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ABSTRACT 

In the present study, 43 watersheds in Serbia and Bulgaria are taken for the morphometric 

analysis using digital elevation model in the environment of geographical information 

system. Statistical analysis, including correlation, regression and factor analysis is 

conducted with the following results and conclusions: (1) as evidenced in the correlation 

matrix, there is a high correlation between maximal discharges and watershed area, 

primarily and watershed length, secondarily; (2) the high correlation is found between 

independent variables watershed area and watershed length, as well as Melton index and 

relief ratio; (3) the multiple linear regression model encompassing all seven independent 

variables is obtaind with R squared of 70,99, indicating that the model as fitted to that 

extent explains the variability in maximal discharge, and adjusted R squared of 0,65. An 

additional multiple regression analysis is done excluding the watershed area, due to a high 

starting impact on the dependent variable. In this case, a multiple regression linear model 

is obtained with R squared=60,116 and adjusted R squared=0,53468, leading to the 

conclusion that the excluded parameter has a high influence which is also confirmed by 

the results in correlation matrix; (4) according to the rotated component matrix in 

principal component analysis, first component is mostly influenced by the relief ratio, 

Melton index and watershed length, while the second component is determined by 

parameters of relief characteristics, slope >25ᵒ and watershed relief. Having regard to the 

results of correlation and factor analyses the watersheds are prioritized on the basis of the 

morphometric parameters with a purpose to indicate the watersheds with the high priority 

for implementation of measures reducing the flood risks. Though morphometric study 

itself is not sufficient to explain extensively the occurrence of maximal discharges in the 

events of demolishing torrential floods, morphometric analysis may meaningfully 

contribute to the flood risk assessment. 
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INTRODUCTION 

Watershed is a basic unit for the flood hazard evaluation. Initial watershed observation 

comprizes the calculation of its parameters and indices and their interpretation to explain 

to which rate is watershed prone to flooding. Morphometrical analysis is a starting point 

in each hydrological study of watershed and has a wide use in specific studies such as 
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flood hazard assessment. From the definition of torrential watersheds – an area with steep 

slopes in hilly-mountainous regions with high erosion intensity and high risk of torrential 

floods in the case of intensive rainfall events [1], [2] - it can be concluded how important 

is the morphometric analysis of these watersheds.   

Watershed characteristics have a strong impact on the dependence of the runoff on rainfall 

in the watershed. Morphometric parameters quantitatively express geomorphology of a 

watershed which controls hydrological response of a watershed in the case of extreme 

rainfall episode. In the case of the large river basins (such as the Danube river basin) it is 

generally known that floods in higher parts occurr abruptly on the one hand and much 

slower in lower parts of the basin on the other hand. Also, the round shaped watersheds 

experience the floods with higher peaks of maximal discharges and shorter duration in 

comparisson with the elongated watersheds. Watershed management professionals 

especially rely on the morphometry in the case of the ungauged watersheds. 

Morphometric analysis defining the parameters and indices can be of high importance in 

an explanation of a specific torrential flood event in ungauged watersheds.  

There have been many studies across the globe focusing on morphometric parameters of 

watersheds as static factors of torrential flood occurrence [3], [4], [5], [6], [7]. Melton [8], 

[9] found significant correlations by exploring the relations among morphometric 

properties of the relief in the analysis of watersheds in Arizona, Utah, Colorado and New 

Mexico. In this research, it was found that maximum valley-side slopes are correlated 

positively with relative relief and ruggedness number; slopes are negatively correlated 

with channel frequency and drainage density.  

Benson (1964) [10] found in the investigation of factors of the flood occurrence in the 

western Gulf of Mexico basin within the United States, that watershed area and main 

channel length are the most important variable according to the correlation matrix of the 

mean annual discharge (2,33-year peak) and the independent variables. Patton and Baker 

(1976) [11] found in their research of watersheds in different climate and hydrological 

conditions of the USA–Central Texas, North Central Utah, Southern California, Indiana 

and Appalachian Plateau, that watershed relief and drainage density are two 

distinguishing factors of flash flood occurrence among morphometric parameters (when 

excluding the watershed area and length). Therefore, the authors suggested that extremely 

dissected high relief drainage basins have high flood potentials even in the case of 

relatively low rainfall episode. Taha et al. (2017) [12] determined the flash flood hazard 

for Wadi Qena (Eastern Egypt) using remote sensing and GIS techniques for calculation 

of the geo-morphometric indices.  

Khurana et al. (2020) [13]  discussed the hydrologic response of a Himalayan watershed 

and its sub-watersheds using various morphological parameters extracted on the base of 

digital elevation model employing GIS techniques, and accordingly, conducted the sub-

watershed prioritization. Loczy et al. (2009) [14] assessed the local flood hazard as 

moderate to high on the base of the analysis of channel morphometry and its evolution 

along the studied section of the Tisza River.  

The main objective of this research is to analyse the morphometric conditions of the 

watersheds as a prerequisite for torrential floods occurrence and to find a relation between 

morphometry and maximal discharges in the events of torrential floods. 

 

STUDIED WATERSHEDS 

Study area encompasses 43 watersheds in total: 28 watersheds in Serbia, south of the 

Danube and the Sava River (belonging to the Drina, Kolubara, Velika Morava and 
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Danube River Basins) and 15 watersheds in Bulgaria (belonging to Arda, Iskar, Vit and 

Yantra River Basins, while several rivers flow directly into the Black Sea), Figure 1. 

These watersheds are selected also in accordance with availability of data and they are all 

situated in hilly-mountainous and mainly rural regions. The climate of Central Serbia 

(south of the Danube and the Sava River) and in some of the investigated watersheds in 

Bulgaria is moderate-continental, while the watersheds in the southern part of Bulgaria 

and along the Black Sea have transitional Mediterranean climate. The average annual 

precipitations ranging from 650 to 1000 mm in higher regions.  

An extreme torrential flood event is related to each studied watershed. Most of the 

presented torrential flood events happened in May and June which is a peak of their 

occurrence in Serbia and in the northern part of Bulgaria. For instance, Asparuhovo–West 

and Asparuhovo–East (Bulgaria) are gullies, but the sites where severe torrential flood 

happened on the 19-20th June 2014 taking 13 human lives. After rainy April and first half 

of May 2014, a tree-day rainfall episode (May 14, 15 and 16) with 428 mm or ca. half of 

total annual precipitation caused an extreme event of torrential floods of three local 

torrents (Čađavica, Kržava and Brštica in Serbia) which attacked municipality of Krupanj 

and surrounding settlements, causing the death of 2 people and material damage estimated 

to more than 30 million €. 

 

 
Figure 1. Map of watersheds in Serbia and Bulgaria  

(the numbers of the watersheds correspond to those in Table 2)  

METHODS AND DATA 

Data for this work are analyzed in GIS environment on the base of 30m Shuttle Radar 

Topography Mission Digital Elevation Model (SRTM DEM), NASA JPL [15]. 

Georeferenced topographic maps with a scale of 1:25000 (10 meter contour interval) are 

also used since the stream map derived from the DEM had to be checked and improved. 
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These data are processed in ArcGIS and QGIS. The ArcGIS and QGIS tools are used to 

determine the watersheds and to delineate stream lines. The slope surfaces are generated 

and classified. Basic morphometric parameters are calculated in ArcGIS: watershed area, 

watershed length, total stream length, maximal and minimal elevation points (H and h), 

and area with slope >25ᵒ. Morphometric indices are computed based on the literature 

definitions and formulas (Table 1). 

Watershed area is the first mophometric parameter which is analyzed. The size of 

watershed area causes the variability of the hydro-climatic and geomorphic conditions, 

particularly affecting a total amount of the surface runoff on slopes and consequently the 

maximal discharges of the streams. Watershed length is measured along the long axis of 

the watershed from the mouth/profile of the river to the watershed boundary.  

Watershed relief is the vertical elevation distance between the highest point in the 

watershed and the mouth of the river or profile indicating the geodynamics of the area 

and development of the erosion processes [8]. Relief ratio is a measure of the general 

steepness of the watershed which is calculated by dividing the watershed relief with the 

watershed length [16], [17]. 

Table 1. Quantitative morphometric parameters. 

Morphometric 

parameter  

Description  

Formula 
Units Reference 

Watershed Area A km2  

Watershed Length L km  

Watershed Relief R =  H − h km Melton 1957 

Relief Ratio Rr =  
𝑅

𝐿
 km 

Schumm 1956; Strahler 

1958 

Melton Index 𝑀 =
𝑅

√𝐴
  

Melton 1957; Melton 

1958 

Drainage Density 
𝐷 =

𝐿𝑡

𝐴
 

km∙km-2  

AS>25ᵒ S>25ᵒ %  

 

Melton index as an indicator for the ruggedness, is calculated by dividing the watershed 

relief by the square root of the watershed area, which is widely used in the Asian and 

USA literature as an indicator for erosion and debris floods, and for the identification of 

watersheds prone to flooding. Drainage density is the total length of streams of all orders 

in the watershed divided by the watershed area. This is also an indicator of the 

development of erosional processes, which can lead to changes in the sediment transport 

and to increase the solid discharge, and thus increase the disposition for floods. Watershed 

area with a slope >25ᵒ (AS>25ᵒ) is a topographic surface sloped >25ᵒ expressed in % of 

the total area of the watershed. These are the areas with higher energy of mass movement 

and they affect the velocity of water flow and the development of erosion processes.  

The data for maximal discharges are obtained from the Hydrological yearbooks of 

Republic Hydrometeorological Service of Serbia and National Institute of Meteorology 

and Hydrology of the Bulgarian Academy of Sciences as well as from Preliminary 

Assessment of Flood Risk (Danube River Basin Directorate and East Aegean River Basin 

Directorate, Bulgaria). 

In analysis of derived data on watersheds we conducted statistical analyses by using the 

statistical software programs - Statgraphics and SPSS version 19. For determination of 

the correlation between two or more variables, simple and multiple regression analyses 

are employed. Simple regression indicates the strength of linear regression including two 
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variables (Y=a+b∙X). Multiple regression analysis, as an extension of simple regression, 

explores the relationship between dependent variable and two and more independent 

variables.  

Factor analysis is a multi-variance technique with an aim to determine the extent to which 

shared variance exists between variables [18]. This technique has been used in two 

contexts in data analytics: as confirmatory, designed to confirm or negate the 

hypothesized structure, or exploratory, to discover a structure [19]. In factor analysis, 

extraction method used is principal component analysis and rotation method is varimax 

with Kaiser normalization. Varimax rotation includes a mathematical algorithm 

maximizing the high and low value factor loadings and minimizing mid value factor 

loadings [20]. As defined in Tabachnick and Fidell [21], principal components analysis 

explores the correlations among the variables to develop a few set of components 

summarizing empirically the correlations among the variables.  

Having regard to the results of correlation and factor analyses the watersheds are 

prioritized in terms of torrential flood risks. The prioritization in this research is done on 

the basis of the morphometric parameters, following the common methodology of ranking 

the watersheds and expert knowledge presented in many publications [22], [23], [24].  

The aim of the prioritization is to indicate the watersheds with the high priority for 

implementation of measures reducing the flood risks. For this purpose, each 

morphometric parameter is ranked taking into account its relation to the maximal 

discharge. In case of positive correlation, the highest rank is assigned to the watershed 

with the highest value of the considered morphometric parameter, and if the correlation 

is negative, the watershed with the lowest value of the given morphometric parameter is 

evaluated with the highest rank.  

The compound priority number of each watershed is calculated as an average of the 

priority numbers of the morphometric parameters. On the basis of the compound priority 

the watersheds are divided into three groups - high, moderate and low priority. As limit 

values we accepted 25% deviation from the average value of the compound priority 

numbers. 

 

RESULTS 

Output of morphometric analysis for studied watersheds is given in Table 2. Watershed 

areas ranges from 0,5 km2 to 1155 km2. Watershed lengths varies from 1,4 km to 85 km 

and watershed relief from 0,2 to 2,2 km. Relief ratio is in the range from 0,014 to 0,185 

and values of Melton index from 0,03 to 0,45. 
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Most of the watersheds have a value of Melton ruggedness number lower than 0,3, 

indicating higher susceptibility to torrential floods with low amount of the sediment 

transport, while watersheds with higher Melton index than 0,3 are prone to debris flow 

processes [25]. Drainage density varies from 0,75 to 4,6 km/km2. Areas with slope>25ᵒ 

in watersheds varies from 0,1 to 45,8%. Watersheds with an area less than 100 km2 have 

the lower watershed relief and watershed length and the higher relief ratio, Melton index 

and stream density, in comparison with larger watersheds. Measured maximal discharges 

varies from 0,4 km3s-1 to 1450 m3s-1. 

Before taking into account all envisaged parameters for the multiple regression analysis, 

the correlation between dependent variable - maximal discharges and the first 

independent parameter - watershed areas is explored. The output shows fitting a linear 

model to describe the relationship between variables. Since the P-value in the ANOVA 

table is less than 0,01, there is a statistically significant relationship between variables at 

the 99% confidence level. The determination coefficient indicates that the model as fitted 

explains 68,257% of the variability in dependent variable. The Pearson correlation 

coefficient equals 0,83 and nonparametric Spearman Rho is 0,72, indicating a moderately 

strong relationship between the variables. This is a reasonable finding since the quantity 

of water discharged to the stream is mainly proportional to the watershed area. 

By adding another parameter from the list–watershed length, a turn to a multiple linear 

regression model is required. In this step, the determination coefficient is slightly higher, 

indicating that the model as fitted with two independent variables explains 69,87% of the 

variability in dependent variable and the adjusted R squared is 0,684% (Table 3). 

Including the watershed relief as the third dependent variable, multiple regression 

analysis gives the determination coefficient of 70,306, while adjusted R squared is getting 

slightly lower and this trend of decrease continues by adding all other variables 

Table 3. Outputs of multiple regression analysis. 

Q R2 R2 (adjusted for d.f.) Standard error 

A, L 69,873 68,367 0,562 

A, L, R 70,306 68,022 0,565 

A, L, R, Rr 70,317 67,193 0,572 

A, L, R, Rr, M 70,325 66,315 0,580 

A, L, R, Rr, M, D 70,931 66,087 0,582 

A, L, R, Rr, M, D, S 70,987 65,184 0,590 

 

Next multiple regression models include relief ratio as the fourth independent variable - 

and then Melton index as the fifth variable, indicating there is almost no changes of the 

determination coefficient value. When multiple linear regression model encompassed the 

sixth constant–drainage density, it resulted in slightly higher determination coefficient 

that increased at first decimal–70,931. By adding the last morphometric parameters, area 

with slope>25ᵒ, the final multiple linear regression model is obtained with R 

squared=70,99, indicating that the model as fitted to that extent explains the variability in 

maximal discharge and adjusted R squared=0,65184, which points out that graduated 

adding of parameters did not have a greater impact on the variability of the dependent 

variable. The equation of the fitted model is as follows: 

 
Qmax =  1,279E − 10 + 1,221 ∙ A − 0,344 ∙ L − 0,113 ∙ R − 0,103 ∙ Rr +  

0,046 ∙ M + 0,093 ∙ D +  0,04 ∙ 𝐴𝑆>25° 
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An additional multiple regression analysis is done excluding the watershed area, given 

that there was a high starting impact on the dependent variable. In this case, a multiple 

regression linear model is obtained with R squared=60,116 and adjusted R 

squared=0,53468, leading to the conclusion that the excluded parameter has a high 

influence which is also confirmed by the results in correlation matrix. Including the 

watershed area as the independent variable reduces the standard error-from 0,682 to 

0,582. There is a statistically significant relationships between the variables at the 99% 

confidence level in all steps of the multiple regression analyses, since the P-value in the 

analysis of variance (ANOVA) is less than 0,01.  

In the matrix of correlations (Table 4) between all observed variables, there is a high 

correlation between maximal discharges and watershed area, primarily and watershed 

length, secondarily. The high positive correlation is also found between independent 

variables watershed area and watershed length, as well as Melton index and relief ratio. 

There is also a negative correlation >-0.6 between watershed length and relief ratio and 

Melton index, respectively. 

Table 4. Correlation matrix.\ 

 A L R Rr M D AS>25ᵒ Qmax 

A 1        

L 0,9538 1       

R 0,5611 0,5992 1      

Rr -0,5628 -0,6665 -0,2697 1     

M -0,5226 -0,6097 -0,2959 0,9623 1    

D -0,4165 -0,4638 -0,2052 0,4953 0,4617 1   

AS>25ᵒ 0,0236 -0,0301 0,5806 0,3167 0,2469 0,1250 1  
Qmax 0,8262 0,7498 0,3839 -0,4286 -0,3962 -0,2585 0,0026 1 

 

After simple and multiple regression analysis, the factor analysis using the prinicipal 

component method (PCA) was performed. Feasibility of factor analysis is defined by two 

tests - Kaiser-Meyer-Olkin (KMO) Measure of Sampling Adequacy [26] (Kaiser 1974) 

and Bartlett's Test of Sphericity [27] (Bartlett 1954). According to the KMO test (Table 

5), there is a sense to conduct factor analysis with this dataset, since the value of 0,636 

exceeds the recommended value acceptable for a good factor analysis (0,6 and 0,5 

according to different authors). Bartlett's test with value of p<0,05 justifies the application 

of the factor analysis and indicates the factorability of the correlation matrix. 

Table 5. KMO and Bartlett's Test. 

 

 

 

 

Factor analysis (method: Principal components) extracted two components with the 

characteristic value of ≥1 according to the Kaiser criterion. Also, the screeplot reveals the 

existence of a clear breaking point behind the second point (Figure 2). The contribution 

of the first component is 53,844, while the contribution of the second component is 

24,335, so that both have cumulative % of 78,179, which means that these two 

components together explain over 78% variance. 

 

Kaiser-Meyer-Olkin Measure of Sampling Adequacy 0,636 

Bartlett's Test of Sphericity 

Approx. Chi-Square 299,839 

df 21 

Sig. 0,000 
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Table 6. Rotated Component Matrix 
 

 Component 

1 2 

A  -,780 ,423 

L -,851 ,384 

R -,372 ,860 

Rr ,927 ,128 

M ,891 ,093 

D ,648 ,010 

AS>25ᵒ ,310 ,862 

Figure 2. Scree plot from factor analysis   

After rotation converged in 3 iterations, a rotated component matrix is derived. According 

to the values of loadings (Table 6), first component is mostly influenced by the relief ratio 

and Melton index with positive loadings and watershed length and watershed area with 

negative loadings, while the second component is determined by slope >25ᵒ and 

watershed relief, both with positive loadings. Here are two logical findings: (1)  

According to the first component, the smaller watershed area and length, the higher relief 

ratio and Melton index. However, relief ratio is a morphometric index calculated using 

the parameter of watershed length and Melton index is calculated using the parameter of 

watershed area in the equations. (2) As defined in the second component, the higher the 

relief ratio, the higher area under slope >25ᵒ. Watershed area and watershed length belong 

to the watershed geometry, while drainage density is a parameter of the drainage 

characteristics and watershed relief, relief ratio, Melton index and slope >25ᵒ belong to 

the relief characteristics. 

On the basis of the analyses of the morphometric parameters and their relation to the 

maximal discharge the prioritization of the watersheds in terms of flood risk is conducted 

(Table 7). We excluded the parameter of slope (area with slope >25 ̊) due to a low 

correlation with the maximal discharge as in correlation matrix. Watersheds with a 

compound priority value deviated by more than 25% from the average value of the 

compound priority series are evaluated as watersheds with high priority, where the flood 

risk measures need to be taken first. Watersheds where the value of the compound priority 

deviates less than 25% of the average value are included in the group of low priority and 

the others are sorted in the group of moderate priority. 

The watersheds with high priority have mostly an area larger than 150 km2 and length 

from 22,36 to 85 km (only one of the watersheds in this group have an area less than 150 

km2 - Topčiderska river). In the group of moderate priority dominate watersheds with the 

area less than 150 km2 and the watersheds length varying between 13,12 and 24,14 km. 

Three of the watersheds with moderate priority have an area between 159 and 172 km2. 

Their presence in this group could be explained with the relatively high values of the 

relief ratio (0,07 – 0,09) and the drainage density (1,92 – 2,19). The third group of priority 

(low priority) includes the watersheds with an area between 0,54 and 30,04 km2 and the 

length less than 11 km.  

However, from the flood susceptibility point of view, watersheds from the third group of 

priority could be the highest priority watersheds, especially when considering the extreme 

maximal discharges and watershed area. Although torrential floods are complex 

phenomena, this morphometric prioritization could support the planning process and 
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mitigating the flood risk, and can be considered as a first stage of more complex 

prioritization by adding other parameters, such as hydro-climatic and infrastructural. 

Table 7. Watershed prioritization 

Watershed Profil Watersheds priority numbers according to: Comp. 

numbe

r 

P
ri

o
ri

ty
 

Are

a 

Lengt

h 

Relie

f 

Relie

f ratio 

Melton 

index 

Drainag

e density 

Varbitsa Dzhebel 43 43 33 30 42 39 38,33 

H
ig

h
 

Malak Iskar Svode 42 41 42 28 28 38 36,50 

Mati Vir Sersemskale 37 40 20 34 38 43 35,33 

Resava M, Manasija 36 37 31 28 35 35 33,67 

Vidima Sevlievo 41 42 43 27 25 18 32,67 

Vlasina Svođe 39 38 36 29 31 23 32,67 

Lugomir Jagodina 38 39 17 33 40 27 32,33 

Lužnica Svođe 34 35 27 28 33 30 31,17 

Moravica Ivanjica 40 36 35 26 32 12 30,17 

Yantra  Gabrovo 32 28 30 23 37 26 29,33 

Ropotamo Veselie 29 25 6 32 43 40 29,17 

Beli Vit Teteven 33 32 40 18 22 28 28,83 

Belica Jagodina 30 29 11 31 39 32 28,67 

Grliška  Grlište 27 27 25 25 30 33 27,83 

Beli Iskar Beli Iskar 35 33 41 17 21 19 27,67 

Jošanica Biljanovac 31 34 37 21 23 20 27,67 

Obnica Belo Polje 28 30 18 30 34 25 27,50 

Topčiderska r. Rakovica 21 31 5 34 41 31 27,17 

Ravanica Ćuprija 23 22 14 30 36 37 27,00 

Skrapež Kosjerić 24 26 22 26 29 24 25,17 

M
o

d
er

at
e 

Jablanica  Sedlare 22 23 26 22 27 29 24,83 

Cherni Vit Cherni Vit 25 24 38 13 15 22 22,83 

Elhovska Rudozem 18 18 29 14 16 41 22,67 

Byala Smolyan 16 16 28 10 12 42 20,67 

Barziya Balabanitsa 26 19 39 8 14 15 20,17 

Lukovska r. Merćez 20 20 32 19 18 11 20,00 

Ribnica  Pastrić 19 21 21 24 26 4 19,17 

Crnajka Crnajka 17 17 24 16 19 13 17,67 

Asparuhovo Western g. 5 6 1 23 20 36 15,17  

Asparuhovo Eastern g. 6 4 2 20 24 34 15,00  

Ostretska  Apriltsi 13 14 34 6 6 17 15,00 

L
o

w
 

Manastirica Brežđe 15 13 19 11 11 7 12,67 

Kamišna  Glibetići  14 15 15 15 13 3 12,50 

Kalimanska r. Vladičin H. 11 12 23 7 7 10 11,67 

Čađavica Krupanj 12 11 9 12 17 1 10,33 

Kržava Krupanj 9 10 13 9 8 9 9,67 

Sejanička d. Grdelica 10 8 12 8 9 8 9,17 

Ravna reka Strelac 7 7 16 4 5 16 9,17 

Brštica Krupanj 8 9 7 15 10 5 9,00 

Lještarska d. Priboj V. 4 5 10 5 2 21 7,83 

Lonjinski p. Lonjin 2 2 4 1 3 14 4,33 

Dubošnički p. Bačevci 3 3 8 2 1 6 3,83 

Đurđevački p. Ljubovija 1 1 3 3 4 2 2,33 

 

CONCLUSION 

In this paper, morphometric analysis for 43 watersheds in Serbia and Bulgaria with related 

maximal discharges in the events of torrential floods is conducted followed by the 

statistical analyses which gave satisfactory results. The high correlation between maximal 
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discharges and watershed area is found. A multiple linear regression model including all 

seven independent variables is obtained with R squared=70,99, indicating that the model 

as fitted to that extent explains the variability in maximal discharge and adjusted R 

squared is 0,65184. Factor analysis (method: Principal components) extracts two 

components in rotated correlation matrix with the characteristic value of ≥1 according to 

the Kaiser criterion, that together explain over 78% variance. The first component is 

mainly composed by the relief ratio, Melton index and watershed length, while the second 

component is determined by parameters of relief characteristics, area with slope >25ᵒ and 

watershed relief.  

Though morphometric study itself is not sufficient to explain extensively the occurrence 

of maximal discharges in the events of destructive torrential floods, morphometric 

analysis can meaningfully contribute to the explanation of torrential flood events. 
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