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Abstract: This study presents a comprehensive analysis of
flash flood susceptibility in the Kratovska Reka catchment area
of Northeastern North Macedonia, integrating Geographic
Information System, remote sensing, and field survey data.
Key factors influencing flash flood dynamics, including Slope,
Lithology, Land use, and Vegetation index, were investigated to
develop the Flash Flood Potential Index (FFPI). Mapping slope
variation using a 5-m Digital Elevation Model (DEM) revealed
higher slopes in eastern tributaries compared to western coun-
terparts. Lithological units were classified based on suscept-
ibility to erosion processes, with clastic sediments identified
as most prone to flash floods. Land use analysis highlighted
non-irrigated agricultural surfaces and areas with sparse vege-
tation as highly susceptible. Integration of these factors into the
FFPI model provided insights into flash flood susceptibility,
with results indicating a medium risk across the catchment.
The average value of the FFPI is 1.9, considering that the values
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range from 1 to 5. Also, terrains susceptible to flash floods were
found to be 49.34%, classified as medium risk. Field survey
data validated the model, revealing a significant overlap
between hotspot areas for flash floods and high-risk regions
identified by the FFPI. An average FFPI coefficient was cal-
culated for each tributary (sub-catchment) of the Kratovska
Reka. According to the model, LatiSnica had the highest
average coefficient of susceptibility to potential flash floods,
with a value of 2.16. These findings offer valuable insights
for spatial planning and flood risk management, with impli-
cations for both local and national-scale applications. Future
research directions include incorporating machine learning
techniques to enhance modeling accuracy and reduce sub-
jectivity in assigning weighting factors.

Keywords: FFPI, flash floods risk, Kratovska Reka, GIS,
geospatial analytics, Remote Sensing, natural hazards

1 Introduction

As mentioned in the study [1], South-Eastern Europe (SEE)
has emerged as a global hotspot due to the increasing occur-
rence of weather-related hazards. Recent studies underscore
Europe’s vulnerability to hydro-meteorological hazards,
particularly flash floods, which pose significant risks to
environmental stability, population centers, infrastructure,
and socio-economic facets [2-5]. In the SEE region, heavy
precipitation-induced flash floods constitute a major hazard
[6,7]. Given their unpredictable nature and potential for
catastrophic consequences, there is an urgent need to prior-
itize enhancing early warning systems [8]. Strengthening
these systems empowers societies to manage flash flood
threats effectively, enabling timely interventions to safe-
guard vulnerable populations [4].

Flash floods are among the most devastating natural
hazards affecting North Macedonia, where various methods,
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including the Flash Flood Potential Index (FFPI), are used for
modeling flash floods in catchment areas [9-13]. Flash floods
are characterized by sudden, intense water volumes and sedi-
ment transport in torrents [14-17]. Predicting flash floods is
challenging, but early signs such as heavy rain, thunder-
storms, and rapid snowmelt are critical [18]. These events
are influenced by factors such as intense rainfall, soil and
basin characteristics, and human activities, exacerbated by
climate change and land-use changes [19]. Improved indices
like FFPI enhance flash flood warning accuracy [20], sup-
ported by Geographic Information System (GIS) for integrated
hazard susceptibility mapping [21]. Hydrological responses vary
based on physical geography, with deforestation impacting
water propagation on slopes [22].

Additional FFPI studies have been conducted [22-34].
North Macedonia faces multiple natural hazards, including
geohazards like erosion, landslides, and earthquakes [35-39].
Historically considered natural, these disasters are increas-
ingly influenced by human activities. European flash flood
events are extensively studied through international projects
like HYDRATE, IFRAMM, and EFFS [27].

With the support of open-source software QGIS 3.34.2
and SAGA GIS 9.3.0, we collected satellite images and
developed a comprehensive database for this study. Our
primary objective is to assess flood risk areas using a sta-
tistical GIS-based approach. Beyond mapping hazards, it is
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crucial to underscore the importance of preventive mea-
sures and evacuation protocols to mitigate and ideally pre-
vent the impacts of such hazards. This study employs an
integrated approach combining GIS techniques with the
FFPI. Our methodology focuses on identifying flash flood
drivers, pinpointing high-risk areas, categorizing flood risk
levels, and validating these assessments using historical
data and remote sensing inputs in the Kratovska Reka
catchment (North Macedonia). This initiative represents
an essential first step towards implementing effective miti-
gation strategies for sustainable management of flash flood
risks across local and national levels in North Macedonia.

2 Data and methods

2.1 Overview of the study area

According to the research, the main water artery in the
Kratovska Reka catchment (68.5km?) with a total of 20
tributaries, i.e., sub-catchments, is located in the NE part
of North Macedonia (Figure 1). The tributaries of Kratovska
Reka are characterized by their usually branched catch-
ments, formed by several sources. Most of them are moun-
tainous, rapid with gorge valleys, and have a typical V
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Figure 1: (a) Sub-catchments of Kratovska Reka, (b) Kratovska Reka catchment in the North Macedonia territory, and (c) Kratovska Reka catchment
location in the Balkan peninsula (South-East Europe).



DE GRUYTER

profile in the upper course. Throughout most of the year,
these tributaries have a large flow of water, which reduces
during the summer period [7]. For this work, a digitization
and analysis of the sub-basins of the main watercourse
Kratovska Reka was carried out. Tables 1 and 2 show the
basic hydrographic features of the Kratovska Reka and its
more significant tributaries.

Following the performed analyses, it can be observed that
Kratovska Reka has 9 left and 8 right tributaries. By area, the
largest Sub-catchments are Babakarina and Manceva Reka
(64km?), while the smallest are Ketenovski and Zelezni¢ki
Dol (1.2 km?). The Ketenovski Dol sub-catchment has the largest
coefficient of asymmetry (3.9), while the TalaSmanski Dol Sub-
catchment has the lowest (1). The Sub-catchment of Lisecki
Potok has the highest mean altitude (1194.7 m), whereas the
Ketenovski Dol Sub-catchment has the lowest (472.8 m).
According to the calculations of the length of the watersheds
of the Kratovska Reka catchment, the sub-catchment of
Slegovski Dol has the largest length (12.1km), and Ketenovski
Dol has the shortest length (5.2 km). Additionally, the sub-catch-
ment of Slegovski Dol has the longest basin length per water-
course (5.2 km), while Ketenovski Dol has the smallest (1.6 km).
The results are slightly different regarding azimuth. The sub-
catchment of Bela Reka has the highest azimuth value (236.5°),
and Topolovicki Dol has the lowest value (166.7°). The results
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also show that the eastern (higher) part of the Kratovska Reka
catchment receives the highest precipitation, while the western
(lower) part receives the least. According to our calculations,
the largest average amount of precipitation is in the sub-catch-
ment of the Nezilovski Potok (801 mm), while the smallest is in
the sub-catchment of the Ketenovski Dol (665.2 mm).

Kratovska Reka has a developed hydrographic net-
work. According to our analysis and measurements (based
on topographic map (TM) 100k scale and 5-m DEM), the
river network consists of 207 permanent, periodic, and
occasional watercourses with a total length of 139.6 km.
Of these, 30 watercourses (14.5%) are up to 2 km long (total
length, 11.8 km), and 177 watercourses (85.5%) are 2-5km
long (total length, 127.8 km).

Among the listed 177 watercourses, 20 are direct tribu-
taries of the Kratovska Reka. These include NeZilovski
Potok, Drumski Potok, Bela Reka, LatiSnica, Babakarina
and Manceva Reka, BoSkovacka Reka, élegovski Dol,
Manev Dol, and Topolovicki Dol as left tributaries, and
Tabacki Dol, Mlacki Dol, Raskovec (Figure 2), Vrbicki Dol,
Zeleznicki 1, 2, and 3 Potok, and Zivalevski Dol as right
tributaries. Among these, the longest watercourse is Sle-
govski Dol (left tributary) with a length of 4.8 km. This indi-
cates that these are relatively short watercourses, with an
average length of only 3.1km.

Table 1: Basic characteristics of the river network of Kratovska Reka and its most important tributaries

Nu. Sub-catchment T P km? AC H-am Lw km Lc km a‘av H mm
1. Lisecki Potok / 3.8 2.5 1194.7 8.5 34 171.4 800.9
2. NeZilovski Potok L 4.5 13 11791 9.8 3.5 212.5 801.0
3. Drumski Potok L 2.1 1.3 1131.4 8.0 3.0 235.6 789.3
4, Bela Reka L 2.3 1.5 1046.9 7.9 3.2 236.5 773.7
5. LatiSnica L 53 1.5 1077.5 1.9 4.4 196.9 774.6
6. Tabacki Dol R 2.0 1.1 1068.6 9.7 4.4 183.8 776.3
7. Babakarina and Manceva Reka L 6.4 2.0 941.8 1.7 4.2 195.9 748.1
8. Milacki Dol R 23 1.1 900.3 8.4 3.9 204.3 747.8
9. BoSkovacka Reka L 37 1.5 856.4 9.8 3.8 196.2 732.4
10. Raskovec R 3.8 1.2 964.9 1.4 4.8 197.2 759.9
1. Vrbicki Potok R 2.2 1.7 909.6 9.1 3.9 186.6 748.9
12. Zeleznicki Dol 1 R 1.5 1.6 819 6.9 2.9 194.9 732.7
13. Zeleznicki Dol 2 R 1.2 2.4 785.6 6.0 3.1 205.7 725.9
14. Zeleznictki Dol 3 R 1.4 1.3 739.7 7.5 35 205.9 719.0
15. Slegovski Dol L 5.5 1.8 829.9 121 5.2 190.2 725.6
16. Manev Dol L 2.6 1.4 699.9 9.3 41 202.9 701.9
17. Zivalevski Dol R 1.6 1.4 604.5 5.9 2.0 233.0 691.4
18. Talasmanski Dol / 3.0 1.0 548.4 8.7 2.4 195.8 680.4
19. Topolovicki Dol L 2.0 1.3 577.2 7.6 2.5 166.7 681.4
20. Ketenovski Dol / 1.2 3.9 472.8 5.2 1.6 171.6 665.2
Kratovska Reka / 68.5 1.52 881 44.7 16.9 195.8 740.6

T = side of the tributary, P km? = area, AC = coefficient of asymmetry of the

watershed, H-a m = mean height of the catchment, Lw km = watershed

length of the catchment, Lc km = maximum catchment length (per watercourse), a’av = mean value of azimuth, H mm = mean amount of precipitation

(according to WorldClim 2 data [40].
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Table 2: Basic characteristics of the river network of Kratovska Reka and its most important tributaries

Nu. Sub-catchment L km Hs m Hvi m Am AY%o IN 2L km D
1. Lisecki Potok 2.9 1338.4 803.4 535.0 184.5 N 7.9 2.1
2. NeZilovski Potok 3.2 1325.8 803.4 522.4 163.3 20 9.7 2.2
3. Drumski Potok 2.9 1279.5 760.5 519.0 179.0 8 4.6 2.2
4. Bela Reka 2.6 1240.4 738.9 501.5 192.9 9 6.4 2.8
5. LatiSnica 3.8 1203.5 702.7 500.8 131.8 20 1.4 2.2
6. Tabacki Dol 4.1 12511 640.0 611.1 149.0 2 43 2.2
7. Babakarina and Manceva Reka 3.6 1145.6 601.8 543.8 1511 28 18.3 2.9
8. Mlacki Dol 3.6 1049.2 583.8 465.4 129.3 6 57 2.5
9. Boskovacka Reka 3.3 1149.6 573.2 576.4 174.7 12 9.8 2.6
10. Raskovec 4.4 1136.9 573.2 563.7 128.1 1 8.2 2.2
1. Vrbicki Dol 3.6 1079.2 551.7 527.5 146.5 4 5.1 23
12. Zelezni¢ki Dol 1 2.7 985.7 532.6 4531 167.8 4 37 2.5
13. Zeleznicki Dol 2 2.6 954.4 521.8 432.6 166.4 3 4.1 34
14. Zeleznicki Dol 3 3.1 950.4 515.4 435.0 140.3 4 4.1 2.9
15. Slegovski Dol 4.8 1075.4 504.7 570.7 118.9 19 13.5 2.5
16. Manev Dol 3.9 923.6 489.0 434.6 m.4 8 5.9 2.3
17. Zivalevski Dol 17 607.7 457.5 150.2 88.4 7 4.0 2.5
18. TalaSmanski Dol 1.5 627.7 443.8 183.9 122.6 17 6.1 2.0
19. Topolovicki Dol 2.2 596.1 432.3 163.8 74.5 8 5.1 2.6
20. Ketenovski Dol 0.8 482.3 417.2 65.1 81.4 6 17 1.4
Kratovska Reka 16.9 1338.4 411.9 926.5 54.8 207 139.6 2.0

L, length of the watercourse in km; Hs, height of the source of the watercourse in m; Hvl, elevation of the mouth of the watercourse in m; Am, total fall
of the watercourse in m; A%o, average drop of the watercourse in %o; ZN, total number of watercourses-tributaries; XL, total length of all tributaries in
km; D, density of river network in km/km?.

Figure 2: Raskovec watercourse cut into tuffs, with excessive erosion. Photo: Aleksova B. 2023.
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The density of the river network of Kratovska Reka is
relatively uniform and amounts to 2.0 km/km? According to
the data obtained, within the sub-basin areas, it is somewhat
higher in the western and southeastern parts of the catchment,
specifically in the sub-basins of Zeleznicki Potok 2, Babakarina
and Manceva Reka, Zelezni¢ki Potok 3, Bela Reka, Boskovacka
Reka, and Topolovicki Potok (3.4-2.6 km/km?). It should be
noted that the eastern part of the watershed, particularly the
tributaries of the Kratovska Reka that descend from the
Osogovo Mountains (Lisec, 1,526 m), is characterized by a
higher mean altitude and greater precipitation. Therefore,
their watercourses usually have water throughout the year,
with maximum flows during the spring (May and June) and
autumn periods (November). These include the sub-basins of
Lisecki, Drumski, NeZilovski Potok, Bela Reka, LatiSnica (Figure 3),
and Tabacki Dol (1046.9-1194.7 m).

In general, the left tributaries descend from areas com-
posed of volcanic rocks (andesites, dacites, tuffs, and breccias),
while the right tributaries descend from the northwestern part
of the Osogovo Mountain Massif (Figure 4). These tributaries
have a lower average height (604.5-1068.6 m) with an average
height above sea level of 960.9 m and a lower average annual
amount of precipitation. Consequently, they have a variable
flow and usually dry up during the summer period.

2.2 FFPI method

The FFPI is a statistical method used to identify areas sus-
ceptible to flash flooding, commonly applied in both global
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and regional frameworks [29,41,42]. This method provides
a quantitative analysis of areas prone to flash floods based
on weighting factors such as slope, vegetation cover, land
use, and soil type. Given the scale of the available Soil Map
of Macedonia (200k scale), which lacks detailed soil data,
the lithological type of the researched area was considered
instead. Flash floods in catchment areas are common when
soil infiltration rates are reduced due to bare, deforested,
and/or steep terrain. Factors like intensive precipitation
(combined with snowmelt) [43], terrain slopes, soils, and
vegetation density (forest, shrubs, and grasses) contribute
to flash flood potential, with less vegetated terrain having a
greater risk [44,45].

The FFPI, a widely used method, was first applied at
the Colorado River Basin Forecast Center and is based on
the US National Weather Service model [46,47]. It is determined
using GIS software tools through a statistical approach that
correlates various factors with the spatial distribution
of watershed drainage [41,42,48-53]. Model values range
from 1 to 10 (1 = lowest potential and 10 = highest poten-
tial). This model is preferred due to the limitations of
meteorological parameters in predicting floods and the
lack of a defined connection between this natural hazard
and specific physical geographical characteristics.

The structure and texture of soils are key in defining
water retention and infiltration. Terrain slopes influence
runoff rate and concentration. Vegetation, which affects
the retention of atmospheric water on the surface, varies
seasonally (e.g., deciduous forests) and can be impacted by
wildfires, which reduce soil infiltration due to burned

Figure 3: Estuary of LatiSnica in Kratovska Reka. Photo: Aleksova B. 2023.



6 —— Bojana Aleksova et al.

DE GRUYTER

Figure 4: Meander of Kratovska Reka in the upstream part of the catchment. Photo: Aleksova B. 2023.

organic matter. Land use, particularly urbanization, signifi-
cantly impacts water infiltration, concentration, and outflow
from the watershed. These natural conditions collectively
provide information on the flash flood potential of a given
area [46].

2.3 Data collection for FFPI

To identify flash floods in the Kratovska Reka catchment,
an analysis of terrain susceptible to flash floods was con-
ducted using GIS. The FFPI method was used for this ana-
lysis. According to the available Soil Map of Macedonia
(200k scale), which lacks detailed soil data, the lithological
type of the researched area was considered instead of soil
types. The following weighting factors were used in devel-
oping the model: slope, vegetation cover, lithology, and
land use. The FFPI is derived from the formula [47]:

FFPI= (M + S+ L + V)/4

where M represents the slope of the terrain, S - lithology, L
- land use, and V - vegetation index.

The terrain slope (M) was obtained using QGIS 3.32.2-
Lima and SAGA GIS 9.0.0 software packages, based on a 15-
m DEM (Digital Elevation Model) derived from a 5-m DEM
provided by the Ministry for Agriculture, Forestry, and Water

Management of North Macedonia. The slope, expressed in
percent, is calculated using the formula:

M =10n/30

where n represents the average slope of the terrain expressed
in %. If n is equal to or greater than 30%, then the M value is
always 10. In this case, the average slope (n) in the catchment
area of Kratovska Reka is 39.3%. Therefore, M (the slope of the
terrain) has a value of 10.

The lithology (S) was analyzed using a digital litholo-
gical map based on the Geological Map of Macedonia (100k
scale) [54]. Rocks were classified with values from 1 to 9,
depending on their susceptibility to erosion.

The land use index (L) was calculated using data from the
Corine Land Cover database (2018) [55], with classes assigned
values from 1 to 10 based on their impact on flash flooding.

The vegetation index (V) was determined using the Bare
Soil Index (BSD) from multispectral satellite imagery obtained
through the Landsat 8 program via Earth Explorer, United
States Geological Survey [56]. Remote sensing, particularly
using the BSI, provides an efficient means to calculate erosion
rates correlated with flash floods [57]. The BSI was calcu-
lated using the formula [58]:

BSI = [(B6 + B4) — (B5 + B2)/(B6 + B4) + (B5 + B2)]

where B6 (band 6) represents the short infrared spectral
channel (SWIR 1), B4 (band 4) is the red spectral channel,
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B5 (band 5) is the near-infrared spectral channel (NIR), and B2
(band 2) is the blue spectral channel. After the bands were
selected, the images were processed using the Atmospheric
correction tool, and then, they were cut in the domain of the
watershed boundary. The obtained values of the BSI index
range from -1.9 to 0.7, while the average value is -0.9. To
avoid negative values in the vegetation index (V) formula, a
value of 1 has been added. Therefore, it reads:

V=768 xIn(BSI +1) +8

2.4 Calculation of FFPI

The FFPI is created by gathering raster datasets of certain
characteristics within the specified area and employing
GIS technology to adjust, categorize, and merge the data.
Figure 5 demonstrates the stages of data processing using
the FFPI method. The outcome is a numerical gauge repre-
senting a region’s susceptibility to flash flooding, which
remains relatively consistent over time.

2.5 Verification of results using historical
flood data

A field survey in Kratovo, North Macedonia, corroborated
GIS and remote sensing findings by gathering firsthand
data on flood events. Through interviews with residents
and site visits, insights on flood frequency, impacts, and
vulnerable areas were documented. This complemented
the remote sensing analysis for a comprehensive flood
risk assessment.

In order to validate the FFPI classification results, the
methodology proposed by Yassin et al. [32] was followed, com-
paring the FFPI outcomes with historical flood data. This pro-
cess is crucial for assessing the accuracy and reliability of
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the FFPI results. Historical flood data were obtained from
field research and authoritative sources to ensure the cred-
ibility of the findings.

Landsat 8 satellite imagery was employed to observe
flood events corresponding to historical data. The ENVI
software, provided by Landsat, was utilized for processing
and analyzing the imagery, including radiometric and
atmospheric corrections to enhance quality [59]. ENVI’s
advanced tools for image classification, feature extraction,
and change detection enabled accurate identification and
delineation of flood-affected areas. This validation against
historical data enhances the understanding of flash flood
dynamics and aids in developing robust flood risk assess-
ment and management strategies.

Additionally, WorldClim version 2 data [40] provided
average precipitation data for 1970-2000 at a spatial reso-
lution of 1 km. This high-resolution climate data, including
total monthly precipitation and seasonality, was correlated
with hotspot areas identified from historical flood observa-
tions. This correlation enhances flood risk assessment by
providing detailed insights into precipitation patterns and
their relationship with flood occurrences, aiding in tar-
geted flood management strategies.

3 Results

3.1 Slope index

The slope map is interpolated from the 5-m Digital Elevation
Model (DEM). Variation of the slope is one of the important
factors affecting the timing of runoff and the amount of
infiltration. The infiltration rate decreases with increasing
slope angle [60]. The average slope value in the whole area
is 21.1° (Table 3). The tributaries that are located in the
eastern part of the Kratovska Reka catchment have a higher

[ ’ S—
{ DEM } [ Slope map ]
o
[T
[T
{ Lythology data} [Lythological map] g
o
®
O
[ Land use data } [ Land use map J @
S
[0
(1
[ Landsat 8 ] [Vegetation map]
S

Slope index

Lythological index

FFPI map

Land use index

Vegetation index

[ Map algebra of FFPI| formulas ]

Figure 5: Flow chart with all the procedures and FFPI-based methodology used in this research.
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Table 3: Average slope in degrees (s°av)

Nu. Sub-catchment s‘av
1. Lisecki Potok 23.5
2. NeZilovski Potok 23.6
3. Drumski Potok 22.4
4. Bela Reka 22,5
5. LatiSnica 24.6
6. Tabacki Dol 23.7
7. Babakarina and Manceva Reka 234
8. Mlacki Dol 23.0
9. Boskovacka Reka 19.9
10. Raskovec 22.7
1. Vrbicki Dol 231
12. Zelezni¢ki Dol 1 227
13. Zeleznicki Dol 2 211
14. Zeleznicki Dol 3 16.2
15. Slegovski Dol 20.7
16. Manev Dol 15.9
17. Zivalevski Dol 15.7
18. TalaSmanski Dol 15.2
19. Topolovicki Dol 15.3
20. Ketenovski Dol 11.0

Kratovska Reka 21.0

slope value, opposite to the tributaries that are managed
in the western (lower) part of the catchment. Thus, the

590000

595000
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Sub-catchment of the river Lati$nica has the highest average
slope value (24.6°), and the Sub-catchment of Ketenovski Dol
has the lowest average value (11°). The slope map in percent
is calculated and classified. After this procedure, the model
is classified into an FFPI value with the range from 1 to 10,
and any slope of 30 degrees or higher is an FFPI of 10
(Figure 6).

3.2 Lithology index

In this study, the lithology index is generated from the litho-
logical map [54], based on the five main lithological units,
including clastic sediments, tuffs, solid volcanic (andesites),
solid volcanic (dacitic ignimbrites), and schists. The classifi-
cation of the lithological units was analyzed according to
their susceptibility to torrential floods (Table 4).

The highest coefficient is assigned to river clastic sedi-
ments (9), which are most susceptible to flash floods, and
the lowest to shale (3) with the least susceptibility to this
geohazard. This index is very important because the per-
centage of these components in the units will affect infil-
tration rates and runoff during intense rainfall. Andesites
and schists are less likely to contribute to flash floods

600000

4665000
|

4660000

Slope index

component

of the FFPI
10

1

0005991

0000991

590000 595000

600000

Figure 6: Slope index component of the FFPI for Kratovska Reka catchment.
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Table 4: Coefficient of lithological units (S)
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Lithological units Geological period Susceptibility to erosion processes Coefficient, S
Clastic sediments Pliocene 1 9
Tuffs Pliocene 0.95 8
Solid volcanics (andesites) Pliocene 0.2 5
Solid volcanics (dacitic ignimbrites) Miocene 0.25 4
Schists Riphean-Cambrian 0.8 3

because they are resistant to erosion. On the other hand,
clastic sediments, tuffs, and dacitic ignimbrites are more sus-
ceptible to being eroded and transported during flash flood
events, increasing the potential for flooding. The lithology
index map is valued into an FFPI and illustrated in Figure 7.

3.3 Land use index

The types of land use in the study area are shown in Table 5.
Thus, the most susceptible terrains to FFPI are the non-irri-
gated agricultural surface, bare rocks, and areas with sparse
vegetation, and the least susceptible are the areas under
broad-leaved and mixed forests.

590000 595000

Generally, the broadleaved forest and transitional
forest shrubland are the two main types of land use struc-
ture. Based on the land use map, the land use index is
generated and classified into the FFPI, and it is shown in
Figure 8.

3.4 Vegetation index

The methodology described above provided thorough
insights into the likelihood of flash floods and the inten-
sity of erosion across the study area. By analyzing Landsat
8 satellite imagery and utilizing the Bare Soil Index (BSI),
we were able to pinpoint areas at higher risk of flash
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Figure 7: Lithology index component of the FFPI for Kratovska Reka catchment.
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Table 5: Types of land use (L)

Classes of land Value Area (%)
Discontinuous urban environment 4 0.89
Non-irrigated farmland 9 0.06
Pastures 6 14.14
Complex land use 8 4.68
Agricultural land with significant areas under 7 13.51
natural vegetation

Broadleaved forest 3 32.61
Mixed forest 3 117
Transitional forest shrubland 5 30.62
Bare rocks 9 1.33
Surfaces with sparse vegetation 9 1.01

floods with increased accuracy. Moreover, the correlation
between vegetation density and erosion rate yielded valu-
able data for devising efficient land management strate-
gies and implementing measures to mitigate the impact of
flash flood events. The integration of remote sensing tech-
niques and BSI computation significantly contributed to
advancing our comprehension of erosion dynamics and
the susceptibility of the study area to flash floods. The cal-
culated value of the coefficient V ranges from 0 to 9.4, and
the average is 3.7. A vegetation index is generated with a
value from 1 to 9 (Figure 9).

590000 595000
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3.5 FFPI

The GIS database has enabled the FFPI index to be run and to
obtain information on the risk of flash floods for the catchment
and sub-catchments (Table 6). According to the obtained calcu-
lations (Table 7), most of the catchment area belongs to the class
with a medium probability of flash floods (72.04% or 49.34 km?).
High and very high flood susceptibility is 11.21% or 7.68 km®
According to the model, the highest average coefficient of sus-
ceptibility to potential flash floods: Lati$nica (2.16), Babakarina
and Manceva Reka (2.11), Tabacki Dol (2.06), Zelezni¢ki Dol 2
(2.03), and Dol Potok 1 (2.01). There is a low probability of flash
floods, especially at the confluence of Kriva Reka (16.75% or
1148 km?. The average value of the Flash Potential Index
(FFPD) is 1.9, considering that the values range from 1 to 5.

By processing and analyzing terrain slope, lithology,
land types, land use, and BSI, a model of terrain suscept-
ibility to flash floods was obtained (Figure 10).

3.6 Comparison of FFPI risk level with
hotspot area of historical data of flash
flood occurrence

In addition to GIS and remote sensing analysis, a field
survey was conducted to validate the findings. The survey
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Figure 8: Land use index component of the FFPI for Kratovska Reka catchment.
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Figure 9: Vegetation index component of the FFPI for Kratovska Reka catchment.

Table 6: Potential flash flood index (FFPI) in the Kratovska Reka sub-

catchments
Nu. Sub-catchment FFPI coefficient
1. Lisecki Potok 1.98
2. NeZilovski Potok 1.93
3. Drumski Potok 1.85
4, Bela Reka 1.93
5. LatiSnica 2.16
6. Tabacki Dol 2.06
7. Babakarina and Manceva Reka 211
8. Mlacki Dol 1.91
9. Boskovacka Reka 1.92
10. Raskovec 1.96
1. Vrbicki Dol 1.93
12. Zeleznicki Dol 1 2.01
13. Zeleznicki Dol 2 2.03
14. Zeleznitki Dol 3 1.83
15. Slegovski Dol 1.97
16. Manev Dol 1.82
17. Zivalevski Dol 1.96
18. TalaSmanski Dol 1.82
19. Topolovicki Dol 1.88
20. Ketenovski Dol 1.52
Kratovska Reka 1.93

focused on Kratovo town within the municipality of Kratovo,
located in northeastern North Macedonia. It aimed to gather
firsthand data on historical flood events through structured
interviews with residents and site visits. Insights were obtained
on flood frequency, duration, and local impacts. Key aspects
included documenting past flood occurrences, identifying vul-
nerable areas and infrastructure, and capturing community
perceptions on flood dynamics and resilience measures. This
field data complemented the remote sensing analysis, providing
crucial ground truth for validating the Landsat 8 imagery pro-
cessed using ENVI software. Integrating field observations with

Table 7: Terrains susceptible to flash floods

Probability of flash flooding Area

In km? In %
Weak 11.48 16.74
Moderate 49.34 71.95
High 6.48 9.45
Very high 1.28 1.87

Total 68.58 100.00
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Figure 10: Susceptibility map to flash floods in the Kratovska Reka catchment.

remote sensing results enhances the comprehensiveness of flood
risk assessment and management strategies tailored to the local
context.

Thus, an examination of historical data has been
undertaken to discern the areas prone to recurrent flash
flood incidents within the specified time frame. The hot-
spot region for flash floods within the Kratovska Reka
catchment is visually represented in Figure 11. Upon com-
paring with Figure 10, a notable observation emerges: the
hotspot area for flash flood occurrences predominantly
overlaps with the high-risk region susceptible to such
events. It is noteworthy that this extreme-risk area has
recorded numerous flooding events based on historical
data analysis. This detailed comparison provides valuable
insights into the distribution and severity of flash flood
occurrences within the study area, thus informing future
risk mitigation strategies and management efforts.

By combining GIS analysis, remote sensing techni-
ques, and field surveys, we provided valuable insights
into the factors influencing flash flood occurrences in
the Kratovska Reka catchment area. This multi-faceted
approach strengthens the credibility of the study findings
and supports effective disaster preparedness and risk
management strategies.

4 Discussion and concluding
remarks

As mentioned earlier, it was observed that in an area iden-
tified as highly prone to flash flooding by FFPI, actual
occurrences of flash floods were infrequent, which aligns
with expectations based on the gathered data. This suggests that
the findings from this section may not accurately represent the
real situation, where extreme flash flooding is anticipated. This
FFPI model incorporates additional variables such as Slope,
Lithology, Land Use, and Vegetation Index. Previous studies
have mainly focused on areas within river catchments where
natural flash floods occur, which differs from the focus of this
study. The study area is situated in a region where floods are
predominantly caused by human activities, termed as urban
flash floods. Infrastructure like drainage systems significantly
influences urban flash floods. The absence of critical factors in
this study may have impacted the outcomes. Precipitation is
also vital to consider since prolonged and heavy rainfall typi-
cally triggers flash floods by elevating storm water levels.
Because of its intensity and spatial distribution, preci-
pitation represents one of the most essential flash flood
conditioning validation factors. Integration of WorldClim
2 precipitation data [40] with historical flood observations
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Figure 11: Hotspot Area based on historical data observations.

was conducted to enhance flood risk assessment. Thus,
according to Aleksova et al. [7], intense and heavy rainfall
often leads to the overflowing of the Kratovska Reka from
its riverbed and the occurrence of flash floods. In sum-
mary, precipitation, especially heavy and intense precipi-
tation, plays a central role in the validation of flash flood
hotspot areas. The yearly precipitation in the catchment
averages around 728.4 mm, peaking in May and November
and dropping to a low in August. Approximately 57% of the
annual precipitation occurs during the vegetation period,
with spring and autumn receiving the most rainfall. Only
about 9% of days see heavy rainfall exceeding 20.0 mm, with
the possibility of reaching up to 110 mm per day. In winter,
snow blankets the upper catchment, melting quickly in
spring. To validate flash flood risks, intense rainfall data
are crucial. However, lacking a pluviometry station in the
area, we employed GIS Remote Sensing modeling and geos-
patial analysis. By overlaying average precipitation data
with hotspot zones of historical data, we found that high-
risk areas typically receive 700-750 mm of precipitation.
The studies [38,61] on hazard areas in the catchment also
validate this result. Although average rainfall alone isn’t
sufficient to forecast flash floods, it often coincides with
areas experiencing lower average rainfall. This implies

600000

that regions with reduced rainfall typically have less vegeta-
tion and a slower recuperation from geohazards. Further-
more, factors such as geological composition, and historical
deforestation over the past century increase erosion risks.
The sub-catchment LatiSnica (marked by a dashed line;
Figure 12) has most of the hotspot areas in the whole
catchment.

The FFPI is a model that provides an index ranging
from 1 to 10, and given that the Kratovska Reka catch-
ment’s FFPI is at 49.34% for an index value of 5, which is
the median, it can be classified as being at medium risk for
flash floods. While the results are not entirely satisfactory,
they do demonstrate the potential given that the primary
factors have been considered. By incorporating an additional
factor, such as the Stream Power Index (SPI), Topographic
Wetness Index (TWI), Topographic Position Index (TPI), and
Soil Index, more reasonable results may be obtained [32].
Furthermore, future research could integrate the Flood Vul-
nerability Index (FVI) Method to enhance the robustness of
the analysis [62]. Given changes in both natural and human-
influenced factors, it’s advisable to establish a monitoring and
control system to oversee ground conditions [63]. New tech-
nologies enable detailed surface data collection, which, when
processed through GIS, can be used to create predictive
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Figure 12: Integration of average precipitation data (WorldClim 2)[40] with hotspot areas based on historical data observations.

models. Such analysis is crucial for hazard prevention or
mitigation, forming a vital part of spatial analysis [18]. How-
ever, the FFPI index overlooks factors like riverbed debris,
landslides, and climate change impacts, necessitating compre-
hensive analyses with high-quality datasets and multiple
methods to compare results. Despite each method having
its pros and cons, employing various approaches can enhance
effectiveness in assessing flash flood risks. It’s essential to
select the most suitable method for each situation to optimize
solutions for the problem at hand.

Obtaining and analyzing the databases is straightfor-
ward, facilitated by both proprietary and open-source
software accessible to spatial analysis professionals. The
model introduced in this research could serve as a valuable
approach for spatial planning endeavors, offering practical
insights for land management and aiding local authorities
in flash flood risk reduction efforts [34]. The methodology
devised in this study is applicable across various contexts
and can be implemented on a national scale within any
river catchment. This is particularly relevant given the
dynamic nature of land use and the rising occurrence of
extreme weather events [22]. To mitigate the detrimental
impacts of flash floods, it’s crucial to identify and enact
protective measures using a blend of GIS technology and

on-site investigation. Collaborative efforts between local
government bodies, alongside provincial and national ser-
vices, can allocate resources for the deployment of biological
and biotechnical interventions. These measures aim to sub-
stantially decrease the risk of severe torrential flooding in
affected areas [10].

The combination of GIS and remote sensing has
resulted in a potent tool for investigating and evalu-
ating the potential for flash floods. The findings obtained
through the FFPI method accurately reflect the risk of flash
floods in the study area. This serves as a scientific founda-
tion for managing natural resources at the local level [33].
Higher resolution historical data are needed for ROC curve
analysis to quantitatively evaluate the flash flood model’s
accuracy. Standardizing and implementing other methodol-
ogies would enhance the monitoring and identification of
natural hazards in North Macedonia on local and regional
levels. This underscores the need for developing vulner-
ability assessments and management programs in south-
eastern Europe [24]. Also, understanding the barriers
restraining the effective operation of flood early warning
systems is crucial for improving disaster preparedness,
minimizing loss of life and property, and enhancing com-
munity resilience to flood events [64].
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For future research is relevant to incorporate machine
learning methods to determine individual parameters’ influ-
ence on flash flood occurrences more precisely [65]. These
enhancements will enable more accurate susceptibility
modeling, reducing subjectivity in assigning weighting
factors and increasing the relevance of results for the
specific regional area.
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