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Abstract: Every year, disaster strikes, and led to thousands of casualties and deaths around the world. A meteorological
disaster such as a flash flood is a multifaceted hydro-meteorological phenomenon that can cause a huge loss of human
life and can create severe economic problems. In this study, techniques based on Geographic information systems and
Remote sensing were used to get the flood susceptibility map for District Shangla, Pakistan. For the susceptibility
of flash floods, geo-morphometric ranking model was used. Various causative factors were considered including;
topography, river pattern, and flow accumulation. ALOS PALSAR digital elevation model was used for calculating
the required causative factors. Eleven different sub-basins were delineated in the Shangla basin. A total of eighteen
morphometric parameters were studied. The morphometric ranking approach (MRA) score was determined with a
range of 1 to 5. Rank 5 represents high risk while rank 1 exhibits low risk. The results of the model were categorized
into five flood vulnerability classes; very low, low, moderate, high and very high. The total population of Shangla
district is 757,810 with a population density of 480 persons per sq km?, and results from this study revealed that 23%

of the total geographic area (364.11 km?) of the district is vulnerable to high flash floods.
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1. INTRODUCTION

Every year, disaster strikes, and led to thousands
of casualties and deaths around the world [1,
2]. According to estimates, hydrological and
climatological disasters have produced extensive
damage to individuals and infrastructure [3, 4].
One of the most devastating hydrometeorological
disasters is flooding [5-7]. More than one-third of
the earth’s land surface inhabited by over 70 %
of the world’s population is prone to floods [8]. It
has been observed that floods are mainly caused
by heavy rainfall, changes in terrain and glaciers
melting [9]. It is obvious that there is a possibility
that the rainfall will increase, which may lead to an
increase in destructive flooding in the future [10,
11]. Ameteorological disaster such as a flash flood is
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a multifaceted hydro-meteorological phenomenon
which can cause huge losses to human lives and can
create severe economic problems [12]. Flash floods
constantly occur without any early warning system
or form of forecasting [13], especially in Pakistan.
Heavy and persistent rain increases river and stream
discharge, which leads to severe flash floods [14].
Flash floods are local wonders which always occur
in basins having area of a few square kilometers
with a very short reaction time [15]. Uneven and
unstable land surfaces can also increase surface
flow and abruptly decrease the reaction time to
a flash flood event [16]. Hu discovered that the
geomorphometric characteristics of the basin and
climatic conditions are the main triggering factors
for flash floods [17]. The high peak discharge
from flash floods bring the human life and urban
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structure at more risk [18]. Different factors which
lead to flash floods are high and heavy rainfall,
the topography of watershed, land cover/land
use, permeability of soil, soil texture and natural
susceptibility [19-20]. Flash floods are considered
as the most devastating hydrological hazard
because of their abrupt and unpredictable character,
the extensive harm they wreak, and the hazards
they bring to physical infrastructure and livelihoods
[21-24]. Two of the key factors that determine the
likelihood of flash floods are volume and intensity
of precipitation [25].

Additional interconnected factors responsible
for overall intensity of flash floods include
evaporation, the characteristics of the river
system, catchment size, natural and anthropogenic
activities within the basins. [26]. Watershed’s
geomorphic structures are of utmost importance for
evaluating and controlling extreme hydrological
phenomena like flash floods. The structure and
shape of a watershed are measured mathematically
using morphometry. Stream order, stream number,
stream length, stream density, drainage frequency,
watershed size, perimeter, shape factor, and
circulatory ratio are some of the basin variables that
are numerically analyzed in morphometry [27-30].

Many researchers performed significant
research on basin characterization morphometry
[31]. Mapping the earth’s surface morphology
is helpful to analyze geological, hydrological/
groundwater conditions to prevent soil erosion
[32-35] and modeling of flash flood vulnerability
[36-39]. Geological, geomorphological, and
hydrometeorological characteristics of a basin/
watershed are responsible factors for controlling
the drainage geometry and density [40, 41]. Until
recently, fieldwork, topographical maps and aerial
photography were employed to determine the
boundaries of drainage networks. Most recently,
geographic information systems and remote
sensing are often employed for morphometry and
drainage system delineation [42-46]. Flash flood
susceptibility modelling uses geospatial approaches,
which are robust, time- and capital-saving tools for
processing, mapping, and evaluating of watersheds
[47-50]. Various studies (especially those cited
in this manuscript), have applied Morphometric
analysis for watershed assessment and flash flood
susceptibility modelling [51, 52].

In morphometric analysis, mathematical and
quantitative analysis is carried out in order to
understand the correlation of flow patterns and
terrain characteristics with the geohydrological
features of a hydrological domain. Morphometric
parameters (MPs) obtained from remotely sensed
data collected are effective, precise, and cost- and
time-effective input data for forecasting flash flood
susceptibility. Numerous hydrological disasters,
such as flash floods, can either be mitigated or
avoided with the use of geospatial approaches,
which can evaluate the hydrological response at
the watershed level [53, 54]. To lessen the danger
posed by the flash flood, it is crucial to identify
watershed flash flood potentiality [55]. Mohamed
and El-Raey [56] employed MPs to assess the flash
flood vulnerability in Southeast Bangladesh. The
study found that remote sensing data in integration
with GIS considerably improved comprehension
of flash floods, and assisted in reducing their
consequences on property destruction and financial
losses. Researchers have found that using the GIS
ArcHydro tool to extract properties from a DEM
and automatically demarcating topographic and
morphometric features is a suitable alternative
to manually reviewing topographic maps and
conducting field research [57-58].

The primary goal of the current study is to
locate the most vulnerable places to flash floods as
well as the key flash flood-prone zones in the study
area.. Like the rest of Pakistan, the Shangla basin’s
physiography and climate make it particularly
susceptible to flash floods. In monsoon, due to
intense rainfall and heavy melting of snow on
surrounding mountains, the area is facing frequent
flash floods. The current study will offer an avenue
for research and knowledge to lessen the devastating
consequences of flash floods in the study area.

2. MATERIALS AND METHODS
2.1. Study Area

This research focused on the district Shangla,
Khyber Pakhtunkhwa, Pakistan. District Shangla
lies between 34° 31 to 35° 01 north latitude and 72°
33 to 73° 01 east Longitude. The total geographical
area is 1586 square kilometers with 36 % cultivated
and 64 % of forest area. The district’s landscape
is dominated by tall mountains and small valleys
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in the western Himalayas. The district is generally
between 2000 and 3500 meters above mean sea
level. Figure 1 shows the study area.

2.2 Data Collection

Primary sources in addition to secondary data
sources were utilized for achieving the mentioned
aims. A physical visit to district Shangla was
arranged to collect all the records of damages
that occurred due to severe flood phenomena
occurred in the past. The precipitation statistics
were obtained from the Pakistan Meteorological
Department (PMD), Islamabad. The irrigation
department of Khyber Pakhtunkhwa facilitated net
cashiering information on the river. Lithological
layers of the study area were acquired from the
regional office of the Geological Survey of Pakistan
(GSP). The ground particles consistency layer was
extracted from the Directorate of Soil Survey,
Khyber Pakhtunkhwa. Topographical information
on the ground surface was extracted from high
spatial resolution ALOS PALSAR DEM. Land
use/cover patterns of the study area were derived
for the year 2021 using freely available Landsat
8 satellite. Figure 2 shows the input data maps,
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while definitions and mathematical calculations of
various linear and aerial morphometric parameters
are displayed in Table 1.

Identification of maximum (X-Max) and
Minimum (X-MIN) risk values for the morphometric
parameters is shown in Table 2. The formula below
was used to calculate the minimum and maximum
risk values.

Risk value = 4x X — X min / Xmax — Xmin
Risk value = 4x X — X max / Xmin — Xmax

X shows the variable value, Xmax denotes the
extreme value and Xmin denotes the slightest value
in the variables group.

Systemized  variables were considered
which contemplate the measured risk for each
Morphometric variable in contrast with the equal
variable lying in each sub-vessel. MRA grade
estimated ranked between 1 to 5. Score 5 indicates
a high flash flood risk and a score 1 indicates the
least risk. The calculated ranking scores are shown
in Table 3. In the final step, all the variables of each
sub-vessel were added, followed by categorizing
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them into five groups. i.e. very high, high, moderate,
low, and very low flooding susceptibility. Figure 3
shows the methodology flow chart.

3. RESULTS

Eleven (11) sub-basins were delineated in the study
area, where eighteen geo-morphometric parameters
for each sub-basin were analyzed and computed. For
linear, aerial, and shape aspects of all sub-basins, a
quantitative geo-morphometric analysis was carried
out. The morphometric features reveal that there are
some variations in different characteristics of each
sub-basin (Table 2). Results reveal that area-wise,
Sb-2 (sub-basin) is the smallest sub-basin covering
an area of 30.64 km? and Sb-4 is the largest by area
of 153.88 km? (Table 2).

According to geomorphology, the relief,
gradient, type of rocks, and geologic formations
in a drainage region, all influence the drainage flow
pattern in a particular basin. Stream order 4" was

found to be the highest and stream order 2™ was
the lowest in stream order (Table 2). Maximum of
the sub-basins was delineated using stream order 3™
and stream order 4. Figure 4a shows the stream
order map of the sub-basins of the study area. The
numbers represent the total number of streams that
drain the basin. The lithology, soil properties, and
rainfall patterns of the basin affect the number of
streams. The immediate discharge can be greatly
increased by a higher stream number (S ). The Sb-4
is the sub-basin with the most streams (48), while
Sb-2 has the fewest streams (9) (Table 2). Figure
4b shows the number of streams in sub-basins of
the study area. Stream length (L ) is considered one
of the basin’s most important hydrological qualities
as it exposes information about surface runoff. The
Sb-4 has the highest length of stream (79.27 km)
and Sb-2 has the lowest (14.71 km) (Figure 4c &
Table 2). The stream frequency (F) values are from
0.25 (Sb-1) t0 0.38 (Sb-9) (Table 2). High relief and
an impervious surface are indicated by the larger
number of streams and stream frequency. The
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Table 1. Morphometric Parameters and their Mathematical Formulas

Factor Formula Reference
Area (A) (km?) A=area of basin [59]
Length (L)) L,= length of basin [59]
Perimeter (P) (km) P = Parameter of basin [59]
Stream order (S ) Ranking of stream [60]
Number of stream (S ) S=NI+N2+.. ... + Nn [59]
Stream length (L) L=L1+L2........... +Lu [60]
Stream frequency (F ) F =S /A [59]
Drainage density (D) D,=L/A [59]
Relief (B,) (m) B,=h_ -h [61]
Relief ratio (R ) R=B,/L, [61]
Gradient (G) G=B,/L, X 60 [62]
Circulatory ratio (C) C=4nA/P’ [60]
Elongation ratio (E) E=1.128 A"W/L, [61]
Shape factor (B,) B =L?/A [59]
Length of overland flow (L) L=0.5X1/D, [59]
Ruggedness number (R ) R =D, X (B,/1000) [60]
Geomatery number (G, ) G=B,XD,/G [60]
Compactness coefficient (C) C=0.2812 X P/A** [59]

frequency of the sub-basins is shown in Figure 4d.
Drainage density (D,) values are between 0.44 km/
km? (Sb-3) and 0.53 km/km? (Sb-11). The drainage
density in all sub-basins is more than 0.44 km/
km* (Table 2 & Figure 5e). Sub-basin relief (B,)
ranges from 1.6 meters (Sb-11) to 2.68 meters (Sb-
1) (Table 2 & Figure 5f). The relief ratio (R) of
sub-basins is ranging from 0.10. (Sb-5) to 0.25
(Sb-2) (Table 2 & Figure 5g). The other important
parameter is gradient which is derived from relief
divided by the length of the basin (L,) multiplied by
60. The gradient values range from 6.44 (Sb-10) to
15.27 (Sb-2) (Table 2 & Figure 5h).

All sub-basins had elongation ratio (E) values
that were less than one, with the highest and lowest
values ranging from 0.29 for Sb-2 to 0.17 for Sb-4
(Table 2 & Figure 61). The values of shape factor

(B,) ranges from 2.74 to 3.41 (Table 2 & Figure
6j). The geometry number (G,) of the sub-basins
ranges from 0.07 to 0.20 (Table 2 & Figure 6k). The
ratio of the basin’s size to its perimeter is known as
the compactness coefficient (C)). The Sb-2 got the
lowest C_value of 1.19 and Sb-11 got highest C_
value of 1.66 (Table 2 & Figure 61). The perimeter
(P) of Sb-2 is showing lowest value equal to 23.36,
and Sb-4 is having the highest value equal to 58.93
(Table 2 & Figure 7m). Circularity ratios (R ) with
a value of more than 0.5 are present in more than
half of the sub-basins (Table 2 & Figure 7n). Sb-2
had the highest R score (0.70). As flood hazard
levels are growing in proportion to the circularity
ratio’s magnitude, more than half of the sub-basin
are at high risk from flood hazard. Ruggedness
number (R ) is lowest in Sb-7 (0.0007) and highest
in Sb-4 (0.0013) (Table 2 & Figure 70). Length
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of the overland flow (L ) is the reciprocal of the
drainage density. Sb-3 exhibits a high L value while
Sb-11 has the lowest L value (Table 2 & Figure 8p).
The period of concentration and size of the peak
discharge at the basin outflow is directly impacted
by the basin shape factor (B,). In comparison to
an elongated basin with the same surface area, a
circular basin will produce high discharge more
quickly. Low values of the basin shape factor
show a circular basin, whereas large values show
an extended basin form. The lowest B, value were
observed for Sb-2 (2.74) (Table 2 & Figure 8q).

4. DISCUSSION

According to the current study, Shangla is divided
into 11 sub-basins with various geo-morphometric
and physical properties. The upper range of the
sub-basins represents snow-covered peaks and
narrow valleys. Usually, a flash flood is caused
by the monsoon rainfall. The melting of snow
is accelerated in these seasons due to the heavy
rainfall and high temperature above 32 °C, this
results in flash floods in the upper ranges and
riverine floods without prior warning in the lower
ranges, and cause damages and disastrous effects
throughout the basin.

5.1 Flash Flood Hazard Zonation

The zones are further divided into very low, low,
moderate, high, and very high zones and apply the
geo-morphometric ranking approach. The nasscore
of 1 to 5 were assigned to each geo-morphometric
parameter of each basin. The geo-morphometric
ranking number (GRN) was aggregated for each
sub-basin ranked score to represent the hazards
degree of flash flood hazard. The higher GRN score
will represent a higher degree of flash flood hazard
and vice versa. The range of GRN for all sub-basins
is 39.18 to 55.14 (Table 3).

4.1.1. Very High Flash Flood Hazard Zone

Geo-morphometric ranking model analysis in the
study region reveals that 23 % (364.11 km?) of the
region is marked as a very high hazard zone with
respect to flash flood hazards in the Shangla basin
(Figure 9). The very high hazard zone is categorized
by the highest GRN (>51.41) which is shown by
Sb-4, Sb-9, and Sb-10 (Table 3, & Figure 10). This
zone remains highly vulnerable for the local people
where the frequency of flash flood is very high. The
dry channels are activated by the heavy rainfall in
the months of June to August and cause flash floods.
Steep slope of the channel causes high-speed flash
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4.1.2. High Flash Flood Hazard Zone

Results from the current study revealed that
9 % (145.89 km?) of the study area is mapped as a
high-hazard zone for flash floods (Figure 9). Thus
collectively, the total area under high to very-high
hazard zone for flash floods is about 32 % of the
study region. The high hazard zone was marked by
ranking number (GRN) value ranges from 47.4 to
51.4 which are exhibited by Sb-2 and Sb-8 (Table
3, & Figure 10).

4.1.3. Moderate Flash Flood Hazard Zone

The moderate flash flood hazard zone of the
study region accounts for 7 % (113.65 km?) of the
region (Figure 9). The moderate hazard zone was
categorized by the geo-morphometric ranking
number (GRN) value ranging from 46.23 to 47.43
as shown by Sb-5 (Table 3, & Figure 10). This
basin has 3rd number of stream order and hence
flood frequency is considered as a medium.

4.1.4. Very Low to Low Flash Flood Hazard Zone
In the Shangla Basin, 61 % (1026.27 km?) has very
low to low hazard of flash floods. It was also verified
in the field that this zone is not experiencing a flood.

5. CONCLUSION

This study concludes that the morphometric analysis
is a crucial tool for understanding flow patterns and
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Fig. 9. Percentage of the area covered by flash flood
hazard zones

its effects on the surrounding area. Such studies
could be used for better planning, designing, and
management of floodwaters (dams, embankments,
protective walls, spurs etc.). Flood risks can be
mitigated by designing a flood defence system based
on the results derived from morphometric analysis.
The morphometric analysis carried out in this study
are helpful for risk modeling in order to establish
link between flow pattern and terrain characteristics.
Such modeling is an important factor in determining
how risk will shift over time in response to varying
pattern of different environmental variables. The
engineering design of dams, bridges, culverts, and
flood control structures are only a few examples
of the various engineering applications for which
the flood morphometric analysis can be utilized.
Additionally, it can be used to delineate floodplains,
determine human activity within floodplains, and
estimate the financial benefits of flood mitigation
schemes. Presently, the process of flood risk
modeling and management has been significantly
strengthened by the collection and accessibility
of high-resolution spatial information, high
performing computing systems, and development
in hydrological modeling methodologies. Flood
danger is very dynamic with respect to space and
time. The probability, size, regional extent, depth
levels, and frequency of changes in the type of
flood danger may be determined using the present
scenarios of global climate variability. Flood risk
is directly related to the geo-morphometric ranking
number, and in this study it ranges from 39.18 to
55.14. Sb-4 was found to be at high flood risk with a
ranking value of 55.14, whereas sb-11 was marked
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at a very low flood risk with ranking value of 39.18.
Sb-11 and sb-7 having the ranking value from
39.18 to 42.14, respectively, fall in the very low
flood risk sub basins. Sb-1, sb-3 and sb-6 having
ranking value 42.14 to 46.23 are in low flood risk
zone. Sb-5 having ranking value 46.23 to 47.43
is in moderate flood risk. Sb-2 and sb-8 having
the high flood risk with rankingvalue of 47.43 to
51.41, respectively. Sb-4, sb-9 and sb-10 are in the
very high flood risk zones in the study area with
ranking value ranging from 51.41 to 55.14. This
model identifies sub-basins with very high to very
low flood potential and gives spatial evaluation
of hydrologic responsiveness of all sub-basins
based on geo-morphometric parameters. The study
concludes that primary causes of a high degree of
flood hazard are the dense network of streams, high
relief ratio, steep gradient, and the impermeable
character of the surface rocks. The National,
provincial Disaster Management Authorities and
the District administration should use the outcome
of this study and extend the technique to other
regions.

6. RECOMMENDATIONS

On the basis of results derived from this study, the

following are recommended;

e A long term policy should be adopted to
mitigate the flash floods.

*  Conservation Structures should be constructed
to conserve the soil and reduce the impact of
flash floods on agriculture land.

*  Disaster risk reduction activties shoul be
started on priorty basis in order to reduce the
human loss and livestocks, and to reduce the
damage of floods to physical infrastructure.
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