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ABSTRACT. Floods are one of the biggest natural disasters, causing significant
economic and human losses. Regardless of the degree of development of urban or rural
systems, floods account for about a third of all-natural disasters globally. Identifying areas
vulnerable to floods is essential for better management and mitigation of their effects.
The research aims to identify areas vulnerable to floods in the city of Codlea, Brasov
County. Annually, the city records significant floods, one of the determining factors being
its location, near the southern slope of the Persani Mountains. The research proposes the
Flash Flood Potential Index (FFPI) computation by combining GIS techniques with the
Frequency Ration bivariate statistical model. The correlation of various flash-flood
conditioning variables allowed us to compute the FFPI. The methodological approach
could represent an essential tool for local authorities for better flood risk management.
Keywords: Flood, vulnerability, Flash Flood Potential Index, GIS, Codlea.

1. INTRODUCTION

Over the years, most natural disasters have been caused by floods and floods.
Floods represent a hazardous phenomenon as they cannot be predicted in due time.
Thus, the intervention time becomes short. Floods cause significant human and
economic losses worldwide, increasing significantly in the last three decades
(Costache 2019a). Between 1996 and 2015, there were 150,061 victims of floods
(Gashaw and Legesse 2011). The complex interaction between several
meteorological, hydrological, geomorphological, geological, and anthropogenic
factors (Wu and Sidle 1995) produce floods with drastic environmental and socio-
economic consequences (Greg et al. 2003).

Floods are rapid increases in flow that occur in a short period of time in a river
basin (Clar et al. 2013) generated by high-intensity precipitations, by the sudden
melting of snow, or by the sudden release of accumulated water (dam failure).
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The negative impact of floods can be reduced by adopting measures and actions
specific to areas with a high frequency of this phenomenon. These are also the
Intergovernmental Panel's recommendations on Climate Change (IPCC)(Barredo et
al. 2007; Paprotny et al. 2017). The European Floods Directive 2007/60 and
Directive 2008/94 / EC of the European Parliament and the Council, published in the
Official Journal of the European Union, deal with the analysis of European rivers
accordingly, while flood and hazard mapping are done using GIS, hydraulic
modelling or statistics (Kruzdlo and Joseph Ceru n.d.).

A flood's characteristics are determined by the intensity of precipitation, land use,
soil type, vegetation type, topographic characteristics, and initial water level (Sima
and Serban 2015). Depending on the geographical characteristics (soil texture, slope,
land use, rock permeability, etc.), the hydrological response is different.
Meteorological factors remain an essential factor in generating floods. If high-risk
areas are identified, and early warnings are issued, the number of human and
economic losses can be reduced. (Barredo 2007).

In the United States, within the project "The Flood Project in the Western
Region", the FFPI index was developed and tested in several regions. Over the years,
the index has undergone multiple changes. This index can show the probability of
an area to be flooded. Barredo (Popa et al. 2019; Tirnovan et al. 1975; Zaharia et al.
2012), used this method, to map the major flood disasters in Europe between 1950
and 2005.

In Romania, several researchers computed the index to test its accuracy (Diaconu
etal. 2019; Draghici et al. 2017; Hofmann and Schiittrumpf 2019; Pintilii et al. 2017;
Zelenakova et al. 2015)

This study proposes using Flash Flood Potential Index (FFPI) and the frequency
ratio (FR) bivariate statistical model. The paper aims to provide a methodological
approach for testing the FFPI and to validate the results in urban areas. The index
was also tested on river catchments with no hydrotechnical constructions. A
calibrated and validated study for urban areas can help to facilitate the management
of water resources and reduce the negative effects on urban settlements.

2. STUDY AREA

The town of Codlea is located at the foot of Magura Codlei mountain (1294 m
altitude), which is part of the Persani Mountains, Curvature Carpathians. However,
the city is situated on the flat plain with a piedmontese character of the Vulcanita
river (Fig. 1). The total area of Codlea is 12,520 hectares, the built-up area
representing 1,217 hectares. Approximately 50% of the built-up area is located in a
plain area with a flat appearance; 25% of the built-up area is found on the deluvial
slopes that have an accentuated slope of 15-30%. The rest of the urban surface is
located in the northwest at the foot of Magura Codlea Mountain.

From a geological point of view, there is a complex substrate specific to the area
consisting of sedimentary deposits of the Cretaceous flysch, Quaternary deposits,
volcanic formations, but also rock reserves, such construction materials (clays,
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sands, limestones, sandstones, gravel, etc.). The city of Codlea presents a climate
strongly modified by the local physical-geographical conditions, meeting a western-
continental continental climate with oceanic influences and an excessive-continental
climate from the east, is dominated by the atmospheric circulation from the
northwest.

The average multiannual temperature of the locality is + 7.8°C, and the winds are
influenced by the local topography. The average annual number of days with
precipitation is 138 days, and in summer, frequent torrential rains are exceeding the
value of 20 //m”.

The territorial administrative unit is crossed by 7 rivers, Barsa, Vulcanita,
Homorod, Geamana, Popilnica, Crepes and Turcu. Codlea has 3 lakes, Codlea Lake
[-2.7 ha, Codlea Lake II - 4.5 ha, Hamaradia Lake - Dumbravita - 121 ha.
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Fig. 1. Location of the study area.
3. METHODOLOGY AND DATA

In order to compute the proposed models, a selection of flood conditioning
variables was made, which are based on hydrological and geospatial information.
The main 3 stages used in the methodological development are: collection and
processing of geospatial data, computation of the Flash Flood Potential Index (FFPI),
and the validation of results. This study uses 6 flash flood conditioning variables to
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compute the FFPI, which are: slope, plane curvature, profile curvature, slope
appearance, land use and topographic humidity index (TWI).

Most of the factors were made using the Digital Terrain Model (DEM), which
was extracted from the EU-DEM dataset, which is available for download at the
European Environment Agency, with a spatial resolution of 30 m. Slope, appearance
slope, plane curvature, profile curvature and topographic humidity index were
generated from the Digital Elevation Model. The land use was enhanced with the
help of the CORINE Land Cover 2018 data set. With the help of the ArcGIS 10.8
program, all transformations and operations were performed, and the data captured
in vector format were converted to raster format. Including for this data transformed
from vector to raster, a resample was made at a resolution of 30 m, in order to have
a uniformity between the raster data.

The classification of the slope was made in five classes that show us the degree
of slope of the terrain (Table 1 and Figure 2.a.). The appearance of the slope is an
important variable because the orientation of the slope has a great influence on soil
moisture (Figure 3.a.). Thus, the appearance of the slope was classified into five
classes that serve the orientation of the slopes.

The topographic humidity index is a morphometric factor that indicates soil
moisture and shows the tendency of water distribution on the soil (Figure 2.b.). The
variable was classified into five classes between 3.22 and 18.21.

The curvature of the Plan is the variable that shows the areas with a flow of
divergence or convergence, it was classified into five classes between +3.26 and 3.13
(Figure 2.c.). The curvature of the profile indicates the direction of the maximum
slope of the analysis area (Figure 2.d.). This variable was classified into five classes,
ranging from +3.45 to 3.44. The negative values represent the fact that the surface is
convex upwards, the positive ones are concave upwards, and those close to 0
represent the linear surface. Land use was classified into five land use classes, which
were grouped according to their characteristics (Figure 3.b.).

To use the FFPI in detecting areas prone to floods, we used the method called the
frequency ratio (FR). This model is a bivariate statistical method that is used in the
study of large-scale mapping of landslides and floods (Nohani et al. 2019; Samanta
et al. 2018). In the present study we propose to use the FR model to detect and map
areas that are prone to floods and floods in Codlea. The frequency ratio model is
probabilistic, easy to apply and simple to understand, which determines the ratio of
occurrence or non-occurrence of a phenomenon such as floods and floods present in
the study area (Bonham-Carter 2014).

Flood and flood conditioning variables together with areas affected by
torrentiality or the location of historical floods are the basis of the FR method. This
frequency ratio is determined by analyzing the relationship between flood or flood
locations and the factors used and is presented together with the prediction ratio (RP)
in Table 1. The prediction ratio may have high values indicating that the factor is
quite influential. much generating floods, floods or surface leaks. In this case PR was
determined using the spatialization of each variable in the training set and calculated
using equation (eq.1) (Althuwaynee et al. 2014):
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PR _ (SAmax_SAmin) (1)

(SAmax—SAmin) min

where PR represents the prediction ratio for each variable and SA represents the
association between the floodable or torrential locations and the minimum and
maximum spatialization between the variables.

The weights were calculated in Microsoft Excel for each index and were
compared and validated using a pair comparison matrix. Flood or flood conditioning
variables in raster form were reclassified using relative frequency (RF) values
calculated from the following equation (eq.2):

RF = X+ )

Rtot

where RF represents the relative frequency, R, represents the positive ratio, and
R, represents the sum of each positive ratio of a certain factor.

In the ArcGIS we inserted 165 flood points on the entire studied area and we
established the class area for each factor. The number of points and the area of the
classes were calculated as percentages, later with their help we found the positive
ratio (Ratio (+)), dividing the percentages of the number of points by the percentages
of each area of the class for each class. positive for each variable.

The relative frequency is calculated for each variable separately, dividing the
positive ratio by classes to the total sum of the positive ratios, at the end calculating
their total sum which must be equal to 1 (eq.2.). The relative frequency was used to
reclassify the maps in the ArcGIS program, using the Reclassify function. The next
step is to find out the prediction ratio for each variable using the equation (eq.1).
Prediction ratio values were used in the ArcGis program in the Raster Calculator
function to determine the final FFPI map using the following function (eq.3):

FFPI= (3,40 x ST) + (1,23 x Sa) + (1,83 x TWI) + (1,71 x Pc) + (1,04 x Ple) + (1 x Lu) (3)

where S/ is the slope, Sa is the slope aspect, TWI is the topographic humidity
index, Pc is the profile curvature, Plc is the plane curvature, Lu is the land use, and
the numbers represent the prediction ratio values for each variable. (Costache et al.
2019; Zaharia et al. 2017).

4. RESULTS

Considering the data obtained (table 1, Fig. 2-3), we can observe the areas prone
to flooding.

Regarding the slope map, the largest area of the studied area has a slope between
0 - 3.48°, representing 47.79% of the total area. In contrast, the areas where the
highest torrentiality is identified are found. On the highest slopes, between 24.62 -
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46.82°, representing 3.37%. The city of Codlea is located in a meeting area of the
five classes analyzed. Being at the base of the Magura Codlei massif, which has a
high slope (between 24.62 - 46.82°), a significant part of the amount of
precipitation drains quickly on the slope and subsequently stagnates in the area
with a reduced slope.

Table 1. Frequency and prediction ratio and the distribution of the flood locations and
classes of each flash-flood conditioning variable.

Factor Variable Classes No. of | % of Flood Class % of Ratio (+) Prediction
Flood points Area Class Ratio (PR)
Points Area
Slope angle 0-3,48 41 24.84% 94519 47.79% 0.52 3,40
3,49 -8,98 3 1.82% 47305 23.91% 0.08
8,99 -15,78 8 4.86% 30803 15.57% 0.31
15,79 - 24,61 24 14.55% 18512 9.36% 1.55
24,62 - 46,82 89 53.93% 6653 3.37% 16.04
Aspect North; Northeast 71 43.03% 70752 35.77% 1.2 1,23
Northwest; East 51 30.91% 66496 33.62% 0.92
Flat 0 0% 121 0.06% 0
West; Southeast 28 16.97% 40427 20.44% 0.83
South; Southwest 15 9.09% 19996 10.11% 0.9
Land use Broad-leaved forest; Mixed forest 116 70,31% 65039 46.81% 1.56 1
Transitional woodland-shrub 3 1,82% 1507 1.08% 1.68
Non-irrigated arable land; 19
Complex cultivation patterns; 45972
Land principally occupied by 11,51% 33.09% 0.35

agriculture, with significant areas
of natural vegetation

Pastures 18 10,91% 17583 12.66% 0.86

Discontinuous urban fabric; 9 5,45% 8838 6.36% 1.42
Industrial or commercial units;
Mineral extraction sites;
Construction sites; Sport and
leisure facilities; Beaches, dunes,
sands; Water bodies

TWI 3,22-620 92 55.76% | 42056 | 21.26% 2.62 1.82
6,21-7,60 37 22.42% | 58038 | 29.34% 0.76
7,61-9,13 21 1273% | 61836 | 31.26% 0.41
9,14-1129 1 6.67% 26521 | 13.41% 05
11,30 - 1821 4 2.42% 9341 | 4.72% 051

Plan 33,26- 036 5 3.03% 2883 1.44% 21 1,04
c“’(vlflr:)“re 0,37--0,11 19 11.52% 16954 | 8.47% 1.36
20,12-0,03 80 48.48% | 125356 | 62.62% 0.77
0,04 - 0,23 40 2424% | 46378 | 23.17% 1.0
0,24-3,13 21 12.73% 8625 | 431% 2.95

Profil 3,45 - 0,86 2 121% 463 0.23% 524 1,71
c“’(vl‘iz;“re 20,87--0,16 19 11.52% 14788 | 7.39% 1.56
20,17-0,04 93 56.36% | 138492 | 69.18% 0.81
0,05 - 0,39 47 28.48% | 42488 | 21.22% 134
0,40 - 3,44 4 2.42% 3965 1.98% 122
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The aspect shows the orientation of the slopes, which is divided as follows: the
flat areas representing the smallest percentage of the surface, more precisely 0.06%,
the group formed by the North orientations; Northeast, represents the largest
coverage of the total area, more precisely 35.77%, followed closely by the group
formed with Northwest; East of 33.62%, then follows the West category; Southeast
with a percentage of 20.44% of the total, and the last class is represented by the South
group; Southwest occupying the area of 10.11%. These guidelines help us realize the
soil moisture, the release of water from the snow layer, and the areas that dry faster
depending on the sunshine's degree.

The topographic wetness index (TWI) has the highest coverage in the range of
7.61 - 9.13, representing 31.26% of the studied area, and the lowest coverage is in
the range 11.30 - 18.21 by 4.72%. This last interval is also the area with the lowest
humidity degree, being located mainly on slopes or on lands that have a higher slope.
Thus, the slopes generate water drainage to areas with a lower slope and help dry the
slopes much faster than the area with small slopes that retain a more extended period
of time and a more significant amount of water moistening the soil. In Codlea
locality, high values of the topographic humidity index can be observed because
there are large slopes and valleys between them that collect a more considerable
amount of water and transport it to the locality, thus further flooding the area west
of the city.

The plan's curvature has in classification five classes where the highest values are
found on an area of 62.62% of the total area, belonging to the class of +0.12 and
0.03. The negative values indicate the convergence of the area, the positive ones its
divergence, and those close to 0 suggest that we have a linear surface. Thus, for our
study area, the highest values are found in the ranges +0.12 — 0.03 and 0.04 - 0.23,
on an area of 62.62%, respectively 23.17%. The range +3.26 — +0.36 occupies the
entire surface's smallest coverage, more precisely 1.44%. These data can also be seen
in Fig. 2.c.

The most significant convergence areas are easily noticed, occupying a small area
and being located mainly in the Persian valleys. The studied area is primarily
occupied by values that approach the value 0; they indicate a linear surface.

The profile curvature is classified on our area between the values +3.45 -
+0.86 and 0.40 - +3.44. The negative values represent that the surface is
convex, the positive ones are concave, and the ones close to 0 represent the
linear surface. The curvature of the profile has the largest surface, of 69.18%,
which represents the class with values between +0.17 and 0.04, followed by the
interval 0.05 - 0.39, which occupies the surface of 21.22%, and the area with
the lowest percentage of coverage by 0.23%, is represented by the range +3.45
- +0.86. Thus, as in the case of the curvature of the plane, the largest areas are
those close to 0, and the smallest are the negative values, only in the case of
profile curvature, the smallest values are found at the highest altitudes of the
area, they being convex, they do not retain water, and the most extensive are
those with a narrow slope, so they are concave and retain water.
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Land use is the type of use of the area studied by classes grouped according
to shared characteristics. The largest area of the studied area is occupied by the
class that meets the following types of land use: Broad-leaved forest; Mixed
forest. It occupies 46.81% of the total area and is made up of areas occupied by
types of trees.
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As land occupation, the next category is represented by the class of agricultural
areas, which consists of the following classes: Non-irrigated arable land; Complex
cultivation patterns; Land mainly occupied by agriculture, with significant areas of
natural vegetation and occupies an area of 33.09%. The next class occupies the area
of 12.66% and is occupied by Pastures.

The urban space occupies 6.36% and consists of Discontinuous urban fabric;
Industrial or commercial units; Mineral extraction sites; Construction sites; Sport and
leisure facilities; Beaches, dunes, sands; Waterbodies. And the area with the smallest
area is occupied by Transitional woodland-shrub, with a percentage of 1.08%.

Using the geoprocessing and spatial analysis tools available ArcGIS, and based
on the presented indicators, the FFPI map was generated (Fig. 4).

The result classified into five classes, very low, low, medium, high and very high.
The lowest values indicate the areas less prone to flooding, being flat surfaces, while the
highest values indicate the areas susceptible to flooding.

68



25°1655°E 2%'20E 25°2T5E 25'3210°E

Fig. 3. (a.) Aspect, (b.) Land Use

69

g
3
g £
s
s
\‘
\
\
\
b
#1 \
9 \ z
\ =
Legend — 'g
—rr
Aspect [ southeast \
P [ soun P
e
I North [ southwest | \ a
\ L]
West ‘
| 0 orthnss \
511 East [ Northwest \ 0 1\ 2 aKm
2 \ \ | —— t i
2EEE 2%220E %75
26'1655°E 25220 2/275°E 2'210E
T \ — ;
\ \
\ \
= -
gl o1
il \
e \ -E
\ g
|
\
{|Legend |
g E Study area | \ z
Land use \ :] Non-irigated lr“ﬂNo land o e 'g
[ water bodies | [ ndustrial or commercial units
- Broaddeaed lorgs! :] Sportand leisure f\lclllﬂes ‘ /
- Mixed forest \ - Complex cultivation n \
D Secondary pastures -MMM’iiileﬂon il\hl \‘ °
I:] Beaches, GMQQLQMQ"’/- Transitional woodland-shrub \
§- L Discontinuous urban fabric [JIll Construction sites \\ ‘l’ ! ‘: ‘ Km
2| Land upled by , with significant areas of natural vegetation
25°1656°E 26220 2°275E



The very low class overlaps 40.77% of the study area, being the largest of all five
classes. The low risk class occupies 29.87% of the study area. The high-risk class
occupies 18.02% of the study area. The medium-risk class occupies 7.97%. The very
high-risk class occupies 3.37%.

In our study area, the highest values can be observed at the highest altitudes on
the slopes. Thus, their high slope favors the flow of water to the small slopes,
respectively, to the City of Codlea. The high degree of waterproofing of the land
(asphalt roads, concrete ditches) generates a high-water movement speed and a low
infiltration underground.

The Vulcanita River crosses the mountainous area, later reaching to cross the city
through its Eastern part, having an orientation to the North-East. At the time of a flood, the
river's flow increases significantly, being quickly fed from the upper part of the river basin.

The slopes' precipitation flows towards the city, approximately
simultaneously with the maximum flows on the river. The effect is flooding large
areas throughout the city.
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5. DISCUSSION

In the present study, with the help of the FFPI method, we provided a way to
determine floods in hydrologically unmonitored areas, thus covering a dysfunction
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mentioned in numerous studies that aimed to model the risk of flooding (Costache
2019b; Costache et al. 2020; Minea 2013; Popa et al. 2020; Zeng et al. 2016).

The developed methodology allows the understanding of the complexity of
physical-geographical factors that compete for floods' specific manifestation.
Most of the studies carried out so far, which are based on the FFPI method,
analyze a river basin (Feyen et al. 2012), so that through the proposed
methodology we want to show that assessments can be made on smaller areas,
thus solving a major methodological problem, the identification of floodable
regions at the level of the surfaces of some localities.

This methodology's development shows the relevance of open-source data in
flood analysis, thus solving an essential obstacle for researchers (Veijalainen 2012).
The obtained results show a necessity and a priority for developing the
methodologies that analyze the vulnerability to floods and territorial planning.
Current methods of anticipating the effects of floods are difficult to apply to small
geographical areas.

The research shows methodologies that assess areas vulnerable to floods and
changing land use requires new methods and rapid approaches to achieve concrete
and relevant results in urban areas.

6. CONCLUSIONS

The applied methodology allowed identifying areas with a high and very high
risk of floods in the city of Codlea. The proposed methods can be used both for
large or small river basins and for localities, where anthropogenic activity has a
significant impact on the environment, impacting that can generate significant
floods or floods.

The proposed model is a tool that assesses flood risk, especially for areas where
we do not have maps or relevant information to discover susceptibility to such
natural disasters.

By analyzing characteristic factors that directly impact the generation of floods,
we can assess the risk caused by them and build a vital tool for implementing public
policies that contribute to mitigating these types of natural hazards and preventing
human or economic losses.

This model has very high applicability and is easy to achieve, being even
necessary for many areas where land use is continuously changing, and new factors
appear to increase the risk of a flood. The advantage of the presented model is that
it can be achieved at a low cost by an average trained staff, using open-source data
and maximum benefits.
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