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This study focuses on flash flood susceptibility modelling using geomorphometric ranking approach in the
Ushairy Basin. In the study area, flash floods are highly unpredictable and the worst hydrometeorological
disaster. An advanced spaceborne thermal emission and reflection radiometer global digital elevation
model was used as input data in a geographic information system environment to delineate the target
basin. A total of 17 sub-basins were delimited using a threshold of 4km2. The attribute information of each
sub-basin was analysed to compute the geomorphometric parameters by applying Hortonian and Strahler
geomorphological models. The results were analysed and categorised into five classes using statistical
techniques, and the rank score was assigned to each class of all parameters depending on their relation
with flash flood risk. In this study, 16 parameters were analysed to quantify the geomorphometric number
of each sub-basin depicting the degree of flash flood susceptibility. The geomorphometric number of each
sub-basin was linked to the geo-database for spatial visualisation. The analysis reveals that extremely
high, very high, high and moderate sub-basins susceptible to flash floods were spread over an area of
55%, 8.5%, 23.7%, and 11.5%, respectively. It was found that out of total settlements, 53% are located
in the extremely highly and very highly susceptible sub-basins. In the study area, the upper reaches
are characterised by snow-covered peaks, steep slopes and high drainage densities (>1.7 km/km2). The
analysis further indicated that the flash flood susceptibility increases with the increase in area, relief
and relief ratio of the sub-basins. Model accuracy was assessed using primary data regarding past
flood damages and human fatalities. Similarly, socio-demographic conditions of each sub-basin were
also compared and linked to the extent of flash flood susceptibility. This study may assist the district
government and district disaster management authority of Dir upper to initiate flood risk reduction
strategies in highly susceptible zones of the Ushairy Basin.
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1. Introduction

Every year disasters are becoming more frequent
and destructive with heavy material losses and
thousands of fatalities around the globe (Gaume
et al. 2009; Youssef et al. 2016). It is estimated

that geophysical and hydro-meteorological
disasters have been causing widespread damages
to people and infrastructure (Collier 2007; Kraus-
mann and Mushtaq 2008). Flood is one of the most
devastating hydro-meteorological disasters (Rah-
man and Khan 2011, 2013; Rahman and Shaw
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2015; Mahmood et al. 2016a, b; Dawood et al.
2017). Worldwide, more than one-third of the land
surface is exposed to floods, where over 70% of
the population reside (Aksoy et al. 2016). It has
been calculated that flooding events are increasing
mainly due to the increasing intensity of rainfall,
changes in land-use pattern and excessive melting
of snow and glaciers (Kundzewicz and Jania 2007).
It is evident that with increasing extreme precipi-
tation events, the devastating floods might become
more prevalent in future (Mazzorana et al. 2009;
IPCC 2014). The multifaceted interaction of geo-
morphometric and hydro-climatic parameters with
the landscapes and morphological structures of the
watershed generates disastrous flash floods (Kory-
tny and Kichigina 2006; Creutin et al. 2013). This
has increased the potential for flash flood causali-
ties and related damages (Mahmood et al. 2016a).
Similarly, changes in land-use land cover, increased
exposure and susceptibility may further intensify
flash floods (Cantet et al. 2011).

Flash flood is one of the complex hydro-meteoro-
logical disasters claiming a high number of lives and
causing severe economic losses (Jonkman and Vri-
jling 2008) because of the devastating rapid flood
flow that usually occurs in a short period with-
out adequate forecasting or warning (Ibarra 2012).
Heavy to intense rainfall generates flash floods
resulting in high levels of discharge (Creutin et al.
2013). Flash flood is a localised phenomenon that
occurs in basins of few hundred square kilometres
or less, with response times of a few hours or less
(Creutin and Borga 2003). The rapid to extreme
response of some basins to rainfall is because of
their high drainage density, steep slopes and imper-
meable surfaces (Creutin and Borga 2003). Simi-
larly, barren and impervious surfaces also increase
surface run-off and sharply reduce the lag time
for genesis of flash floods (Borga et al. 2007).
This results in high peak discharge, often jeop-
ardising human lives and settlements (DeGaetano
2009).

Generally, flash flood-generating factors include
intense rainfall, gradient of the watershed, land-
use and land cover, soil permeability and physical
vulnerability to flood occurrences (Llasat et al.
2010; Shehata and Mizunaga 2018). Flash flood
events are convective in nature. During the warm
season, deep and moist convection results into tor-
rential rainfall with extremely high intensity than
any other rain-producing weather system and as a
result generates flash floods (Kim et al. 2011). The
barren and impervious surfaces increase surface

run-off and sharply reduce the lag time for flash
flood genesis (Mahmood et al. 2016b). Hu (2016)
also reported that geomorphometric characteris-
tics of the basin and prevailing meteorological
conditions are responsible for the genesis of flash
floods.

A number of quantitative and qualitative
approaches exist in scientific literature for flash
flood modelling within a watershed. A geomorpho-
metric analysis is the quantitative technique for
the evaluation of sub-basin characteristics (Hor-
ton 1945). Basin characteristics play a vital role
in quantifying and analysing geomorphometric
parameters to predict floods, sediment yields and
erosion rates (Gardiner 1990). Currently, water-
shed delineation and geomorphometric parame-
ter computation can be achieved by analysing
remotely sensed data in a geographic information
system (GIS) environment (Singh et al. 2013),
under the established geomorphological models
(Horton 1945; Miller 1953; Schumm 1956; Strahler
1957; Gardiner 1990). Many studies were carried
out to assess the severity of risk at places suscepti-
ble to flash floods. In this regard, El-Shamy (1992)
established the relationship between bifurcation
ratio, drainage density and drainage frequency.
Youssef et al. (2011) developed a GIS-based mor-
phometric analysis approach to estimate the levels
of flash flood risk for sub-basins. Elmoustafa and
Mohamed (2013) used a weighted normalised risk
factor for the risk assessment of floods. Elmaghraby
et al. (2014) employed a morphometric analysis
to evaluate the flash flood hazard of Al-Hamd
sub-basins, western Saudi Arabia, using nine mor-
phometric parameters, namely, watershed area,
drainage density, stream frequency, shape index,
slope index, relief ratio, ruggedness number, tex-
ture ratio and weighted mean bifurcation ratio,
which have a direct influence on flash flood-
ing. Farhan and Anaba (2016) used a GIS-based
morphometric ranking approach for flash flood
risk estimation. Singh and Singh (2017) utilised
eight morphometric parameters for geomorpholog-
ical analysis and watershed prioritisation. Mah-
mood and Rahman (2019) has modeled flash flood
susceptibility using the integrated approach of geo-
morphometric and hydrological parameters.

The overall aim of this paper is to model and
geo-visualise the susceptibility conditions of all
sub-basins to flash floods. Susceptibility is the
likelihood of a disastrous event occurring in an
area supported by the overall topography of the
region (Santangelo et al. 2011). Generally, it is
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Figure 1. Location of the study area modified after ASTER GDEM 2011. Source: GoP (2010).

the degree to which an area can be affected by
future extreme events. It is also an estimation of
where the future events may occur without consid-
ering the temporal probability of an event (Tehrany
et al. 2014; Dottori et al. 2016; Khosravi et al.
2016). This approach is useful for areas where it
is difficult to obtain enough information concern-
ing the temporal probability and occurrence of an
event. The objectives of this study are to anal-
yse the geomorphometric characteristics of each
sub-basin and employ geomorphometric ranking
approach to estimate the degree of flash flood sus-
ceptibility in the Ushairy Basin located in Eastern
Hindu Kush. The results of this study will defi-
nitely be helpful for researchers, disaster managers
and planners to deal with the susceptible areas and
prioritise location-specific flood mitigation strate-
gies for minimising the potential impacts of future
flood events.

2. Study area

Geographically, the Ushairy Basin extends from
72◦16′–72◦50′E longitude to 35◦6′–35◦16′N latitude
(figure 1). Physically, the study area is dominated
by mountains showing variation in altitude that
approximately ranges from 1000 to 4000 m asl. The
lowest point is at Darora, while the highest point of
the area is at Saidgai. Flash floods and soil erosion
are common due to steep slopes and heavy degra-
dation of vegetation (Rahman and Shaw 2015).
The field survey reveals that disastrous flash floods
have occurred four times recently (2005, 2010,
2014 and 2016) with devastating physical damages
and human casualties (Mahmood et al. 2016a, b).
Therefore, for this study, 2005 is selected as the
base year. The total area of the basin is 391 km2,
of which, forest cover is 294 km2, agricultural land
is 29 km2, vacant land is 34 km2 and the remaining
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is built-up area (Muhammad 2011). The study
area receives maximum precipitation in the form
of snow during the winter. Generally, in the upper
reaches, snowfall starts in November and descends
downwards as the temperature falls in December.
The melting of snow starts in March and goes
on depending upon the elevation (Government of
Pakistan (GoP) 2000). In an ice-cap zone, crops
cannot grow; however, a few frost-resistant tree
species grow along its lower part on steep slopes,
shedding their cover for 1 or 2 months during the
summer.

In the study area, the soil texture varies from
loamy, sandy loamy to clayey in nature. In the
upper areas, soil is exposed and susceptible to
erosion due to steep and fragile slopes. Deep and
rich soils occur on moderate slopes, and such areas
are mostly terraced and used for cultivation pur-
poses. Maize, wheat, potato and onion are the main
crops grown in the region (Muhammad 2011). The
total population of the Ushairy valley is 39,386, of
which 20,457 are male and 18,929 are female. Simi-
larly, the average family size was 8.3 persons (GoP
2000).

3. Methods and materials

The methodology of this study comprises water-
shed modelling and susceptibility modelling. An
advanced spaceborne thermal emission and reflec-
tion radiometer (ASTER) global digital elevation
model (GDEM) is used as input data, downloaded
from the open-source geo-database of the United
States Geological Survey (USGS). GDEM has been
produced as a joint activity of the Ministry of Econ-
omy, Trade, and Industry (METI) of Japan and
the US National Aeronautics and Space Adminis-
tration (NASA) and is available free of charge for
everyone. The spatial extent of GDEM coverage is
between 83

◦

N and 83
◦

S latitude with 30-m spa-
tial resolution. The estimated accuracies of GDEM
for vertical and horizontal data are 20 and 30 m,
respectively, at a confidence level of 95%. Even
though this product is expected to be a better
elevation data set for its spatial resolution and
whole-world coverage (Zhao et al. 2010). The mod-
elling course of action is explained stepwise in the
following section.

In the first step, watershed modelling approach
was implemented using GDEM as input data to
model main basin and sub-basin boundaries and
stream network (figure 2). The Ushairy Basin is

further delineated into 17 sub-basins and extracted
fifth-order stream network. For the smallest stream
definition, sub-basins were delineated using a
threshold area of 4 km2. The sub-basins are repre-
sented as Sb-1–Sb-17. The Strahler (1964) stream
order technique is applied to define stream order. In
the second step, 18 geomorphometric parameters
of each sub-basin were quantified using established
geomorphological models given in table 1.

In the third step, a geo-morphometric rank-
ing approach was employed by considering two
groups of geomorphometric parameters to compute
the geomorphometric number depicting the degree
of flash flood susceptibility for each sub-basin
after Farhan and Anaba (2016). Group I com-
prises 10 parameters, which are directly propor-
tional to the degree of susceptibility: sub-basin
area, circularity ratio, sub-basin relief, relief ratio,
drainage density, stream frequency, stream order,
total stream number, total stream length and sub-
basin gradient. Group II comprises seven param-
eters, which are inversely proportional to the
degree of susceptibility: hypsonetric integral, elon-
gation ratio, shape factor, compactness coefficient,
ruggedness number, geometry number and length
of overland flow (table 2).

The standardised geomorphometric ranking
score of all parameters was quantified by applying
mathematical equations (1) and (2) of each sub-
basin after Youssef et al. (2009), Pradhan (2010),
and Farhan and Anaba (2016). The standardised
geomorphometric ranking score of group I and
group II parameters is calculated using equations
(1) and (2), respectively:

Ranking score = 4

(

X ′
− Xmin

Xmax − Xmin

)

+ 1,

(1)

Ranking score = 4

(

X ′
− Xmax

Xmin − Xmax

)

+ 1,

(2)

where X ′ is the parameter value of the selected
basin, Xmin and Xmax are the minimum and
maximum values of the same parameter among all
basins, respectively. The rank score for each param-
eter regarding all sub-basins was defined as ranging
from 1 to 5 depending upon the relation of param-
eter to the degree of susceptibility (table 2). Then
geomorphometric number for each sub-basin was
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Figure 2 Research process

FLASH FLOOD SUSCEPTIBILITY MODELING USING GEOMORPHOMETRIC RANKING 
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Figure 2. Research process.

determined by adding the standardised rank score
of all parameters.

In the fourth step, geomorphometric numbers
were categorised into five classes and named as
extremely highly susceptible (>56), very highly
susceptible (53–56), highly susceptible (49–52),
moderate susceptible (45–48) and low susceptible
(<45). In the last step, geomorphometric numbers
of each sub-basin were linked to the geo-database
in the ArcGIS10.2 environment, and the degree of
flash flood susceptibility was geo-visualised in the
form of susceptibility map. The model accuracy
was assessed on the basis of primary data regard-
ing the past flood damages, its economic loss in
million Pakistani rupees (mPKR) and causalities.
Similarly, the socio-demographic data of each sub-
basin were also compared and then linked to the
susceptibility.

4. Results and discussion

The Ushairy Basin is drained by the left bank
tributary ‘River Ushairy’ of Panjkora River Sys-
tem located in Eastern Hindu Kush Mountains.
The Ushairy Basin has 17 sub-basins of different
geomorphometric characteristics. The sub-basins
located in the upper reach have snow-covered
peaks and accumulate snow in narrow valleys. It
receives intense rainfall particularly from thunder
storms in the pre- and post-monsoon seasons (Mah-
mood et al. 2016a). The rainfall also increases the
melting of snow, so the combined effect of rainwa-
ter and meltwater generates flash floods without
prior warning with disastrous consequences. The
lowest rainfall was recorded in 1971 and 2001,
while the highest in 1979, 1986 and then in
2010.
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Table 2. Rank classes and rank score of geomorphometric parameters.

Geo-

morphometric 

Parameters

Ranked 

Classes

Rank 

Score

Geo-

morphometric 

Parameters

Ranked 

Classes

Rank 

Score

Geo-

morphometric 

Parameters

Ranked 

Classes

Rank 

Score

Geo-

morphometric 

Parameters

Ranked 

Classes

Rank 

Score

Bh

<500 1

G

<10 1

Lu

<15 1

Lo

<.70 5

500-

1000 2 15-Oct 2 15-30 2

0.70-

0.80 4

1001-

1500 3 15.1-20 3 30.1-45 3

0.81-

0.90 3

1501-

2000 4 20.1-25 4 45.1-60 4

0.911-

1.0 2

>2000 5 >25 5 >60 5 >1.0 1

Rr

<0.1 1

A

<15 1

Fs

<3 1

Rn

<1.0 5

0.11-0.2 2 15-30 2 4-Mar 2 1.0-2 4

0.21-

0.30 3 30.1-45 3 4.1-5 3 2.1-3.0 3

0.31-
0.40 4 45.1-60 4 5.1-6 4 3.1-4.0 2

>0.40 5 >60 5 >6 5 >4.0 1

So

1 1

Er

<0.3 5

Dd

< 1.2 1

Gn

<200 5

2 2 0.3-0.5 4 1.2-1.4 2 200-225 4

3 3 0.51-0.7 3 1.41-1.6 3
225.1-

250 3

4 4 0.71-0.9 2 1.61-1.8 4

250.1-

275 2

5 5 >0.9 1 >1.8 5 >275 1

Nu

<100 1

Bs

<0.2 5

Cr

<0.4 1

Cc

<1.0 5

100-150 2 0.2-0.4 4 0.4-0.55 2 1.0-1.25 4

151-200 3 0.41-0.6 3

0.56-

0.70 3

1.251-

1.50 3

201-250 4 0.61-0.8 2

0.71-

0.85 4

1.51-

1.75 2

>250 5 >0.8 1 >0.85 5 >1.75 1

Key: Increasing impact of geomorphometric parameters.

Figure 3. Mean monthly rainfall of past 50 years and 2010 extreme.

The analysis revealed that in the last four
decades, there is a positive shift in rainfall, par-
ticularly in July. In the year 2010, an increase in
the mean monthly rainfall had taken place from
May to September. The normal for the months of
May, June, July and August is 89, 56, 156 and
149 mm, whereas the amount of rainfall in the
year 2010 for the same months was 110, 76, 398
and 285 mm, respectively (figure 3). The extreme
event of 4-day wet spell (27–30th) with inten-
sity of 99 mm/day occurred in July 2010. The
highest intensity (6.5 mm/h) was recorded on 29
July 2018 (Pakistan Meteorological Department
(PMD)). This wet spell became the flash flood-
generating factor in the entire valley, leading to

flash floods that had never ever been experienced
by this valley in the past. July and August are the
hottest months with maximum temperature higher
than 32

◦

C, causing melting of snow and glaciers in
the upper catchment areas. The main source of dis-
charge in the river is meltwater. The high-intensity
rain accelerates melting. Thus, the meltwater has
contributed in the genesis of high discharge which
was beyond the capacity of the channel and gener-
ated massive flash floods with disastrous effects on
human life, property and infrastructure (Mahmood
et al. 2016b).

The geomorphometric characteristics of the sub-
basins greatly influence the peak discharge in the
river responsible for the genesis of flash floods.
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Each year, these events cause human causalities
and huge economic loss. In the past two decades,
the extreme rainfall events in the study region
have been increasing, similar to the global scenario
(Dawood et al. 2017).

In short, the study area is susceptible to flash
floods of different magnitudes as a result of increas-
ing precipitation events and torrential rainfall. The
hydro-geomorphology of the basin and anthro-
pogenic activities, particularly forest cutting, have
further increased the susceptibility to flash floods.
A methodology for flash flood susceptibility mod-
elling has been employed to understand its nature
and spatial extent in the Ushairy Basin. The spa-
tial distribution of flash flood potential is analysed.
Then, the degree of flash susceptibility charac-
terising each sub-basin is determined using the
geomorphometric ranking approach by utilising
18 geomorphometric parameters of 17 sub-basins.
The ranking score for the selected parameters was
determined and then the geomorphometric number
for each sub-basin was computed.

4.1 Geomorphometric analysis

The quantitative geomorphometric analysis was
carried out to determine the linear, aerial and
shape aspects of 17 sub-basins forming the study
area. Results and analysis disclose that areawise,
sub-basin Sb-16 is the smallest one covering an
area of 4.2 km2 and sub-basin Sb-13 is the largest
one with land area of 76.27 km2. Geomorpho-
logically, the basin presents a dendritic type of
drainage pattern. In this study, drainage density
values range from 0.46 to 1.84 km/km2. More
than 80% of the sub-basins have drainage density
more than 1.5 km/km2. The drainage density is
an important geomorphometric parameter in sus-
ceptibility modelling because it directly affects the
flood hydrograph. The relief of sub-basins was high
with maximum and minimum values of 2573 and
873 m, respectively. A value of 15.3 for stream
frequency indicates an impermeable sub-surface.
The length of overland flow is one of the most
important geomorphometric parameters affecting
the hydrological and physiographical development
of a drainage basin. It is approximately equal
to half of the reciprocal of drainage density. In
all sub-basins, the maximum and minimum val-
ues of length of overland flow were 1.07 and 0.33,
respectively. The values of basin’s shape factor
were less than unit for all sub-basins which depicts
high flood discharge. The maximum and minimum

values were 0.83 and 0.14, respectively. The
circularity ratio (Cr) indicates that sub-basins Sb-
11, Sb-14 and Sb-15 are more circular in shape
having values of 0.627, 0.617 and 0.622, respec-
tively, while Sb-13 is elongated with Cr of 0.08
(table 3).

4.2 Flash flood susceptibility

The degree of flash flood susceptibility is deter-
mined by implementing the geomorphometric rank-
ing approach for 17 sub-basins. The approach was
executed to aggregate ranking score for differ-
ent geomorphometric characteristics. The aggre-
gated ranking score represents the geomorphomet-
ric number which has delineated the study area into
five susceptibility zones. The greater the geomor-
phometric number, the higher is the sub-basin’s
susceptibility to flash floods and vice versa.

The analysis reveals that the geomorphometric
number for all sub-basins ranges from 43 to 59.
Out of 17 sub-basins in the study area, Sb-1, Sb-2,
Sb-12 and Sb-15 have the highest geomorphome-
tric numbers (57–59) and thus highlighting the
extremely highly susceptible zone to flash flooding
covering a maximum land area of 45.5% (178 km2)
in the Ushairy Basin (table 4). The geomorphome-
tric number of Sb-15 is 59. The Sb-14 covering 7%
(27.6 km2) of the total (391 km2) with geomorpho-
metric number ranging from 53 to 56 is categorised
as very highly susceptible zone, whereas the highly
susceptible sub-basins are Sb-3, Sb-4, Sb-5, Sb-
6, Sb-9 and Sb-11 covering a land area of 19.6%
(77 km2) with geomorphometric numbers rang-
ing from 49 to 52. The moderately susceptible
sub-basins are Sb-7, Sb-8, Sb-10 and Sb-17, cov-
ering the land area of 9.3% (36.5 km2) having
geomorphometric numbers ranging from 45 to 48
and Sb-13 and Sb-15 have low susceptibility to
floods with geomorphometric number less than 45
(figure 4). So, only 19.6% of the study area has low
susceptibility to floods.

The extremely highly and very highly suscepti-
ble sub-basins have the highest ranking score for
parameters of group I and lower ranking score for
parameters of group II. For instance, maximum
ranking score was obtained for sub-basin area,
relief, stream frequency, drainage density, circu-
larity ratio and gradient (table 4), whereas lower
scores were obtained for geometry number and
ruggedness number. This nature of geomorpho-
metric characteristics of the sub-basins increases
susceptibility flash floods and forms extremely high
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Table 3. Geomorphometric characteristics of the Ushairy Basin.

Geo-morphometric      

Parameters

Sub-basins

Sb-1 Sb-2 Sb-3 Sb-4 Sb-5 Sb-6 Sb-7 Sb-8 Sb-9
Sb-

10

Sb-

11

Sb-

12

Sb-

13

Sb-

14

Sb-

15
Sb-16 Sb-17

A 46.12 37.7
26.1

3
12.2 6.92 11.8 11.8 6.6 9.46 13.45 10.41 55.69 67.47 27.6 38.54 4.2 4.6

Bh 2252 2397 2573 2086 1894 1790 1236 1311 1593 1514 1583 1913 2209 2033 2180 873 1212

Rr 0.234
0.24

7

0.45

9

0.30

6

0.33

5

0.31

4

0.21

4

0.30

4

0.30

6
0.252 0.295 0.171 0.094 0.242 0.229

0.349

2

0.346

2

So 5 5 3 3 3 3 3 3 3 3 3 5 5 5 5 3 3

Nu 273 298 173 85 26 89 68 101 74 90 68 359 42 174 221 9 11

Lu
78.51

8

60.3

3

43.3

3

19.8

5

10.9

4

20.7

4

21.7

1

12.0

8
14.4 22.13 15.56 87.97 31.26 44.51 60.94 6.25 6.85

Fs 5.919
7.90

4
6.62

6.96

7

3.75

7

7.54

2

5.76

2
15.3

7.82

2
6.691 6.532 6.446 0.014 6.304 5.734 2 2.3

Dd 1.7 1.6 1.65 1.62 1.58 1.75 1.84 1.83 1.52 1.64 1.49 1.57 0.463 1.61 1.58 1.42 1.48

Cr 0.569
0.54

1

0.49

9
0.53

0.45

6

0.59

2
0.56

0.51

6

0.59

9
0.547 0.627 0.577 0.08 0.617 0.622 0.61 0.56

G 23.3 26
27.5

6
18.4 20.1

18.8

4

12.8

5

18.2

9

18.3

8
15.14 17.72 20.3 11.68 25.1 23.76 20.95 20.7

Er 0.798
0.71

4
0.8

0.57

9

0.52

5
0.68

0.67

1

0.67

4

0.66

7
0.689 0.679 0.756 0.397 0.75 0.154 0.92 0.69

Bs 0.5 0.4 0.83 0.26 0.21 0.36 0.35 0.35 0.34 0.37 0.36 0.44 0.14 0.39 0.42 0.58 0.66

Lo 0.85 0.8
0.82

5
0.81 0.79

0.87

5
0.92

0.91

5
0.76 0.82 0.745 0.785 1.07 0.805 0.79 0.35 0.33

Rn
3.828

4

3.83

5

4.24

5

3.37

9

2.99

2

3.13

2

2.27

4

2.39

9

2.42

1
2.482 2.358 3.003 1.02 3.273 3.444 1.23 1.79

Gn 281.5 259 154
183.

6

148.

8

166.

2

176.

9

131.

2

131.

7
164 133 291.6 180 225.4 250.3 59 86

Cc 1.32 1.35 1.41 1.36 1.47 1.29 1.39 1.38 1.28 1.34 1.25 1.31 3.82 1.27 1.26 1.05 1.03

Key: Increasing impact of geomorphometric parameters.

and very high susceptibility zones in the study area.
Similarly, low susceptible sub-basins have the low-
est ranking score for parameters of group I and
high values for parameters of group II. The ranking
score of sub-basin area, relief and drainage density
shows a lower value (1) having direct impact on
flash flood genesis, whereas the length of overland
flow and geometry number shows a maximum (5)
because its impact on flash flood genesis is
inverse. This geomorphometric character lowers the
degree of flash flood susceptibility and forms low
susceptibility zone of the study area.

The analysis further reveals that extremely
highly susceptible sub-basins are spatially dis-
tributed in the upper reaches of the study area,
whereas low and moderately susceptible sub-basins
are located in the lower reaches of the study area.
The sub-basins in the upper catchment covering
more land area than others are located in the mid-
dle parts of the study area. These basins also have
high drainage density, relief ratio and lower geom-
etry number, elongation ratio and compactness
coefficient. The basin’s shape factor and relief have

an influence on the flash flood genesis because they
affect the time concentration in the main channel
and the basin outflow point. Similarly, the topo-
graphic contrast produces important differences in
sub-basins of upper reach and lower reach. The
upper reach sub-basins are characterised by steep
channel gradient and high drainage densities gen-
erating high surface run-off that results in flash
floods.

The analysis also indicated that out of the
total human settlements, 53% are located in the
extremely highly and very highly susceptible sub-
basins, 30% are situated in highly susceptible
zones, while remaining are distributed in low and
moderately susceptible areas. The analysis indi-
cated that most of the human population and
their property are very highly susceptible to flash
floods. This increases the risk of human causalities
and socio-economic losses. The areas are suscep-
tible because they are located in hilly regions
with steep slopes and snow-covered peaks. Dawood
et al. (2017) also found that the upper catchment
areas in the eastern Hindu Kush region receive
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Table 4. Geomorphometric ranking score.

Geo-morphometric            

Parameters

Sub-basins

Sb-1 Sb-2 Sb-3 Sb-4 Sb-5 Sb-6 Sb-7 Sb-8 Sb-9 Sb-10 Sb-11 Sb-12 Sb-13 Sb-14 Sb-15 Sb-16 Sb-17

A 4 3 3 2 2 2 2 1 1 1 1 4 5 3 3 1 1

Bh 5 5 5 5 4 4 3 3 4 4 4 4 5 5 5 2 3

Rr 3 3 5 4 4 4 3 4 4 3 3 2 1 3 3 3 3

So 5 5 3 3 3 3 3 3 3 3 3 5 5 5 5 3 3

Nu 5 5 3 1 1 1 1 2 1 1 1 5 5 3 4 1 1

Lu 5 5 3 2 2 2 2 1 1 2 2 5 3 3 5 1 1

Fs 4 5 5 5 2 5 4 4 4 4 4 5 1 5 4 1 1

Dd 5 4 4 4 3 5 4 4 3 4 3 4 1 4 4 3 3

Cr 3 2 2 2 2 3 3 2 3 2 3 3 1 3 3 3 3

G 4 5 5 3 4 3 3 3 3 3 3 4 2 5 4 4 4

Er 2 2 2 3 3 3 3 3 3 3 3 2 2 2 5 1 3

Bs 3 4 1 4 4 4 4 4 4 4 4 3 5 4 3 3 2

Lo 3 4 3 3 4 3 2 2 4 3 4 4 1 3 4 5 5

Rn 2 2 1 2 3 2 3 3 3 3 3 3 4 2 2 4 4

Gn 1 2 2 5 5 5 5 5 5 5 5 1 5 3 2 5 5

Cc 3 3 3 3 3 3 3 3 3 3 4 3 1 3 3 4 4

Total Score 57 59 50 51 49 52 48 47 49 48 50 57 47 56 59 44 46

Key: Increasing impact of geomorphometric ranking score.

Figure 4. Geo-visualisation of sub-basin flash flood susceptibility by implementing the geo-morphometric ranking approach.
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Figure 5. Flash flood susceptibility versus past floods: (a) fatalities, (b) injuries, (c) infrastructural economic losses in
mPKR, (d) agricultural economic losses in mPKR, (e) population density in persons/km2 and (f) literacy ratio.

more rainfall due to orographic effects. Thus, the
combined effect of meltwater and rainwater results
in flash floods without any prior warning. The peak
flow is further intensified by steep gradient and
narrowness of the channels. Consequently, most
of the villages are situated in the proximity of
torrents, and streams are likely to get damaged by
floods. Similarly, temporary settlements are also
located in the proximity of contributing streams,
particularly in the upper catchment of the study
area. When flash floods come, they first interact
with the temporary settlements and damage them.

In the disastrous flash flood events of 2005, 2010,
2014 and 2016, most of the injuries and fatali-
ties (190) were reported from the extremely highly,
very highly and highly susceptible areas. Simi-
larly, these events have caused tens of millions
of economic loss to infrastructure and agricul-
ture. The houses and agriculture activities have
been affected by flash floods since 2005. About
80% of the past human and economic losses have
been occurred in the highly susceptible zone. It
depicts that the highly susceptible zones have
80% model accuracy in the case of economic loss,
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while in terms of fatalities and injuries, the model
accuracy is 100% (figure 5a–f). The literacy ratio is
also somehow responsible in modulating the flash
flood risk susceptibility because the high level of
education reduces susceptibility by avoiding activ-
ities in highly exposed areas. Therefore, the literacy
ratio and population density were also used to find
the accuracy of the model results.

In short, flash flood susceptibility is an estima-
tion of where the future events may occur and to
which degree the area will be affected. In the wake
of recent climate change, the magnitude and fre-
quency of disastrous flash flood events will further
grow, which is a serious threat for highland river
systems where the Ushairy Basin is also located.
Such conditions have made more than 50% land
area, population and human settlements extremely
to highly susceptible. The spatial visualisation of
susceptibility presents a pattern that categorises
the Ushairy Basin into upper, middle and lower
zones. The upper zone has extreme to very high
susceptibility, middle zone has high susceptibility
and lower zone has moderate to low susceptibility.
These zones also validate the results of the geo-
morphometric ranking approach because past flood
damages also present the same spatial pattern.

5. Conclusion

This study concludes that a GIS-based
geomorphometric analysis and satellite data can be
employed to estimate flash flood susceptibility and
spatial potential flood hazard was geo-visualised
which shows flash flood-prone sub-basins across
the study area. The mathematical computation-
based generated maps/information will assist plan-
ners and decision-makers to understand the spatial
distribution of flood hazard to formulate flood mit-
igation strategies to reduce the negative impacts
of repetitive flooding on the residents and infras-
tructure. The implementation of GDEM in the GIS
environment made it possible to delineate the sub-
basins at threshold of 4 km2, and a total of 17
sub-basins were delimited. The river network is of
fifth order representing the dendritic drainage sys-
tem. Then, the morphometric ranking approach
is employed to categorise sub-basins into low,
moderate and high flood, very high and extremely
high susceptibility zones.

The analysis reveals that geomorphometric num-
ber is directly proportional to flood susceptibility.
In the study area, the geomorphometric number

for all sub-basins ranges from 43 to 59. Out of 17
sub-basins, Sb-13 and Sb-16 have the lowest geo-
morphometric number (<45) that highlights low
susceptible areas. The moderately susceptible sub-
basins are Sb-7, Sb-8, Sb-10 and Sb-17 having
geomorphometric numbers ranging from 45 to 48.
The highly susceptible sub-basins are Sb-3, Sb-4,
Sb-5, Sb-6, Sb-9 and Sb-11 with geomorphometric
numbers ranging from 49 to 52. The Sb-14 is very
highly susceptible with geomorphometric number
56. The extremely highly susceptible sub-basins are
Sb-1, Sb-2, Sb-12 and Sb-15 covering a maximum
land area (45.5%) with highest geomorphometric
number (>56) and thus highlighting the extremely
highly susceptible areas to flash flooding. So, as the
geomorphometric number increases, the suscepti-
bility of the sub-basins increases. The model results
were validated by integrated geo-visualisation of
flash flood susceptibility and spatial distribution of
past flood fatalities, injuries and economic losses.

The study further concludes that spatial visu-
alisation of susceptibility presents a pattern that
categorises the Ushairy Basin into upper, middle
and lower zones. The upper zone has extreme to
very high susceptibility, middle zone has high sus-
ceptibility and lower zone has moderate to low
susceptibility. These zones also validate the results
of the geomorphometric ranking approach because
past flood damages also present the same spatial
pattern.

This micro-level analysis provides foundation
and guidelines for flood hazard management by the
District Disaster Management Authorities. How-
ever, the National Disaster Management Authority
may also replicate the same methodology over an
extensive area of the country for getting produc-
tive results. This methodology may also be applied
in regions of the world having similar character-
istics to the Ushairy Basin. Our findings further
indicated that these flood susceptibility maps can
assist disaster planners, decision-making authori-
ties and other flood dealing agencies to deal with
the location-specific flood risk management and
planning in the region. This study will be helpful
for research work regarding hydrological hazards
and disaster planners to oversee the highly sus-
ceptible areas by deploying location-specific flood
mitigation strategies.
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