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1. INTRODUCTION

The risk associated with extreme hydrological processes (flash floods, floods) is more
present than ever, taking into account the global climatic changes, the expansion of inhabited areas,
and the changes emerging as a result of inadequate land management. Of all the hydrological risks,
slope flash floods represent the processes with the highest impact because of the high speed of their
development and their place of origin, making them difficult to predict. Due to the ever-increasing
mtensity and frequency of slope floods, makes the need to prepare hazard and vulnerability studies
related to them increasingly important.

Floods in general represent a natural hazard that causes significant damage, the effects of
which can be mitigated through integrated flood risk management. Reducing the effects of these
disasters involves the interdisciplinary study of hazards, vulnerability, and risk, respectively
information and awareness of the population (Dimitrie Cantemir University, 2013).

Spatial analysis and digital mapping of hydro-meteorological phenomena cannot be
achieved without modern means such as specialized applications, web resources, field
measurement tools, and remote sensing for land surface investigation. The development of
geographic sciences is based on the arsenal of methods and tools offered by GIS technologies
(Irmus et al., 2005), thus acquiring a complex and indispensable role in the presentation and
description of hydrological processes, such as slope floods.

Through this paper, we propose the development and presentation of spatial analysis
models based on statistical and empirical analysis, in order to identify areas susceptible to flash
floods, by presenting the territorial vulnerability, classified nto five classes, from very low to very
high vulnerability; respectively highlighting the effects that the intensification of land use has on
the surface runoff in the studied hydrographic basins (h.b.).

1.1. MOTIVATION FOR THE SELECTION OF THE RESEARCH TOPIC

Throughout my profession as a hydrologist in the field of water management within the
Somes-Tisa Water Brach, I had the opportunity to meet and face the dangerous meteorological
phenomena that lead to the occurrence and development of hydrological events with the risk of

flooding, respectively of flash floods. Experiencing these events and knowing the existing



deficiencies in flood prevention and protection measures, I identified the necessity to develop
effective studies to support the identification of areas vulnerable to flash floods and implicitly in

the management of emergency situations.

1.2. RESEARCH OBJECTIVES

As it appears from the title, the main objective of the research theme is the digital mapping
of areas vulnerable to flash floods, within the torrential hydrographic basins of the Oas-Gutai-
Tibles Mountain group.

In the process of achieving the proposed object, a series of complementary objectives were
fulfiled by mplementing several spatial analysis methodologies, statistical analysis methods,
respectively hydrological modeling, with the aim to highlight the role and importance of the degree
of accuracy of the databases used, both numerical and spatial ones, concretized and validated by
developing case studies:

» carrying out a comparative analysis on the amounts of precipitation recorded at
meteorological stations in the area of the Somes-Tisa hydrographic basin, with those
observed by meteorological radars;

= the presentation of the GIS methodology for correcting the amounts of rainfall estimated
by radar, based on in situ measurements, in order to spatialize the rainfall in the area of the
Tibles and Rodnei Mountains;

= performing statistical analysis in order to determine the frequency and intensity of flash
floods in the Valea Rea River basin;

= carrying out a study with the aim to analyze the influence of changes in vegetation cover
over time, on surface runoff;

= the achievement of a GIS methodology based on the WofE bivariate statistical analysis
model, in order to create the flood susceptibility map, in the Valea Rea River basin;

= physical validation of the results obtained with the GIS model, based on the hydrological
modeling of a flash flood produced inside the upper hydrographic basin of the Valea Rea

River.



2. ELEMENTS OF GEOGRAPHICAL LOCATION OF THE STUDY AREA

The study area of the doctoral thesis is located in the Maramures Carpathians, part of the
Northern Group of the Eastern Carpathians, being delimited by the Oas-Gutai-Tibles group of
volcanic mountains, developed during the Neogene volcanic manifestations, respectively by the
Rodnei Mountains. In order to study the slope floods, two distinct hydrographic basins were
selected, developed on the southern slope of the mentioned mountains, these being: the Valea Rea

hydrographic basin and the Tibles-Runc-Salauta hydrographic basin (Figure I).
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Figure 1. Geographical location of the study area

When selecting these hydrographic basins, the following criteria were taken into
consideration: the surface of the hydrographic sub-basins should not be greater than 100 km?; the
frequency of flash floods in the last decade; the existence of the monitoring network, of an
automatic hydrometric station for recording level increases; availability of hydro-meteorological
data and their accuracy; the existence of human settlements; the complexity of the physical-

geographical factors, the observation of several relief steps.



3. THE STATE OF KNOWLEDGE OF THE RESEARCH TOPIC AT THE
NATIONAL AND INTERNATIONAL LEVEL. CURRENT INVESTIGATION
METHODS AND TECHNIQUES

In this chapter are presented GIS methods and techniques used both nationally and
mternationally to calculate and improve parameters representing the nput data in hydrological
models for simulating flash floods, the spatial analysis methods for identifying territorial
vulnerability classes, respectively stochastics models specific to the representation of the
hydrological series, in order to determine the probability of occurrence of the maximum discharge
generating floods, respectively to determine their frequency and intensity.

Therefore, all the general aspects related to the work methods and methodologies used in the
acquisition, processing, and analysis of cartographic, numerical, and geospatial data were
presented, respectively in order to interpret the results obtained in different stages of work, through
direct application to case studies, methods and methodologies such as:
= spatial estimation of precipitation:
- precipitation estimation with meteorological radars
- types of synoptic situations generating instability
- spatial interpolation methods
- techniques for combining different sources of precipitation
= digital mapping of areas vulnerable to flash floods
- assessment and mapping of vulnerability to flash floods based on the FFPI index
- analysis of the effects of land use change on surface runoff using the SCS-CN
method
* modeling of flash floods and analysis of their frequency of occurrence
- the classic methodology for calculating the maximum runoff

- types of hydrological models

The optimal methods chosen in order to run the case studies were those that confirmed and
offered the best results in the numerous works studied and developed both at the national and

mternational levels.



4. SPATIAL ANALYSIS MODELS IMPLEMENTED FOR THE
IDENTIFICATION OF PRECIPITATION GENERATING MAXIMUM
DISCHARGE

The rainfall forecast is one of the most difficult, but also the most important activity for
meteorology and hydrology. Although classical rain gauges provide accurate rainfall amount data
the interpolation of them is difficult, especially because of the high spatial and temporal variability.
On the other hand, a high-resolution type of information is highly required in hydrological
modeling for discharge calculations in small catchments. This problem is partially solved by
meteorological radars, which provide precipitation data with high spatial and temporal
distributions.

The territory of Romania is currently monitored by seven Doppler meteorological radars,
administrated by the National Meteorological Administration (ANM): five S-band WSR-98D
units, two C-band EEC-2500C, and one Gematronk METEOR 500C.

The Ignis METEOR 500C hydrometeorological radar, located north of Baia Mare, is
mtegrated with the 7 operational weather radars (Figure 2).

e e
210000 410000 510000
1 i

Legend

i § Romanian border E Tibles-Salauta H.8. Altitude (m)

Romanian radars |:| Somes-Tisa H.B. e Hight: 2242 =
g4 |:|R“ iRt _— 0 40 80 160 Km |8
g adars range D alea Rea H.B. - g

210000 410' WWWWW Il] 100 00
—

Figure 2. The National Radar Network, with a range set at 150 km



4.1. DETERMINATION OF THE PRECIPITATION POTENTIAL OF CLOUD FORMS
BASED ON RADAR IMAGES

The success in choosing the optimal methods of interpolation, respectively of combining
precipitation sources regarding their spatial distribution, consists in identifying and analyzing the
development of synoptic situations. The present study considers the comparative analysis of the
amounts of precipitation estimated by the meteorological radars WSR-98D Oradea and WSR-98D
Bobohalma and those recorded at the meteorological stations/rain gauges in August 2020, with the
aim of identifying the factors that lead to the presence of major differences in the precipitation
field. The study areaincludes North-West Romania, implicitly the entire Somes-Tisa hydrographic

basin.

4.1.1. Methodology and databases

For the development of the study, data on the amount of rainfall in 24 hours were used. The
meteorological stations taken into analysis, in number of 15, are located in different relief
conditions. Radar data were collected from the WSR (Doppler Weather Radar S-band) database,
from the Oradea (RDOD) radar, located in Bihor County, and Bobohalma (RDBB) radar, located
n Mures County.

In order to carry out the case studies, we proceeded to identify the days with precipitation
for 24 hours in August 2020. Out of the 31 days of August, 14 cases with precipitation were
highlighted, these days being the following: 4-5, 7-8, 9-11, 15-16, 17-19, and 23-25.

For the analysis of synoptic conditions generating instability, a statistical calculation was
carried out regarding the types of synoptic situations generating instability. This classification was
made by consulting the http://www.wetter3.de/Archiv/, and http://www.esrl.noaa.gov archives,
being consulted the synoptic maps regarding the distribution field of the geopotential height at 500

hPalevel (goddam) and the distribution of the surface pressure level and associated frontal systems.

4.1.2. Results
The convective and pre-frontal synoptic conditions highlighted that both WSR-98D Oradea
and Bobohalma are in correlation with the registered water amounts but with abnormalities

between different areas.


http://www.esrl.noaa.gov/

Both the WSR-98D and RDBB radars provide good estimates of precipitation in the
Apuseni Mountains region, for the western part of Clyy and Silaj Counties, areas located
approximately at equal distance from the two radars, between 50-150 km. On the other hand, for
the eastern, more remote part of the studied area (eastern Maramures County and northeastern
Bistrita-Nasaud County), located at distances of 150-200 km, RDOD underestimates rainfall
amounts, moreover omits their observation. On the contrary, RDBB has a more precise
approximation for the entire study area, including for more remote areas, located at distances

between 150-200 km, such as eastern Satu Mare County and Maramures County.

4.2. CORRECTION OF RADAR-ESTIMATED PRECIPITATION AMOUNTS BASED
ON IN SITU MEASUREMENTS FOR PRECIPITATION SPATIALISATION

The purpose of this study was to validate a conditional merging technique of two different
sets of precipitation, applied to 15 rainfall events that occurred on the southern slope of the Tibles
and Rodnei Mountains, in Tibles-Runc-Salduta h.b. A GIS methodology, based on geostatistical
and spatial analysis tools was used to extract the optimal information content from the observed

radar and to analyze and process them (Kocsis et al., 2022).

4.2.1. Methodology and databases

In order to combine radar and rain gauge rainfall data using the conditional merging
technique (CMT) in our study areathe collected data were processed through many methodological
steps (Figure 3).

From a methodological point of view, the research approach is based on two main stages
that define a model for the integrated analysis of singular components in order to obtain the results
materialized in databases useful in the flash flood modeling process. The proposed methodology
involves the acquisition of databases that substantiate the model of spatial analysis through two

distinct and different techniques: direct acquisition (24 h precipitation measured at rain gauges)



and indirect acquisition based on spatial analysis supported by the integration of remote sensing

images (24 h radar rainfall intensity).
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Figure 2. The scheme of the methodological workflow

The indirect acquisition of the databases within the proposed model is materialized in a
submodel of spatial analysis that is validated through the databases acquired directly.

To confirm and validate the CMT of precipitation data, 15 rainfall events were selected and
analyzed. The event occurred in the period of 2015-2018, from the second half of May until mid-
September, in the middle sector of the Somesul Mare river basin.

Two main datasets were used in this study: 24 h precipitation measurements from 8 rain
gauges from the ,,Romanian Waters” National Administration, Somes-Tisa Water Branch network,
and 24 h rainfall ntensity observations from WSR98-RDBB Bobohalma radar.

The spatial analysis stage focuses on the interpolation technique as the main method of
spatializing the information provided by the input databases, which refer to the pointwise
precipitation acquired, and those acquired by analyzing radar images. The interpolation of discrete
precipitation values was performed using two statistical methods based on Kriging and Cokriging
because, in the process of spatial analysis, the altitudes were used as a basis for precipitation

variation (Kocsis etal., 2022).
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The kriging family includes several interpolation methods, of which three were used in our
study: simple, ordinary kriging, and cokriging.

Accordingly, radar information can be used to correct the interpolation of the rain gauges.
The result is an estimated merged rainfall field, which preserves the radar spatial structure being
conditioned at the same time using rain gauge data (Sinclair and Pegram, 2005).

The validation step was performed based on statistical analysis using three validation

metrics: mean bias error (MBE), mean absolute error (MAE), and root mean square error (RMSE).

4.2.2. Results

The main database that substantiated the proposed GIS spatial analysis models is
represented by radar images obtained in analog format, images that required detailed processing of
the information presented, in order to obtain a database structure with high accuracy for inclusion

within the proposed research methodology (Figura 4).

Figure 4. 24 h rain intensity radar image (left), and radar image reproduced in ArcMap (right), an event
from 13 June 2018

Obtaining databases in raster format representing the averages of the observed precipitation
is outlined in the mitial results with a major impact within the proposed models, results obtained
based on the spatial analysis of the vector structures, and the raster—vector overlay. For the
spatialization of daily precipitation over 24 hours, both measured and observed by radar, we used

Kriging methods, therefore simple kriging, ordinary kriging, and cokriging techniques.
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The event that occurred on 13 June 2018, was selected to detail the merging process. The
24 hours accumulated rainfall estimated by the radar and interpolated from the rain gauge
observations are shown in Figures 5.a. and 5.b. Comparing the two images, the higher spatial
resolution of the radar-derived data is obvious, the precipitation distribution being much more
representative of the studied event. We noticed that the area with higher rainfall values partially
covered the rain gauge locations on the western extremity of the area. The radar field showed a
more reliable rain distribution. In this case, the rain estimated by the radar was higher than that

observed by the rain gauges.

Figure 5. Conditional merging process: (a) Rainfall estimated by radar; (b) Rainfall measured by
rain gauges and kriged at the resolution of the radar pixel; (c¢) Rainfall estimated by the radar at

the rain gauge locations and kriged; (d) Final rainfall field estimated by the conditional merging
technique.

Figure 5.c. shows the interpolated rain field estimated by the radar at the rain gauge
locations. Upon comparing this picture with Figure 5.b., the same structure may be observed, but
with higher values. The final product obtained by the conditional merging technique is presented
in Figure 5.d.
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The MBE was negative in all cases,indicating that the rainfall model tended to overestimate
precipitation at rain gauge locations. The lowest bias error (-2.225 mm) was associated with the
rainfall event from June 16, 2016, indicating that the precipitation of this event was the most
overestimated by the model among the other analyzed rainfall events. In agreement with the MBE
value, the MAE (2.225 mm) and RMSE (4.188 mm) also indicated that the model is less accurate
for the rainfall event on June 16, 2016. Based on the low MAE and RMSE, the model performs
best in the case of rainfall events on June 3, 2018, and May 26, 2017 (both have frontal system
origins).

The final high-resolution merged rainfall estimate map obtained for the 15 studied rainfall
events offers a real spatial distribution of precipitation over an analyzed catchment (Figure 6). It
can be observed that the highest amounts of precipitation in the case of some events are discharged
in the same location, or close to the rain gauges.

In the case of frontal systems rainfall events, the weather radar represents difficulties in
terms of correctly estimating the precipitation values at the rain gauge points location. Although
the radar detects areas with a significant load of precipitation, it tends to slightly overestimate the
values compared to the measured quantities. On the other hand, in the case of convective cells
rainfall events, the weather radar tends to slightly underestimate the values compared to the
measured precipitation at the rain gauge points location.

Overall, we notice that the model performed very well in 11 out of 15 rainfall events
(approximately 78%), with MAE under 0.4 mm and RMSE under 0.7 mm. The model accuracy
was lower in the case of three rainfall events (20%), namely those on 7 June 2018, 6 September
2015, and 22 June 20Thetive cells), and the lowest for the 16 June 2016 event.

The validation of the model is highlighted mainly by a large number of cases compared to
the total analyzed cases in which the model performed very well and at the same time by the higher
validation percentage of about 78%, a percentage that places the model in the top quantum in terms
of percentage validation. The presented model is validated and can be applied on surfaces with the
same environmental characteristics in the conditions in which the precipitation core has a high

precision and spatial accuracy compared to the analysis surface.
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Figure 6. Merged rainfall estimates for the studied events

14




4.3. FREQUENCY AND INTENSITY ANALY SIS OF FLASH FLOODS

4.3.1. Results

In order to carry out the frequency analysis regarding the determination of the maximum
probable discharge, generating flash floods, a number of 48 records were selected, representing the
maximum discharge of flash floods, that occurred in a period of 39 years, between 1970 - 2008, at
Huta Certeze h.s., from the upper part of the Valea Rea river basin (Table 1).

Table 1. The maximum discharge of flash floods recorded at Huta Certeze h.s.

Q mc/s Date Q mc/s Date
89.6 12/05/1970 16.6 29/03/2000
47.2 12/06/1974 22 06/04/2000
48.2 12/12/1979 13 06/02/2001
30.2 21/07/1980 28.4 04/03/2001
33.4 22/07/1980 12.5 18/06/2001
28.8 14/10/1980 4.81 04/07/2001
13.1 10/03/1981 16.5 18/09/2001
26.7 12/03/1981 17.2 14/11/2001
26.7 12/12/1981 13.8 30/12/2001
13.5 02/01/1982 4.1 28/01/2002
18.9 28/06/1982 6.47 01/02/2002
55.9 20/12/1993 18.6 10/02/2002
31.4 19/10/1996 28.6 03/03/2002
18.9 21/12/1996 5.63 26/10/2002
25.2 29/10/1998 10.6 29/12/2002
33.5 30/10/1998 21.1 31/12/2002
23.3 04/11/1998 18.1 25/03/2004
9.15 12/01/1999 12.8 20/04/2005
13.7 07/03/1999 24.8 21/04/2005
5.17 10/03/1999 15 28/04/2005
15.2 12/03/1999 15 09/08/2005
12.5 19/04/1999 36.6 25/08/2005
15.4 09/02/2000 19.5 29/04/2006
15.4 09/03/2000 12.8 13/04/2008

The frequency analysis on the data set regarding the determination of the discharges

corresponding to the exceedance probabilities of 0.1%, 0.5%, 1%, 2%, 5%, and 10% was carried

15



out with the HyfranPlus program; being designed to calculate the exceedance and non-exceedance
probabilities of some events, based on the statistical analysis of long strings of databases (Bilasco
& Horvath, 2016).

The calculation of the return period and the probability analysis were performed by
selecting the Pearson type 3 function (Figure 7), a function used with good results both

mternationally (Cooper, 2005), and for the territory of Romania (Bilagco, 2009).
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Figure 7. Graphic representation of flood discharges from Huta Certeze h.s., with Pearson Type 3 function

¢ On August 1, 2019, at Huta Certeze h.s. following a prefrontal convective rain, 132.5 /m?
were recorded, generating a flash flood, with a peak discharge of 46.6 m3/s. Thus, in order to
validate the results of analyzing the frequency of flash floods, we introduced the intermediate
probability of 11 years, representing the years between the final date of the data set and the year of
occurrence of the flood mentioned above. Thus, the probable discharge result with a return period
of 11 years is 45.8 m’/s, with a non-exceeding probability of 0.909 which falls within the
confidence mterval, 95% confidence level, in the range of 36.0 — 55.5 (Table 2).

Table 1. Results obtained after applying the frequency analysis function (Pearson Type 3)

NI Time (T) Probability of Probable discharge Standard Confidence
years non-exceeding (q) value (Q) mc/s deviation interval 95%
1 1000 0.999 105 14.7 76.2-134
2 200 0.995 84.4 11.1 62.5-106
3 100 0.990 75.4 9.63 56.5-94.3
4 50 0.980 66.3 8.15 50.3-82.2
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5 20 0.950 54.0 6.21 41.8-66.2
6 11 0.909 45.8 4.98 36.0-55.5
7 10 0.900 44.4 4.79 35.1-53.8

5. GIS MODEL FOR DIGITAL MAPPING OF THE AREAS VULNERABLE TO
FLASH FLOODS

By using GIS methodologies, which involve the integration of spatial databases, the arecas
vulnerable to flash floods were mapped, respectively with the SCS-CN method were highlighted
the effects that the intensification of land use has on surface runoff within the studied hydrographic

basins.

5.1. REALIZATION THE FLOOD SUSCEPTIBILITY MAP, BY APPLYING THE

WofE BIVARIATE STATISTICAL ANALYSIS MODEL. APPLICATION IN THE
VALEA REA HYDROGRAPHIC BASIN

In order to create the flood susceptibility map, the Valea Rea hydrographic basin was
selected, as being an area susceptible to the occurrence of flash floods, because it is exposed to the
western circulation, which favours the development of such processes. The entire research is based
on a methodology mnvolving the integration of spatial databases, which indicate the vulnerability
of the territory in the form of a weighted average equation to highlight the major impact of the most

relevant factor (Kocsis et al., 2022).

5.1.1. Methodology and databases

The high complexity of the spatial analysis model presented in this research supposes the
approach of a methodology that allows for the management of spatial and alphanumeric databases
in such a way as to highlight the local and general specificity of each database which makes up the
final model (Kocsis etal., 2022). The analysis of each component and their integration in the form
of spatial analysis equations based on mathematical equations and weighted averages finalises the
model and allows the spatial identification of areas that have different types of vulnerabilities to

flash floods.
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The proposed methodology is structured into four main stages, starting from the database
acquisition, then the performance of the detailed spatial analysis, the presentation of the final
results, and the validation of the results for the proposed model in order to be scientifically applied

in practice (Figure 8).
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Figure 83. Flowchart of the methodology

The high complexity of the spatial databases which make up the proposed model determines
the identification of two distinctive substages, embodied in one substage of spatial analysis, and
the other substage integrates a distinctive spatial analysis submodel to spatialise the multiannual
average amount of precipitation.

The spatial analysis submodel proposed for the spatialisation of the average amount of
precipitation according to altitude is based on the statistical spatial analysis implemented according
to spatial analysis equations obtained as a result of the identification of the regression line and its

equation. Therefore, the following equation has been used for the entire study area (1):

Y=a+b In(x) (1)
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where: a =-148.377; b=190.707; x = altitude

The equation was obtained by implementing the precipitation and altitude values for a number of
nine stations unevenly distributed across the study area and its immediate vicinity, using
Curveexpert software. A correlation coefficient of 0.980 was obtained, providing a 95% confidence
coefficient.

The spatial analysis stage is the main and fundamental stage for finalising the proposed
model to identify vulnerable areas. The development of the main stage of spatial analysis is based
on the implementation of two spatial analysis submodels that are different in terms of the manner
of implementation. They are developed according to spatial analysis equations derived from
different equations in terms of structuring manner, as one model is based on a bivariate statistical
equation and the other model is based on a deterministic equation that integrates the spatial
databases resulting from the implementation of the first model.

The model based on statistical analysis is centred on the bivariate equation WofE (2) and
allows the analysis of the basic components of the model to identify the behaviour of eachanalysed
factor concerning the statistical answer to flash flood occurrence.

(Index = log[(Si/Ni)/(S/N)]) (2)
where:

e Index = the statistical value of the interval within the analysed factor
e Si=the area (sq km) with torrents on an interval of the analysed factor
e Ni = the total area covered by the analysed factor (sq km)

e S =the total area with torrents within the entire study area (sq km)

The finalisation of the spatial analysis submodel involves several main substages that are
highly correlated to each other and converge to the acquisition of numeric databases which are
mtegrated mnto a statistical formula, highlighting the statistical behaviour of each interval of the
analysed factor.

One main stage is represented by the uniformisation of the types of databases that enter the
spatial analysis model. The resolution of the raster databases acquired as a result of conversion is
three, which is equal to the one of the spatial databases derived from DEM.

The second stage of the submodel is represented by the spatial integration of the analysed

factors with the areas covered by torrents in order to extract numerical values for areas, to be
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introduced in the statistical equation for computing. This stage has in its centre the overlay vector—
raster analysis, integrating, on one hand, the vector databases representing the spatial extension of
the torrents, and on the other hand, the raster databases representing eachfactor classified according
to its susceptibility to flash floods.

The second main submodel of the spatial analysis stage proposes the integration of all the
factors unitarily analysed within the statistical submodel based on the WofE equation according to
a deterministic spatial analysis equation of the weighted average type.

The integration of the two submodels in the spatial analysis stage is made according to the
reclassification method, the main purpose of which is the acquisition of digital data in a raster
format to highlight spatially the numeric values of every factor and its degree of susceptibility to
flash floods and to allow their integration based on the deterministic equation. The deterministic

equation (3) was implemented in the GIS environment in the following form:

("BSA_SPLtif" *2) + ("BSA_LS.tif" *8) + ("BSA_PP.tif" *7) + ("BSA_DepFrag ha.tif" *8) +
("BSA_TPIndex3.tif" * 5) + ("BSA_DEM.tif" * 2) + ("BSA_Convergente Index.tif" * 7) +
("BSA_Profile_curv.tif” * 8) + ("BSA Aspecttif” * 3) + ("BSA Slope.tif” * 15) +
("BSA_HSG cor.tif" * 10) + ("BSA_Lithology cor.tif” * 2) + ("BSA_CLC.tif" * 10) +
("BSA_SOL Tip.tif" *5) + ("BSA_TWILtif" *8)/15 (3)

where:

e "BSA SPI.tif"...= analysed factor
e 2...= percentage weighting the factor

e +/* = mathematical identifiers

The specific weight of each factor was established according to the importance and influence of

the factor within the general process related to the emergence and development of flash floods.

5.1.2. Results

The territorial specificity from the point of view of the FFPI is given by the statistically-
based integrated analysis of a number of 15 factors that best highlight the territorial development
of the analysed process (Table 3, 4, Figures 9, 10, 11, 12).
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Table 3. Flash flood predictor variables classes with their WofE results (Kocsis et al., 2022)

l:f:ﬂ‘:;;’:: Class Pp(%) | Pt(%) | WofE mA)I
145 - 300 42.6 82.3 0.29
300 - 450 24.5 15.2 -0.21
Elevation 450 - 650 17.9 2.4 -0.87 2
650 - 850 10.2 0.2 -1.80
850 - 1239 4.7 0.0 -
0-3 22.0 17.2 -0.11
3.1-7 19.8 34.1 0.24
Slope angle 7.1-15 32.6 35.6 0.04 15
15.1-25 17.1 10.5 -0.21
>25 8.5 2.6 -0.51
Flat/Southwest 17.0 9.4 -0.26
South 13.0 10.7 -0.09
Aspect Southeast/West 28.7 26.4 -0.04 3
East/Nortwest 24.1 24.3 0.00
North/Northeast 17.3 29.3 0.23
Convex-209 -0 50.6 33.9 -0.17
Profile curvature Flat 0 - 1.92 47.2 55.6 0.07 8
Concave 1.92- 199 22 10.5 0.69
0-2 27.5 22.0 -0.10
Depth of 2-4 35.1 52.7 0.18
fragmentation 4-8 20.3 17.9 -0.05 8
8-16 11.8 6.4 -0.26
16-110 5.3 1.0 -0.73
(-13.8) - (-11.3) 5.6 44 -0.10
(-11.2) - (-4.33) 22.0 17.0 -0.11
SPI (-4.32) - (-2.55) 393 385 -0.01 2
-2.54 -0.52 31.1 314 0.00
0.53-114 2.1 8.7 0.62
0-2.49 6.6 4.7 -0.14
2.50-6.04 25.8 19.5 -0.12
TWI 6.05-8.06 44.1 40.5 -0.04 8
8.07-11.6 21.3 26.7 0.10
11.7-30.2 2.2 8.5 0.59
0-2 67.1 62.5 -0.03
2-6 23.1 20.4 -0.06
L-S Factor 6-10 5.9 6.4 0.04 8
10-50 3.7 10.3 0.45
50-190 0.1 0.3 0.41
TPI (-35.3) - (-7.10) 3.5 18.3 0.73 5
(-7.09) - (-2.1) 16.5 52.5 0.50




(-2.09) - 1.66 573 28.8 -0.30
1.67- 6.98 18.6 0.4 -1.68

6.99 -44.5 42 0.0 -
Pp (%) - percentageofclass pixels; Pt (%) - percentage oftorrential pixels;, WAI - Weighted Average Integration
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Figure 9. Valea Rea catchment basin. a) elevation, b) slope angle, c) aspect,

d) profile curvature.
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Figure 11. Valea Rea catchment basin: a) TPI, b) convergence index, c) precipitation, d) land use
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Table 4. Flash flood predictor variables classes with their Wof E results (Kocsis et al., 2022)

Predictors Variables Class Pp(%)| Pt(%) WofE ‘(Y/?)I
0.1-99 53.3 31.9 -0.22
(-0.9) -0 26.6 19.0 -0.15
Convergence Index (-1.9) - (-1) 8.3 11.0 0.13 7
(-2.9) - (-2) 3.8 7.3 0.28
(-99) - (-3) 7.9 30.8 0.59
800-850 14.3 21.2 0.17
850-950 32.0 65.8 0.31
Precipitation 950-1000 13.6 7.6 -0.25 7
1000-1050 13.1 3.8 -0.54
1050-1209 27.1 1.5 -1.25
Discontinuous urban fabric 5.7 4.8 -0.12
Non-irrigated arable land 8.0 0.0 -
Fruit trees and berry plantations 13.6 26.7 0.25
Pastures 14.7 19.6 0.08
Complex cultivation patterns 7.2 9.2 0.06
L;«lnd prir}cipally occupied by agﬁcultqe, 36 9.0 035
Land use with significant areas ofnatural vegetation 10
Broad-leaved forest 35.8 29.2 -0.13
Coniferous forest 0.3 0.0 -
Mixed forest 1.3 0.0 -
Natural grasslands 93 1.6 -0.82
Transitional woodland-shrub 0.5 0.0 -
Sparsely vegetated areas 0.1 0.0 -
Amphibole andesites 0.1 0.0 -
Basaltic andesites 36.2 20.1 -0.17
Quartzandesites 5.8 2.6 -0.35
Pyroclastic rocks 43 44 0.01
Argillaceous marls/marlstones, sand, gravel 23.6 32.6 0.14
Lithology Andesites 0.6 1.2 0.27 2
Alluvial deposites, proluvium 32 14.8 0.67
Porphyry granodiorites 0.6 0.9 0.19
Diluvium 11.1 0.1 -2.10
Gravel, sand, and argillaceous sand 13.4 19.2 0.16
Porphyry diorite 1.0 4.1 0.59
Acid brown soils 22.4 7.1 -0.50
Brown luvic (podzolic) soils 21.8 423 0.29
Clayish brown luvisols 15.0 229 0.18
Soil type . Lithosols . 34 2.6 -0.12 5
Albeluvisols (podzoluvisols) 18.5 23.1 0.10
Eu-mesobasic brownsoils 9.2 2.0 -0.70
Andosols 9.7 0.0 -
Alluvialsoils 0.0 0.0 -
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Pp (%) - percentage of class pixels; Pt (%) - percentage oftorrentialpixels;, WAI - Weighted Average Integration
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Figure 12. Valea Rea catchment basin: a) lithology, b) soil type, c) HSG

FFPIwote Distribution in the Valea Rea River Catchment

The integration of the unitary analysed factors for the acquisition of the final databases,
representative for the analysed territory from the FFPI perspective, has been carried out according
to the “weighted average overlay” method. The result was a spatial database, classified into five
classes (from very low to very high), representing the territorial vulnerability i terms of FFPI
(Figura 13).

Analysing the results obtained as a consequence of the implementation of the spatial
analysis model on three vulnerability classes: low (low and very low vulnerability), medium
(spatially covering the transition area), and high (high and very high vulnerability), the high
vulnerability of the study area in terms of FFPI is clearly emphasised because this class spatially

covers approximately 43% of the analysed study area.
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At the level of the territory, there is a major impact due to the fact that the entire class of high
vulnerability covers the built-up areas of the villages within the analysed region and is also manifest
in the areas with the highest density of residential households and their associated infrastructure.
The validation of the spatial analysis model was performed by directly comparing the
obtained results with places where flash floods occurred, randomly identified in the study area.
Therefore for validation, two sites have been selected in order to cover as much of the analysed

area as possible.
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Figure 13. Valea Rea catchment basin: FFPlyqr distribution, a) validation area 1, b) validation area 2.

5.2. LAND USE AND ITS IMPORTANCE IN FLOOD ESTIMATION MODELS.
APPLICATION IN THE TIBLES-RUNC-SALAUTA HYDROGRAPHIC BASIN

5.2.1. Methodology and databases

The study carried out on the neighbouring Tibles, Runc and Sdlauta watersheds aims to
mvestigate the land use/land cover changes over time, and their impact on surface runoff, based on

the SCS-CN method in the GIS environment. For this purpose, the study uses the Corine Land
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Cover (CLC) databases from the years 2000, 2006 and 2012, respectively the GIS extension
ArcHydro for the watersheds delineation and the analysis of the study area. Changes in the field
are analyzed comparatively both at a relatively short level in terms of duration and a long level
(taking into account the changes produced during the whole time period), to observe whether or
not their rate intensifies with the passage of time.

A second analysis refers to the contribution of each type of use according to different
scenarios of antecedent moisture condition (AMC), to the same rainfall event, taking into account
both the total runoff volume at the catchment closure points and its spatial distribution at the pixel
level and usage category.

In a later step, the CN Index was adjusted according to different scenarios of antecedent

soil moisture conditions.

5.2.2. Results

As regards the land use structure between 2000 and 2012, the watersheds share the same
pattern of land use change. There was a loss in forest cover and pastures due to agricultural
expansion.

Overall, the highest changes occurred between 2000 and 2006 with the conversion of forest
land to agricultural use (occupying 6,8% and 4,4% more of the total areas of Tibles and Salauta,
respectively).

Therefore, considering the entire study area, the base year of 2000 and the micro-scale
classification of land uses, the complex cultivation, orchard, natural grassland, moor, and heathland
areas experienced the most notable changes that took place during the first seven years of the
studied period. The natural grassland areas had nearly doubled in size, leading to the disappearance
of moors and heathlands, and the complex cultivation areas have increased by over 50%. The
orchards had the highest increase in area, although in 2000 they occupied just 1 km? of the total
Tibles river catchment area.

As mentioned above, the SCS-CN method wasused for surface runoff simulation, the other
key factors being considered constant, in order to accurately evaluate the land use-runoff
relationship. The method was implemented in a GIS environment and the spatial statistics and

analysis functions were used to compute the values. Considering the maximum runoff volume per
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pixel, the results revealed no significant difference between the time periods under the same AMC
scenario. (Table 5).
Table 5. Estimated runoff volumes at cell (pixel) level

Runoff volume (m*/cell)
Watersheds cﬂ% 2000 2006 2012

Min. Med. | Max Min. Med. | Max Min. Med. | Max
AMC1 | 0.000 1.52 13.8 0.000 1.70 13.8 0.000 1.71 13.8
TIBLES AMC2 | 0.040 4.63 18.8 0.040 4.87 18.8 0.110 4.90 18.8
AMC3 | 207 8.74 232 2.06 8.96 232 2.60 8.99 23.1
AMC1 | 0.000 1.80 8.50 0.000 1.90 8.50 0.000 2.0 8.60
RUNC AMC2 | 0.000 5.30 14.7 0.000 5.40 14.7 1.00 5.50 14.9
AMC3 | 2.00 9.60 18.9 2.00 9.70 18.9 4.00 9.80 19.1
AMC1 | 0.000 | 0.800 11.2 0.000 | 0.900 11.2 0.000 | 0.900 12.0
SALAUTA | AMC2 | 0.000 3.30 15.5 0.000 3.40 15.5 0.000 3.40 16.6
AMC3 | 0.100 6.80 17.9 0.100 6.90 17.9 0.100 6.90 19.0

Based on the spatial distribution of the runoff volumes, regardless of the antecedent
moisture conditions, the largest changes can be observed in the middle and downstream catchments
of the main rivers where agricultural activities are the most intense and the few forested areas
existent here, actually shrunk over time. According to the chosen rainfall event scenario, notable

differences in each catchment area’s total runoff volume have been observed over time (7able 6).

Table 62. The total estimated runoff volume

AMC Total runoff volume (m?)
Watersheds
classes 2000 2006 2012
AMCI1 240440 268311 270517
TIBLES AMC2 732517 770718 774670
AMC3 1381816 1416492 1421849
AMCI 141369 150738 157419
RUNC AMC2 412915 422658 427118
AMC3 750266 759371 762513
AMCI1 545683 577335 585489
SALAUTA AMC2 2172470 2218413 2233001
AMC3 4510732 4560759 4577983
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By analyzing these changes as a percentage of the base values (from the beginning of each
study time period), the same pattern could be observed for all of the catchment areas, with greater

changes between 2000 and 2006, strongly linked to the changes in vegetation.

6. VALIDATION OF THE GIS MODEL BASED ON THE CASE STUDY
METHOD: THE FLASH FLOOD OF AUGUST 1, 2019 OCCURRED IN THE
UPPER VALEA REA RIVER BASIN

The flash flood that occurred on August 1, 2019, at Huta Certeze hydrometric station, was
chosen for the physical validation of the “GIS model for digital mapping of the areas vulnerable to
flash floods”.

The total amount of accumulated water, measured at Huta Certeze hydrometric station was
132.5 /m2. The maximum level observed at Huta Certeze h.s. was 225 cm from the "0 staff" level,
exceeding the Flood Level by 25 cm. Starting from the base flow of 0.265 m3/s, observed on the
morning of the event at 06:00, the maximum discharge recorded was 46.6 m’/s, which occurred at

17:30, thus forming a single-wave flood.

6.1. Methodology

For modeling the flash flood that occurred on the 15t of August 2019, 1used the Mike Hydro
River program, a hydrological model that uses the Unit Hydrograph Method (UHM) from the
Rainfall-Runoff Module, in order to obtain the runoff hydrograph recorded at the hydrometric
station.

Therefore, four different options are available to represent the loss model (Strapazan etal.,
2021), each requiring different inputs: Constant loss, Proportional loss, SCS Method, and SCS

generalised.

6.2. Results

The flash flood simulation was performed with MIKE HYDRO River -UHM, using as input
data the precipitation measured at Huta Certeze h.s. All four methods were used to calculate

infiltration losses. (Table 7, Figure 15).
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Figure 14. UHM auto-calibration, Proportional loss method

Table 7. Simulation results

Infiltration Maximum Errors compared to the
© Accumulated simulated maximum discharge
Losses Model Parameters 5 .
Tvpe Volume [m’] discharge recorded
P [m’/s] amplitude phase
Initial loss: 48 mm
Constant Loss | Constant loss: 30 mmh 736755.40 485 +41% | +30min
Lag time: 2.53
Area adjustmentfactor: 1
Proportional Runoffcoefficient: 0.1
pLoss Lag time: 2.53 896280.71 46.1 -1% + 30 min
Area adjustmentfactor: 1
CN =63
Initial AMC= 1 o
- +
SCS method Lag time: 2.53 728506.90 44.1 5.4% 2h
Area adjustmentfactor: 1
CN =63
SCS Initial abstraction depth: 87
. . +0.6% +
generalised | Lag time: 2.53 74512734 46.9 0.6% 2h
Area adjustmentfactor: 1
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Figure 15. Discharge hidrograph (__recorded,  Constant Loss, ~ Proportional Loss, ~ SCS
method,  SCS generalised, _ Observed precipitation)

7. CONCLUSIONS

Following the study carried out regarding the “Determination of the precipitation potential
of cloud forms based on radar images ”, we can state that in the case of convective and prefrontal
situations, the RDOD and RDBB radars capture the areas with precipitation together with their
quantitative peaks, also showing significant differences in the peripheral regions of the study area.

In the case of frontal situations, when the fronts appear in the morning hours, the
meteorological radar does not estimate the amounts of cumulative precipitation, with the mention
that the RDBB observes the areas with quantitatively significant precipitation, but with imprecise
estimates.

In the study of “correction of radar-estimated precipitation amounts based on in situ
measurements for precipitation spatialisation ”, reliable merged precipitation maps from two

different sources of databases were obtained for 15 rainfall events, produced in the Tibles, Runc

and Salauta river basins.
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An important outcome of this study was the validation of the CMT method, to be used
within the hydrographic studied basins. In conclusion, we noted that the accuracy of the model was
lower in the case of high-intensity, local torrential (convective cells) rainfall events, where extreme
values and consequently large variability of the measured values were detected, and with high
accuracy in the case of evenly distributed rainfall events (frontal systems). Overall, the final model
performed well in estimating the spatial distribution of different rainfall events (Kocsis et al.,
2022).

The CMT methodology used provides a potential advantage for extending radar—rain gauge
merged precipitation to those small-size watersheds where gauge observation is limited or
completely missing.

Elaboration of the study “realization the flood susceptibility map, by applying the WofE
bivariate statistical analysis model”, within the Valea Rea h.b. represented the main objective of
the research thesis. The structure of the presented model fits the general methodologies based on
the statistical analysis to identify the territorial vulnerability to slope flash floods, implementing a
number of new factors (depth of fragmentation, soil type, precipitation) which influence their
development and propagation. Taking into account the mechanisms governing the development of
flash floods and based on expert knowledge analysis, it was decided to assign the highest weight
to the slope factor, followed by LULC and HSG. The factors that have the lowest weight are
represented by lithology, SPI, and elevation, which do not have adirect influence on runoff (Kocsis
et al., 2022).

The model was validated by directly comparing the results obtamed with locations
previously affected, where the flood effects have been identified, highlighting the fact that the
model may be taken into account to be applied in practice, and also to be implemented in territories
that share the same features.

The presented methodology was applied to identify the areas prone to flash floods in
different degrees, from very low to very high vulnerability. It also highlights that areas with high
and very high vulnerability cover approximately 43% of the total catchment, highlighting the
excessively torrential nature of the study area and the potential risks for the territorial infrastructure.

The study on “land use and its importance in flood estimation models” represents another
model, different from the previous one, that can be successfully implemented to identify areas

vulnerable to flash floods.
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Simulation of the rainfall-runoff process, based on a large and uniformly distributed rainfall
event, concerning historical land use changes and different antecedent moisture conditions,
demonstrated that basins and related runoff volumes are highly sensitive to agricultural activities.
The study carried out showed that even the smallest changes leave their mark on the runoff within
mountain basins with different surfaces. The only advantage is the fact that in the last half of the
analyzed period, the vegetation has not undergone such large changes, which leads to a certain
decrease in agricultural practices and a decrease in the runoff potential.

In conclusion, if this trend continues, it could lead to stagnant agricultural exploitation and
reduced runoff potential.

The case study: The flash flood of August 1, 2019, occurred in the upper Valea Rea river
basin,at Huta Certeze h.s., was chosen in order to physically validate the GIS model for mapping
areas vulnerable to flash flood.

The deviations obtained compared to the maximum recorded discharge have an amplitude
between -5.4% and +4.1%, with a gap regarding reaching the peak discharge of +30 min. and 2 h,
in the case of the two SCS methods.

The good results obtained with all four methods confirm that MIKE HYDRO River - UHM
can be used for forecasting water flows to rivers or lakes, estimating water resources, managing
flood risk, as well as to physically validating studies on creating susceptibility and vulnerability
maps to floods in torrential watersheds.

In addition to the physical validation, the GIS spatial analysis model proposed for the
“digital mapping of the areas vulnerable to flash floods within torrential basins”, was also
subjected to statistical validation. As a result, a frequency model validated both statistically and
physically can be used in speciality practice.

Risk assessment is a necessary stage in the process of integrated territorial management to
highlight viable areas for the development of human activities. The proposed spatial analysis GIS
model for digital mapping of the areas vulnerable to flash floods within torrential basins may
represent a methodology to be applied in spatial planning studies, highly useful in land
management and for local governments in mitigating the risk of flash floods. Future studies
regarding the analysed area will focus on risk assessment concerning all territorial infrastructures

and the solutions meant to mitigate these risks.
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