). The first parameter 
overlapped a segment of a narrower meadow, where the high shear stress (over 50 
Pa/s/m2) is associated with a proportional water velocity (over 1 m/s/m2) (Figures 6a and 
7a). During the event, three houses were damaged (two of them were subsequently re-
paired), as were two barn-type buildings and other household annexes of smaller value. 
Many other buildings in the area were flooded. In this case, the materials swept away by 
the flash flood also had an impact. These made it possible to destabilize and break the 
walls of the buildings. The second detail (Figures 6b and 7b) highlights the role a bridge 
can play in a flash flood, especially if it is blocked by the carried away materials, becoming 
a real dam. With values of shear stress higher than 128 Pa/s/m2 and a water velocity higher 
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than 2 m/s, two houses and three household annexes were destroyed. Moreover, six per-
sons were carried away by the flash flood. Three of these were not able to save themselves 
(all three were women). 

Figure 8 reflects, once more, the negative effects generated by the cumulation of the 
two factors: shear stress and velocity (Videos S2 and S3). All types of buildings were af-
fected (wood structures, masonry or autoclaved aerated concrete structures). The build-
ings constructed subsequent to the event are more solid, with concrete foundations, not 
stone, and with structural frames (beams) also made from concrete. 

Figure 8. The cumulated effects of shear stress and velocity on the road infrastructure and build-
ings. 

Even if we speak about variable segments of the meadow, in terms of width, the val-
ues are relatively small. In case of flows such as the one recorded in 2006, the water floods 
the entire meadow. We believe this fact facilitates the occurrence of a directional influence 
manifested by slopes on the flash flood parameters. The change in direction is made espe-
cially where the watercourse comes into contact with the slope, including at average flow. 
This can explain why, in certain places, more buildings closer to slopes were destroyed 
than those closer to water, even belonging to the same household. Beside the implications 
of the meadow and slope morphometry, there are also implications at microscale level. 
This is the case of bridges (as mentioned above) or more solid buildings, which can deviate 
the current, leading to an increase in the parameter values sideways and a decrease in 
these values in the discharge direction. We can imagine them as small dams in the path of 
the flash flood, some of the materials that are carried away by water accumulating behind 
them, thus increasing their resistance.  

The component analysis, as well as their correlative analysis, has validated the spatial 
analysis model proposed by the identification of the critical areas in the same sectors with 
the territorial elements destroyed after the occurrence of the analyzed flash flood. This 
fact enabled the transition to the final step of spatial analysis, that of assessing the territo-
rial risk, based on the management of output data from the implemented hydraulic model. 
The modeling of the floodable stripe and the associated parameters facilitated the inte-
grated analysis of the territory and enabled at the same time the identification of the crit-
ical areas and the assessment of risk induced to buildings.  

3.3. Risk Assessment Methodology 
Risk assessment is the main stage of territory analysis, useful for local public admin-

istrations. The identification of the risk areas affected by floods in Romania is conducted 
by taking into account the European Flood Directive 2007/60/EC. According to this di-
rective, each member state of the European Union can develop its own methodology de-
pending on the local specificity. In Romania, floodable stripes were drawn based on a 
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hybrid methodology, whose background model is the quantitative risk assessment model 
proposed by the Flood Risk and Damage Assessment using modeling and Earth Observa-
tion Techniques [1,91]. 

The methodology presented in this study takes into account the one applied in Ro-
mania and the one proposed by the Ministry of Land, Infrastructure, Transport and Tour-
ism in Japan, amended [73,92,93]. The majority of the flood risk identification methodol-
ogies omit shear stress as a factor of risk. For this reason, the following situations emerge 
when it comes to selecting the parameters: (a) only the height of the water is taken into 
consideration [50]; water height and velocity are chosen [56,73,74,76]; (c) in addition water 
height and velocity, there is also the stream power [47,78]; and the velocity, shear stress 
and stream power are chosen [77]. 

The described methodology took into account the height of the water and the pres-
sure it exerted on the buildings and other elements in the territory, as well as the shear 
stress. The need to consider this indicator derives from the fact that many of the victims 
of the floods were also carried away by the flash flood from the buildings they took shelter 
in. In addition to the nine victims swept away by the flash flood from their own buildings, 
there were other persons in the same situation, but ultimately, they managed to save 
themselves (at least two). In addition, several persons survived in the flooded houses, 
which can be considered a relevant indicator for citizens’ relation to buildings as a possi-
ble defense structure against the flash flood.  

Given the lack of data to perform a probabilistic statistical analysis and the identifi-
cation of the return probability for different rainfall and flood scenarios, we propose to 
make hazard maps for singular major events, events for which the databases obtained by 
post-event spatial modeling and analysis highlight both the quantitative and qualitative 
impact in the territory. 

Four classes of hazard were identified: small, medium, large and very large (Table 
2). We believe these four classes highlight the potential territorial impact very well. 

Table 2. The hazard classes used for risk assessment. 

Hazard Water Depth (m) Shear Stress 
(Pa/s/m2) 

Explanations 

Small <0.5 m 

>13.74 

Water depth does not induce significant damages, the drowning haz-
ard is low and the evacuation of people can be made on foot. The wa-
ter pressure on the residential infrastructures is medium, causing a 
risk of collapse in buildings with a poor structural frame. 

Medium 0.5–1 m 

Water depth generates damages, and there is a drowning hazard, es-
pecially for children and elderly people. Evacuation can be made by 
traditional means of response. The water pressure on the buildings is 
medium, inducing the collapse risk on the buildings with a poor 
structural frame. 

Large 1–2 m 

Water depth may induce significant damages, the drowning hazard 
is high for children and adults. Evacuation is conducted with diffi-
culty. The water pressure on the buildings is medium, causing a risk 
of collapse in buildings. 

Very large >2 m 

Water depth exceeds the average height of a room, and the risk of 
drowning is imminent. Evacuation cannot be conducted by classical 
means of response. The evacuation time decreases proportionally 
with the water depth, and the water pressure on the buildings is me-
dium, causing a risk of collapse in the buildings. 

The hazard map resulting from the flash flood modeling enables the analysis of the 
hazard distribution in the territory and the distribution of vulnerable houses by the four 
categories of hazard. The correlative hazard–vulnerable building analysis illustrates the 
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correlation of results (Figure 9). The largest territorial expansion in the floodable stripe 
(hazard) is represented by the large hazard category (56% of the total surface), where 69% 
of the buildings are found. This situation is due to the closeness of the buildings to the 
minor riverbed (Figure 9). In its turn, this positioning is explained by the need to access 
the watercourse and the road, which follows the river path closely. The elderly persons 
remember that the houses of their childhood were positioned closer to the contact with 
the slope and therefore at a greater distance from the water. This position qualifies them 
in the lower hazard classes. The changing in the households’ position is explained, on the 
one hand, by the changes that occurred during the last century in the economy of the area 
and on the other by the increased pressure on the lands in the circumstances of the demo-
graphic evolution. 

 
Figure 9. Hazard and risk map for study area. 

The medium and very large hazard classes with territorial expansion of approxima-
tively 19% within the floodable stripe, correlated with a proportional extension of the vul-
nerable houses (13% very large hazard and 12% medium hazard), completes the image 
created by the major percentage of the large hazard class. The small hazard category is 
characteristic for small areas (6% of the total areas exposed to hazard) in the northeastern 
and southwestern part, where the meadow has a more generous expansion. Some of the 
buildings (6%) are located in such an area, most of them are household annexes (Figure 
9). 

The final risk assessment was conducted based on a matrix that also considers the 
relation of the mapped buildings to the hazard categories and the possible consequences. 
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To develop the risk matrix, the financial losses caused by floods were taken into consid-
eration (Table 3). Information referring to the construction costs per surface unit (m2) as-
sociated with the Târlișua commune were obtained from the regulations provided by the 
Order of the Public Notaries, based on the market study regarding the real-estate fund in 
Bistrița Năsăud county, 2021. According to this study, the construction cost per m2 of the 
buildings in the villages near the Beclean Municipality jurisdiction area (where Târlișua 
is also located) is RON 380/m2 for buildings made of wood or clay and RON 800/m2 for 
constructions made of stone, masonry or autoclaved aerated concrete. 

Table 3. Hazard-based risk identification. 

Hazard 

Consequences 

Exposure Low 
(<EUR 2000) 

Medium 
(EUR 2000–

6000) 

High 
(EUR 6000–

12,000 ) 

Very 
High 

(>EUR 
12,000) 

Very Large     Buildings 

Large     
Medium     
Small      
Low Risk Requires information and awareness sessions 
Medium Risk Requires development of limiting land use planning projects for buildings in floodable areas 

High Risk Requires immediate measures, the development of local risk reduction strategies 

The same source provided the financial value per m2 for household annexes: RON 
440/m2 for constructions with metal structure frame; RON 500/m2 for constructions with 
concrete, masonry or autoclaved aerated concrete structure frame; RON 74/m2 for wood 
and metal plate buildings; and RON 58/m2 for stone buildings. Subsequently, we decided 
to use the average risk assessment value for houses (RON 590/m2) and for household an-
nexes (RON 274/m2). The final assessment was expressed in EUR, related to the surface of 
each analyzed building, with a RON/EUR exchange rate of 4.99. 

As a result of applying the proposed matrix, buildings classified into the three risk 
categories were identified. There were 89 buildings in the low-risk class, that is, 29% of 
the total number of buildings located in the floodable stripe. For these, it is recommended 
to conduct information campaigns for the population referring to risk management on 
evacuation of buildings, as well as structural and non-structural measures for the mitiga-
tion of flood effects. In total, 69% of the number of buildings in the floodable area are 
classified in the medium and high-risk classes, which reveals the high exposure degree of 
the studied area to possible future hazards. More precisely, for 112 buildings (36% of the 
number of buildings), information campaigns are necessary, as well as works for the re-
calibration and stabilization of the riverbed and other structural protection measures. A 
similar percentage, 35% (106 buildings), is classified in the medium-risk class. Consider-
ing that these are located in the major riverbed, at the foot of the slopes, it is recommended 
to inform the population on the measures needed for slope runoff mitigation and for tor-
rent-remedial works. 

The significant reduction in risk can be achieved by its integrated management on 
behalf of the local public administration. This implies the adoption of technical norms for 
the new buildings, for example, encouraging the use of techniques and building materials 
to increase the resistance of buildings to the pressure force of the flash flood flow. The 
continuous monitoring of the hazards generating maximum flows adds to all these, espe-
cially high-intensity rainfall, the monitoring of the response of the river basin to these 
hazards and the development of an integrated real-time warning system [44,82]. 
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The local public administration is the main risk management authority at the local 
level. Among other attributions, it also deals with the identification, mapping, manage-
ment and information of the population before the event regarding the potential impact 
of a flood. This study also aims at emphasizing the post-event information aspects, which 
increase the degree of awareness in the population regarding the effects caused by floods. 
In this regard, an open access portal was created, which enables the visualization of the 
floodable stripes, the hazard categories and the risk classes for buildings. 

The presentation by the local public authority for the purpose of informing and rais-
ing awareness of the flood-induced risk to the population and the main stakeholders is 
one of the main stages in the integrated risk management plans. The databases generated 
as a result of the implementation of the spatial analysis model and the application of the 
proposed methodology can be made available for viewing and information based on 
maps in classic format through web sites, as well as through mobile applications running 
on various operating systems. Identifying this need for the local public administration 
from Tarlisua commune, it was decided to create a geoportal to present the concrete re-
sults with validated territorial applicability in order to add value in terms of the degree of 
digitalization of the local public administration. 

The portal, a webGIS app for, but not exlusive to, the local administration, can be 
accessed at the following link: https://geoubb.maps.arcgis.com/apps/View/in-
dex.html?appid=b85f1b67914a4cae881816e8b3aa60e6, accessed on 13 January 2022. The 
input and update of the database available in this version need access accounts via ArcGIS 
Online and the medium level in terms of managing the data in the GIS platform. The sub-
sequent variants of this portal may also integrate the possibility that the inhabitants pro-
pose changes in the data, especially in terms of their property. 

The modeling of the floodable stripes for extreme events represents one of the main 
operations conducted by the specialized departments within the public administrations 
(local and/or regional). The purpose is to inform the population in order to reduce the risk 
and its effects. The freedom of the local public administration is an advantage when it 
comes to developing GIS apps meant to facilitate the efficient management of the risk 
phenomena, including floods. 

4. Discussion 
Since the turn of the century, society has welcomed digital transformation, but this 

technological revolution was not experienced equally. There is a power to being able to 
control data, and improving the capacity to interpret data is a fundamental step towards 
global equality. Even those outside of institutions need the ability to access scientific re-
sults, as well as training in data skills. It will serve as an advantage to society to be able to 
correctly interpret digital resources and be able to contribute to science. 

Flood risk assessment implies, firstly, the use of a national framework methodology 
and then its development depending on the particular, regional and local conditions. In 
contrast to other case studies conducted for the analyzed area [62–67] highlighting the 
intensity and damages caused by the flash flood on 20 June 2006, this case study stands 
out by the methodology it applies. This takes into account the interrelationships between 
the components generating risk, assessing in a much more correct manner the vulnerabil-
ity, the exposure degree and the risk on buildings. The three parameters (water height, 
velocity and shear stress) used in combination and modeled on a high-resolution DSM, 
offer information that corresponds to reality, according to result validation. The utility of 
this model in large-scale land use planning is therefore emphasized. 

The calculation of the shear stress induced by the flash flood on the buildings repre-
sents a live issue, which is very useful in flood hazard and risk assessment studies. The 
value of the result increases by entering, as input data the information on the building 
materials and the nature of the structural frame of the buildings. The study proposes a 
hybrid methodology that enables both the financial assessment of material losses to the 
buildings and the assessment of the life loss occurrence probability. This can be filled in 
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with more detailed information regarding the characteristics of the buildings and the so-
cial dimension of the households. 

The risk assessment was conducted on buildings by taking into account the economic 
value (cost/construction), considering the area corresponding to the building footprint. 
The costs were obtained after analyzing the market study on the real estate found in Bis-
trița-Năsăud County. The exploitation of this document eliminates subjectivity in terms 
of risk assessment, classifying the study in the territorial quantitative risk assessment cat-
egory [94]. 

Improvement in the proposed methodology can be made, in the future, by excluding 
subjectivity from risk assessment to the highest extent possible. Therefore, this will quan-
tify not only the built area as footprint, but the entire built area, including the objects in-
side. The objective risk assessment methods for buildings correspond to one of the five 
principles for climate-proof municipalities and cities: principal no. 4, Promote climate 
safety of buildings [95]. 

The information and awareness policies regarding the effects of such an event, their 
probable impact and the ways to evacuate the population are based either on post-event 
analyses (such as in this case) or on the closest events in terms of manifesting conditions. 
The availability of detailed, graphic (2D, 3D maps, virtual reality) information for the de-
cision-makers and for the population represents an important element. Without this ele-
ment, it is difficult to imagine an efficient risk-awareness campaign nowadays. The initi-
ation of a portal to enable the building level visualization of the flood risk is an added 
value. 

In addition to presenting the buildings with their various risk classes, the portal 
makes the hazard map available to the local public administration and to the population. 
This feature enables the documentation and assessment of possible losses recorded by 
various technical and urban infrastructures, by the agricultural lands, etc. In perspective, 
this feature is intended to be made editable also for the inhabitants. Many local admin-
istrations adopt technical innovations such as websites, while their implementation is 
achieved as a unidirectional source of information for the residents with Internet access 
[22]. 

We consider that some river basins, such as Ilișua, where such water-related events 
took place to such an extent, may be included by the National Institute of Hydrology and 
Water Management on the list of representative or experimental basins (The Experimental 
Hydrology Department). For this purpose, national funds can be accessed by the academic 
institutions, but not exclusively, following the Schöttlbach creek (Switzerland) model [96]. 
In such an area, flood management systems can be tested [97], which can subsequently be 
implemented at the national level. Combinations of UAVs and other categories of sensors 
can also be tested in such a basin [74], or Innovative Tools can be implemented, such as 
GOWARE—Innovative Tool for the Management of the Surface Drinking Water Re-
sources at European Level [98]. The existence of some scenarios based on complex and 
detailed data, some of them captured with UAVs, can be essential tools for flood manage-
ment in DEGs. The scenario method is also suitable for the development of public policies 
[99–101]. 

Although the role of UAVs in remote sensing is widely known, the short time of flood 
occurrence and the lack of UAV resources near the affected areas have restricted the rapid 
response of these systems in emergency rescue. The creation of a UAV remote sensing 
observation network on a regional scale is recommended. The drone ports should be lo-
cated at a maximum 2 h flight distance from the most affected areas, a critical position for 
saving lives and mitigating losses [102]. This infrastructure can also be used for emergency 
response. In periods without such situations, the infrastructure can be used to improve 
the pre-disaster database. 

The results obtained and established in alphanumeric (flood flow, construction costs 
per surface unit) and spatial (DSM, flood band extension, water level, water flow rate, 
orthophoto plan) databases will be used as a basis for new research which we will develop 
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for the studied area, that is, research that will highlight changes in the use of land, the 
associative risk of infrastructure in relation to the inhabited area and losses due to the 
destruction of the infrastructure. 

Future studies in the areas will focus on the flood risk identification in technical and 
urban infrastructures (by assessing the recovery/repair cost), buildings [59], agricultural 
lands [103], etc. These studies will enable the diversification and detailed description of 
the information available on the initiated portal. Subsequently, the responsiveness of the 
local public administration and the population to such graphical forms of data presenta-
tion will be analyzed. 

One of the follow-up directions of the study focuses on the improvement in the social 
vulnerability index (SoVI) [104] by increasing the analysis detailing degree (testing in the 
household). The details can include the identification of families that are more susceptible 
to losses and, therefore, this can lead to the increase in local community assistance [105–
109]. Moreover, the risk maps should set the basis for decision making, by making the 
community aware about them. 

UAVs should be seen as data sampling tools, components of a wider range that in-
cludes TLS (Terrestrial Laser Scanner) [110], sensors within the hydrometric stations, me-
teorological radars, etc. Using as many sampling and processing tools as possible enables 
and the spatial analysis of a basin from several points of view (hydrological, meteorolog-
ical, geomorphological, etc.) [96,111–113]. 

The study directions also come from the shortcomings of the study and from the pos-
sible perspectives. The remaking of the model is performed based on information 
achieved by using the LiDAR on a UAV. The higher quality of the information in vegeta-
tion areas is already proven [114,115], with a detailed modeling of bridges and materials 
carried away during the flash flood [90,116]. 

The development of such models and methodologies favors the implementation at 
the local administration level of some best practice examples in terms of integrated flood 
risk management, especially by using nature-based solutions [117,118]. At the same time, 
these models support participatory efforts. In this general framework, we see so evidently 
the following statement: “capacity building, digital inclusion and open infrastructure are 
needed to enhance participatory citizen science and mapping tools” [119]. The transfer of 
some best practice models implies not only technological changes but also a fundamental 
change in culture and governance [120]. 

This material makes new steps towards satisfying the need for transdisciplinary co-
operation [121]. The following types of collaboration may be accomplished: (a) collabora-
tion for the study of various natural hazards (multi-hazard events) [122], (b) collaboration 
across natural and social sciences and (c) collaboration between scientists and practition-
ers [123]. Administrations are included here, regardless of their level, together with part-
nerships between universities and local communities. 

5. Conclusions 
This study belongs to the category of mandatory interpretative studies for flood-

adapted land use decision making. Such a study highlights areas of low adequacy in terms 
of residential use. This information should document the decisions taken by the local ad-
ministration and by the population at an individual level. 

The proposed methodology can also be implemented in territories where there are 
no available spatial data resulting from measurements at hydrometric stations. The repli-
cability capacity is important. For the small river basins, the measurement points of dis-
charge are missing (except the experimental posts), with direct implications in the calcu-
lation of flash flood hydrograph. This is the reason why the maximum flow was empha-
sized, by using the DSM and the cross-sectional profile obtained based on the UAV plat-
forms with sensors. Thus, some credible working tools were provided for hydraulic mod-
eling. The identification of the flow value for the maximum flash flood, by exploiting the 
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digital surface model and the cross-sectional profile obtained from the DSM, is one of the 
main stages of the current study. 

The integration of the UAV techniques in the risk modeling and assessment process 
is absolutely necessary when the public local administration pursues the pre-event risk 
assessment. The lack of the main spatial databases setting the basis for the flood models 
(DSM, Land use, buildings’ footprint) underlines exactly the need for these accessible and 
increasingly available techniques. The development of the three-dimensional model of the 
relief by photogrammetry or LiDAR generates results with a satisfying accuracy (in our 
case: 4.65 cm/pixel for the DSM and 2.32 cm/pixel for the orthomosaic model). Once these 
databases are compiled, the local public administration can use them in other associated 
risk assessment projects (landslides, soil erosion, etc.), without investing time and gener-
ating additional costs for their purchase. 

It was noticed that there is also a problem in terms of data on the topography of the 
river basin. Filling in this gap in the databases at a national level was possible by the use 
of the UAV techniques in the DSM generation process. The model facilitated the calcula-
tion of the flash flood flow and the generation of the cross-sectional profiles used in hy-
draulic modeling. 

The proposed model pointed out three important problems in risk assessment: water 
height in the profile (for the identification of the possible drowning areas), shear stress 
(for the identification of collateral victims) and cost per construction in order to assess the 
dimensions of the economic losses. While the first two elements enabled hazard analysis, 
which was modeled at the spatial level for the entire study area, the third element is the 
basis for calculating the specific risk depending on the purchasing power or market value 
of the inhabitants in the analyzed area. 
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effects of shear stress and velocity for study area B. 
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