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Five watersheds (W1, W2, W3, W4 and W5) in the upper Indus basin were chosen for detailed studies
to understand the influences of geomorphology, drainage basin morphometry and vegetation patterns on
hydrology. From the morphometric analysis, it is evident that the hydrologic response of these water-
sheds changes significantly in response to spatial variations in morphometric parameters. Results indicate
that W1, W2 and W5 contribute higher surface runoff than W3 and W4. Further, the topographic and
land cover analyses reveal that W1, W2 and W5 generate quick runoff that may result in flooding over
prolonged rainy spells. A physically based semi-distributed hydrologic model (soil and water assessment
tool, SWAT') was used for simulating the hydrological response from the watersheds. As per the simu-
lations, W5 watershed produces the highest runoff of 11.17 mm/year followed by W1 (7.9 mm/year),
W2 (6.6 mm/year), W4 (5.33 mm/year) and W3 (4.29 mm/year). Thus, W5 is particularly more vul-
nerable to flooding during high rain spells followed by W1, W2, W4 and W3, respectively. Synthetic
unit hydrograph analysis of the five watersheds also reveals high peak discharge for W5. The simulated
results on the hydrological response from the five watersheds are quite in agreement with those of the
morphometric, topographic, vegetation and unit hydrograph analyses. Therefore, it is quite evident that
these factors have significant impact on the hydrological response from the watersheds and can be used
to predict flood peaks, sediment yield and water discharge from the ungauged watersheds.

1. Introduction

At the global level, flooding is the single most
destructive type of natural disaster that strikes
humans and their livelihoods around the world
(UN 2004). The impacts of flood hazards on a
global scale are enormous (Ahern et al 2005; Berz
et al 2001; Hajat et al 2003; Jonkman 2005;
Jonkman and Vrijling 2008). Flooding is responsi-
ble for more than one-third of the total estimated
costs incurred due to disasters and is responsible
for two-thirds of the people affected by natural dis-
asters (Coates 1999; Jonkman and Kelman 2005;

Jonkman 2005; Munich Re 2007; UN 2004). Spa-
tial and temporal dimensions of this threat have
driven the current international and national con-
cerns on how to lessen the consequences of flood
hazards and human losses. In the last decade, there
have been catastrophic flooding events all over the
globe. The main reasons for the observed increase
in flood disasters are an increase in the global
temperature due to the effects of climate change
(IPCC 2007); population growth and migration
of population to coastal areas and river valleys;
overexploitation of natural resources, deforesta-
tion, growing urbanization and uncontrolled land
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use change. Flooding is not restricted to the least
developed nations, but also occurs in a devastat-
ing manner in the most developed and industri-
alized countries of the world. However, it is the
citizens of the least developed nations that suffer
the highest toll from flooding. India, being one of
the developing countries where floods and other
natural disasters are one of the serious geo-hazards,
has witnessed alarmingly increased floods in recent
times due to number of complex factors related to
topography, geology, climate and human activity.
About 40 million hectares or nearly 1/8th of India’s
geographical area is flood-prone (Bapalu and Sinha
2005). Among the physiographic divisions of India,
the Himalayas have the greatest sub-areal maxi-
mum relief, torrential rainstorms, frequent cloud
bursts and a history of floods augmented by melt-
ing glaciers and river action. The floods thus
pose a major physical threat to the sustainable
development in the Himalayas (Jack 2004). The
available data suggests that during the period
1954-1990, more than ¥ 2700 billion were spent
on the flood control measures in India, but the
annual flood damage increased by nearly 40 times
and the annual flood affected areas increased by 1.5
times in this period (Agarwal and Narain 1996).
Among the various hazard-prone Himalayan states
of India, Jammu and Kashmir is more vulnerable
to almost all the hazards. The historical records
reveal that the Kashmir Himalayan region has suf-
fered heavy causalities and loss of property due to
floods, avalanches and other hydrometeorological
disasters.

Flooding results from climatological events such
as excessive and/or prolonged rainfall, including
snow and ice melt, cloud burst, failure of dams
and storm surges. Floods can be intensified by fac-
tors associated either with the catchment itself or
with the drainage network and stream channels
(Ward and Robinson 2000). Furthermore, there
exist a number of factors that can further affect
the process of flooding (Gardiner 1981). Such
factors can be human or physical or both, and
will exert dominant controls to either intensify or
ameliorate a flooding event. Topography is recog-
nized as a first-order control on the hydrological
response of a catchment to rainfall (Brasington
and Richards 1998) and is a major determinant for
flood inundation (Bates and De Roo 2000). Simi-
larly, morphological characteristics such as stream
order, drainage density, channel slope, relief, length
of overland flow, stream frequency and other mor-
phological aspects of watershed are important in
understanding the hydrology of the watershed
(Chow 1964; Strahler 1964; Ward and Robinson
2000; Hudson and Colditz 2003). Runoff response
of the watershed is different for different slopes,
shapes, lengths, widths and areas of watershed.
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Natural features such as land use and land cover,
soil and geology that have significant influence
upon the characteristics of a catchment hydro-
graph, need to be considered, for understand-
ing flood mechanisms. This is largely related to
the permeability, transmissibility and water stor-
age of the catchment (Barry and Chorley 1998;
Robinson et al 2000; Ward and Robinson 2000).
Deforestation can lead to increased risk and mag-
nitude of flood inundation (Bosch and Hewlett
1982; Arnell 2002). It is therefore very important to
quantify the geomorphic, morphological and topo-
graphic characteristics of a watershed accurately in
order to aid in analysing the hydrologic response of
watersheds.

Even though there is growing interest in carrying
out research on natural disasters among geoscien-
tists, there is still a significant gap in our under-
standing of the factors associated with flood hazard
vulnerability (Beven 1989). This research there-
fore addresses the fundamental scientific question
of assessing the geologic and hydrological factors
that make a drainage basin more or less prone to
flooding. In this research, an integrated analysis of
the hydrological, morphological and geomorphome-
trical properties of five watersheds of the Jhelum
River basin facilitated a better understanding of
the flooding problem and its associated processes.
The advancement in the field of satellite remote
sensing, geographic information system (GIS), sim-
ulation modelling and advanced field observation
techniques have facilitated a better understand-
ing of the geomorphological and geological influ-
ences on hydrology. Remote sensing data was used
to generate up-to-date information about differ-
ent hydrological and geomorphological parame-
ters. Simulation models and geospatial techniques
were used to simulate the hydrological processes.
Thus, the findings can be of tremendous practi-
cal use in planning flood management and miti-
gation strategies. The contents of this paper are
organized into various sections such as introduc-
tion, study area, methods, results, discussion and
conclusions.

2. Study area

The Jhelum basin is elongated in shape and bound-
ed between the Zanaskar (Greater Himalayas) and
Pir Panjal mountain ranges between 33° 21’ 52"—
34° 41" 33" N latitude and 74° 07" 55”"-75° 29’ 57" K
longitude. River Jhelum passes largely along the
middle of the Kashmir valley through the allu-
vium of its own deposition. The basin is the recip-
ient of the entire drainage of the valley and is
known in Kashmir by the name ‘VYATH’. The
river comprises fairly developed streams as well as
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tiny rivulets with quite remarkable variations in
the drainage and catchment characteristics. The
Jhelum basin has 24 tributaries and some of them
drain from the slopes of the Pir Panjal range
and join the river on the left bank; while oth-
ers flow from the Himalayan range and join the
river on the right bank. So, the Jhelum basin has
24 catchments and these have been subdivided
into 60 subcatchments. The hydrographic features
and drainage characteristics of Jhelum river sys-
tem show that the frequency of floods has been
very high ever since the valley assumed its present
form. There have been almost more than 25 major
floods and mean expectancy being 1 in 4.3 years
(Moonis et al 1975). The valley being saucer-
shaped with steep mountain slopes around, any
heavy rain spell for duration of 1-2 days can cause
serious floods (Dhar et al 1982). In general, the
layout of Kashmir valley is such that it is highly
prone to flooding. Also, the growth of human popu-
lation and horizontal expansion of settlements and
encroachments on the water courses, reclamation
of low-lying areas for agriculture, channelizing of
rivers, construction of roads along river banks and
urbanization of the flood plains, have aggravated
flood risk in the Jhelum basin. In order to accom-
plish the research objectives, five watersheds in the
upstream of Jhelum basin, herein referred as W1
(long. 74°32'-74°36'E, lat. 33°40'-33°43'N), W2
(long. 74°32'-74°33'E, lat. 33°39'-33°40'N), W3
(long. 74°43'-74°46'E, lat. 33°41'-33°44'N), W4
(long. 74°42'-74°46'E, lat. 33°41'-33°44’N) and
W5 (long. 74°32'-74°35'E, lat. 33°33'-33°34'N),
respectively, with an areal extent of 12.44, 11.97,
10.64, 11.58 and 10.83 km?, respectively, were
selected for detailed geomorphometric, hydro-
logical, vegetation and climatological analyses.
Figure 1 shows the three-dimensional (3-D) view
of these five watersheds.

3. Methods

In order to accomplish the set research objectives,
it is important to use a host of methods that
includes the use of satellite remote sensing data,
detailed field observations, hydrological data, dig-
ital elevation data, secondary/ancillary data, geo-
spatial tools and simulation models. The details
of the methodology adopted for accomplishing the
research objectives are briefly discussed here.

3.1 Morphometry

Morphometry deals with the quantitative study
of the area, altitude, volume, slope, profiles of
the land and drainage basin characteristics of the
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area concerned (Clarke 1966; Singh 1972a, 1972b;
Strahler 1964). The application of geomorphic
principles to understand and quantify environmen-
tal hazards such as flooding has led to a significant
amount of research focused on identifying the rela-
tionships between basin morphometry and stream
flooding (Patton 1988). In order to understand
the geomorphological influences on the flooding, it
is essential to study the morphometry and relate
it to the hydrology of the basins (Rakesh 2000).
Therefore, five watersheds with varied topographic,
hydrologic, vegetation and physiographic setting
were chosen for detailed morphometric analyses to
understand the geomorphological and hydrological
linkages.

However, it has been recognized that generat-
ing information about important basin parameters
using traditional methods based on map measure-
ments is labour-intensive and tedious. Other than
a few parameters that can be easily measured from
maps such as elevation and relief; measurement of
more complex parameters such as stream length,
drainage density, mean basin elevation and chan-
nel gradient for streams of different orders has been
hampered by the amount of time that must be
dedicated to extract these parameters from maps.
Therefore, digital elevation models (DEM) in GIS
environment were used to compute these morpho-
metric characteristics with greater efficiency and
accuracy. Geospatial techniques have gained sig-
nificant importance over the last decade in their
applications pertaining to drainage morphological
characteristics (Band 1986; Mark 1988; Tarboton
1989; Lawrence and Jurgen 1993; Al-Wagdany
and Rao 1994; Garbrecht and Martz 1997; Bhat
and Romshoo 2008). The specific methods and
steps followed for the generation of morphometric
parameters are shown schematically in figure 2.

DEM is a representation of the continuous vari-
ation of relief over space and there are several
possible methods for generating DEM. We used
the existing 1:50,000 scale topographic maps with
20 m contours to generate DEM (Oky et al 2002).
Due to nonavailability of high resolution stereo-
imaging data for generation of DEM we pre-
ferred the existing topographic maps. DEMs at
20 m resolution were generated from the digi-
tized contours at watershed level using inverse
distance weighted (IDW) interpolation technique
(Burrough 1986). The process involved various
steps (Band 1986; Tarboton and Shankar 1998;
Bhat and Romshoo 2008). Various workers have
used DEMs for extracting morphometric features
(Mark 1988; Tarboton et al 1991, 1992; Tarboton
1997; Tarboton and Ames 2001). After the process-
ing of the digital elevation models, the morphometric
parameters were extracted using the mathematic
formulations as described in table 1.
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Figure 2. Flow chart of methodology used for morphometric analysis.

3.2 Synthetic unit hydrograph model

Clark (1945) pioneered hydrologic modelling
approach with his unit hydrograph technique that
uses three main components: time of concentra-
tion, a storage coefficient and a time-area his-
togram (Kull and Feldman 1998). Clark’s synthetic
unit hydrograph methodology involves the appli-
cation of a unit excess rainfall (1 mm) over the
watershed. The precipitation is conveyed to the
basin outlet by a translation hydrograph and linear
reservoir routing. For this purpose, the time of con-
centration value (7T'c), the storage attenuation coef-
ficient (R) and the time area histogram of the basin
are necessary. The representative watersheds were
subdivided into time—area increments by estimat-
ing the time of travel to various locations within
the drainage network and constructing isochrones
(Timothy et al 2000). The area representing each
increment of time was measured, and the total vol-
ume represented by 1 inch of runoff from that incre-
ment was calculated. Dividing that by the time
interval between the isochrones, it yields a volu-
metric flow rate, which is plotted against the travel
time represented by the isochrones. In this way, the
sequence of flows resulting from the instantaneous
generation of 1 inch of runoff from all time-area
increments is created. All these steps were carried

out in the GIS environment using DEM (Band
1986; Mark 1988).

3.3 Simulating hydrological processes

For understanding the interactions between the
climatic, terrestrial, topographic and hydrological
elements; hydrological response of the five unguaged
watersheds was simulated using geospatial hydro-
logical modelling approach. A number of research
studies have been conducted under varied hydro-
logical and geomorphological conditions using geo-
spatial simulation models to quantify the hydrological
processes at various spatial scales (DeVantier and
Feldman 1993; Olivera and Maidment 1996; Jain
and Sinha 2003; Gorokhovich et al 2000; Saghafian
et al 2000). In order to quantify the hydrological
processes in the five representative watersheds,
we used GIS-based soil and water assessment tool
(SWAT) model (Arnold et al 1998). SWAT is
a physically based basin-scale, continuous time,
distributed parameter hydrologic model that uses
spatially distributed data on soil, land use, DEM
and weather for hydrologic modelling and operates
on a daily time step. Major model components
include weather, hydrology, soil type, soil temper-
ature and land management. For spatially explicit
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Table 1. Equations and description of the morphometric parameters.

Parameters Equation

Description

Watershed area (km?) A=axnx107°

Watershed perimeter (km) P=dxmnpx1073

Watershed length (m) Ly
DE
1 e
Slope S 17
_ N
Stream length Ly=3Y Lu
i=1

Stream length ratio RL = Ly/(Luy — 1)

Drainage density Dy =5 Lu/Au

Stream frequency Fs =5 Ny/Au

Bifurcation ratio Ry = (Nu)/ (Nu +1)

Length of overland flow Ly =0.5/Dy

Form factor Ry = (Au)/(Lp + 1)?

2
Elongation ratio Re = =
™

Circularity ratio Re = 4w Ay/ (Au)2

Infiltration number I = Dy x Fs

a: cell area (m?)

n: number of watershed cells

d: cell size (m)

np: number of watershed edge cells

Ly = farthest distance from watershed ridge to outlet

S = slope

DE = difference in elevation
L = length of the flow path

Ly, = mean length of channel

L., = stream-channel segment of order u
RL = stream length ratio
L, = the total stream length of order u
Ly, — 1 = the total stream length of preceding stream order
D, = drainage density
L., = total stream length
w = basin area
Fs = stream frequency
N, = number of stream segments
A, = basin area
Ry = bifurcation ratio
Ny, = number of stream segments
Lg = length of over flow
D, = drainage density
Ry = form factor
Ay = basin area
Ly, = farthest distance from watershed ridge to outlet

Re = elongation ratio

=314

A, = basin area

Ly, = farthest distance from watershed ridge to outlet
R. = circularity ratio

A, = basin area

Iy = infiltration number

Fs = stream frequency

parameterization, SWAT subdivides watersheds
into sub-basins based on topography, which are
further subdivided into hydrologic response units
(HRU) based on unique soil and land-use char-
acteristics. SWAT can simulate surface runoff
using either the modified SCS curve number (CN)
method (USDA-SCS, 1972) or the Green—Ampt
infiltration model based on an infiltration excess
approach (Green and Ampt 1911) depending on
the availability of daily or hourly precipitation
data, respectively. The SCS curve number method
was used in this study with daily precipitation
data. Based on the soil hydrologic group, vegeta-
tion type and land management practice; initial
CN values are assigned from the SCS Hydrology

Handbook (USDA-SCS 1972). SWAT updates the
CN values daily based on changes in soil moisture.
The excess water available after accounting for
initial abstractions and surface runoff, using the
SCS CN method, infiltrates into the soil. A storage
routing technique is used to simulate the flow
through each soil layer. SWAT directly simulates
saturated flow only and assumes that water is
uniformly distributed within a given layer. Unsat-
urated flow between layers is indirectly modelled
using depth distribution functions for plant water
uptake and soil water evaporation. Downward flow
occurs when the soil water in the layer exceeds
field capacity and the layer below is not satu-
rated. The rate of downward flow is governed by
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the saturated hydraulic conductivity. Lateral flow
in the soil profile is simulated using a kinematic
storage routing technique that is based on slope,
slope length and saturated conductivity. Upward
flow from a lower layer to the upper layer is reg-
ulated by the soil water to field capacity ratios of
the two layers. The hydrological cycle, simulated
by SWAT model, is based on the water balance
equation given below:

t
SWt = SWO +Z (Rday_ qurf _Ea_ Wseep™ ng) )

i=1

(1)

where SW, is the final soil water content (mm
H,0), SWy is the initial soil water content on day i
(mm H,0), ¢ is the time (days), R4y is the amount
of precipitation on day i (mm Hy0), Q¢ is the
amount of surface runoff on day i (mm H,0), E,
is the amount of evapotranspiration on day i (mm
H50), Wseep is the amount of water entering the
vadose zone from the soil profile on day ¢ (mm
H,0), and Q. is the amount of return flow on day
i (mm H,0).

3.3.1 SWAT model input data generation

Input data for SWAT was generated using remote
sensing, field, lab and hydrometeorological obser-
vations. The various input parameters and the
methods of their generation are described here.

3.3.1a Topographical data: Topographical infor-
mation required for the SWAT model was gen-
erated from DEM. The various topographical
parameters required for the model are drainage
network, aspect, slope, flow length, flow accumula-
tion, flow direction, etc. All these parameters were
generated in a GIS environment using standard
methods (Band 1986; Mark 1988; Tarboton et al
1991; Tarboton 2000).

3.3.1b  Hydrometeorological data: SWAT model
requires daily precipitation, maximum and mini-
mum air temperature, solar radiation, wind speed
and relative humidity. Therefore, 20-year time
series of meteorological data (1979-1999) from six
rainfall stations, one temperature recording station
and one river gauging station observation station,
was statistically analysed to generate these param-
eters as per the requirements of the model. A num-
ber of secondary hydrometeorological parameters
required as input for the SWAT model were gener-
ated using different mathematical formulations as
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shown in table 2. Table 3 shows the monthly aver-
ages of all the hydrometeorological variables used
as input to the SWAT model for simulating the
hydrological processes. To generate the spatial dis-
tribution of the rainfall in the study area, mean
monthly and average yearly values were interpo-
lated in GIS by using IDW method (Burrough
1986). This technique determines cell values using
a linearly weighted combination of a set of sam-
ple points. The weightage is a function of inverse
distance.

3.3.1c Land wuse/land cover data: Information
about land use and land cover is vital for sev-
eral land surface processes including hydrological
and climatic processes and therefore it is a very
important data input for the SWAT model. Remote
sensing has a long and successful history of appli-
cation in generating land use and land cover
information on operational basis (Hansen et al 1996;
Foody 2002). For generating land use/land cover
information for the representative watersheds,
we used Landsat ETM digital data of September
2001. The satellite image was pre-processed to rec-
tify the geometric distortions in order to improve
its interpretability (Lillesand and Kiefer 1987).
Thirty ground control points were taken from dif-
ferent parts of the study area for precise geomet-
ric correction using Universal Tranverse Mercator
(UTM) coordinate system with World Geodetic
System (WGS) 84 datum achieving root mean
square error (RMSE) of 1.06 pixels. Various image
enhancement techniques were also performed on
the image for enhancing visual interpretability of
the data. The corrected satellite data was then
processed for land use and land cover classifica-
tion using maximum likelihood supervised classifi-
cation algorithm (Fu 1976). While choosing various
training samples for known land cover types, var-
ious image enhancement techniques were applied
for homogenous and better choice taking into con-
sideration the ground truth information. The land
use and land cover map was validated in the field to
determine its accuracy. The accuracy estimation is
essential to assess reliability of the classified map.
The ideal number of sample points chosen (64)
for assessing the accuracy of the classification map
was determined using binomial probability theory
(Jensen 1996).

3.3.1d Soil data input: The information about
soil is very vital for estimating the hydrologi-
cal response at the watershed scale. The SWAT
model requires detailed soil information on the
type, properties and other geophysical character-
istics. The methods employed for generating the



Shakil Ahmad Romshoo et al

666

(O%H wur) uorjesrdoaid

Aep I10J UOT)RIASD pIRpUR])S = UOWp
(O%H wur) yuow o1y 10 uoryejidoeld oelose = UOWy
(OtH wur) uorjejidoaad jo junoure = 1O Py
uoryejidooard A[rep jo Iequunu [e)0) = AJ
yauow oY) ut uorye)rdoard I0] JUSIOJE0D Mays = UOWf
uoryejidord AJrep Jo Isquunu [ej0}) = AJ

(0%H ww) yyuow oyy 10§ uoryejidoord oFerose = vowH

(O°y wu) yjuowr ut
p pIoda1 10§ uorjejidoard jo junowre = UOU Py
(O%H wu) yjuow e ur

uorjelrdoord AJrep I0J UOIJRIASD pIepUR)S = UOWp
uorjeyrdooid AJrep Jo sreok Jo Ioqunu = SI£
IUOW UT SPIOOSI JO IOUINU [R}0) = A
uoryeyrdooerd Arep = "OWTPy

(O%H wu) uorjejrdald Aqyjuown uwesur = UOW
SpI10%91 aanjeroduwo) WNWIUIW AJIep JO IoquInu [R)0) = AJ
amjersduwe) wnwruIw Ajrep = wowaut ;o
amjeroduro) WINWIUIM A[Iep UedW = uowuwrf
amjerodure) wINWIUIW A[Iep I0J UOIIRIADD PIRpURIS = O
Sp102a1 aanjeroduro) WINWIXeW A[Tep JOo IoquNU [e10}) = N
amjeroduro) WINWIXRW A[Iep URSW = UOWTULTT
aanjeroduwo) WNUWIXRUW AJlep = Uowxw o
amjeroduro) WNWIXRW A[IRp I0J UOTIRIADD PIRpUR]S = O
SpI09a1 dInjeroduro) WNWIUTW A[Iep JO I9qUINU [e10) = N
amjerodwo) wnwuIw A[rep = wowuwt o
aInjeroduwro) wWNWIIUIW A[rep ueawr = uowsuwir!
SpI0901 dInjeloduIo) WNWIXRW A[IRp JO I9qUINU [R10}) = A
amjeroduwo) wWNUWIXeW A[lep = Uowxup
aImjeroduwo) wWnuIIxew AJrep ueewt = 0wz

(°m0) (2 = N) (1= N)

— uouwfy
Acoﬂwm. _ EOE\ﬁm HH\@ ”WVZ
4
- — uouig
uowrn __ uour ﬁ H P
(momm a) XK
_ mfml — uoury;
uour ﬁm H\%M -
L= = 0
z AQQSQSi :oE:ErH ﬁ ﬁN
L= =0
NAQQEHEi :OExErN ﬁ %N -
N _
j = uowuwr!
N = uowgyyf

uowxw y [=P
X

(uoryejrdroead Aqrep 10§
JueIIe0d MOYS) MMSIO

((wrux) uoryeqidoaxd A[rep 1of
UOLYeIAdp paepue)s) (LSIDd

((wwr) woryeydmord Arep weoly) ININADJ

((D,) enyersdure) wnurtur ATrep
10J UOIRIASD prepuels) NINASAINL

((D,) emyeradwe) wnurxew A[rep
I0J UOMRIASD prepuels) XINASIINL

((D,) @mierodwe) wWNWIUIT
Arep wea]\) NINJINL

((D,) emyerodwe) WnWIXEW
Aqrep weo) XINJINLL

uorydrosa(g

9B[NULIO]

SIojamreredq

‘1opows TVMS Y1 4of indur sp pasn sioppuwinind (0o160jos09ous ayp fo uondiiosap pup suoyvnbr g S[qe],



667

Hydrological response in the Upper Indus Basin

[juouw 10J SpI02al peads puim AJrep Jo Ioquinu [ej0) = A
‘(s/uwr) yypuowr & ur p Aep 10y poods puim oBerosr = UOW PUM
(s/wr) yyuow oy 10j peads puim A[rep urewr = WOWpumr!
juouwr ' I10] spIodal jutod mep A[Iep Jo Iaquinu [e}0) = A
“(D,) yuow e ur p Lep 10§ sanyerodursy jurod mop = UOW'MOP
(D,) yauow o7y 10J sanjeredua) jutod map AJrep uweswr = WOWmapr!
JUOW © I0] SPIOJDI UOIJRIPRI IR[OS A[Iep JO IoquINU [e)0} = A
(&ep/ ua/FN) yyuow © ut p
Aep 103 00RJINS §,[}180 O} SUIYORSI UOIJRIPRI R[OS [8}0} = UOW'ACpry
Tﬁwv\mﬁ\z\é YIUOW 91} JI0J UOIJRIPLI IB[0S A[Iep Ueswl = UOwpp i

PI10291 Jo porrad SI1jus oY)} Ul PIPIOIDI A}ISUSJUL [[RJUIRT UTW-()E
QUWIAIYXd SO BT} sjuasoIdal anfea sty [, *(QCH W) Ypuouw & I0j
Ppl10291 Jo porrad oI1jus Ul [[BJUrRI INOY J[ey WNWIXew sjussardal 97

uorjejidoaid Arep Jo siead Jo Ioquunu = SIA
pI109291 JOo
potrod a1rjue o1} SULINP 7 YIUOW Ul SARp jom Jo Ioquunu = ¥Msfep

uoryejidmeld jo skep jo Jaqunu oeioae = Mp

pl109291 Jo
potrad dI1jue J1[) SULIMP YIUOUW © UT SABD jom JO Ioquunu = PMsLep
PI10991 Jo potred dIrjue |} I0J

Juour ® UT AeP JoM © POMO[[O] ABD 19M ® SOWIT) JO IoquInu = 241/ M
yjuow e ur Lep jom e Surmooj Aep jem e jo Ariqeqoid = (M /M)rd

uoryejidoerd wwr () < yym Aep e st Aep

jom Yy -uoryejidoerd jo wua () Yym Aep e St Aep AIp y PIodal Jo
poued oi1jue oyj Sunnp ¢ yjuow ut sdep AIp jo sequnu = *APsLep
yjuowr & Ul Aep AIp ® Pomo[[0] ABp jom ® oWl Jo Ioquinut = (7 /A
Aep A1p = Sumoroy Aep jom ® jo Ayqeqoid = ((7/M)rd

Z uour
= = = pumr!
uowr-pumqy T=p
pusy ZHW
N
:ogwamvrﬁ T=p = :OES\MBE.
N
Z uour
= = = pour!
uowr-Aepry [=P
" K
SIK _ 3om
oRggep |
PMsfep A \Sv ,
Ca/asep ~ \m) 4

+41Pg gep B AQV .
(ra/m)step d

(peods purm A[rep o8e10AY) AVANIM

(emyereduey qurod mep Aqrep oSeiony) LIMHAA

((£ep/ w/[N) uoryeIper reos A[rep o8eloAy) AVHVIOS

(Treyurex moy gQ wnwrxeN) XINHHNIVY

(uoryeydioaad jo sAep jo Iequinu o3eioay) ddDd

(Kep 9om e Suimor[oj Lep jom ® jo Liqeqoid) M Ud

(&ep A1p & Surmor[oy Lep jom ® Jo Aypiqeqoid) TA Hd



668

Shakil Ahmad Romshoo et al

Table 3. Long term weather statistics used for generating input for the SWAT model (daily average of 20 years, 1979-1999).

Jan Feb Mar April May June July Aug Sep Oct Nov Dec Parameters
4.56 8.59 12.34 18.14 23.44 26.34  29.59  28.49  27.92 20.81 19.07 7.67 TMPMX
—6.77 —0.28 2.93 6.15 9.78 13.23  17.28 16.52 12.55 5.25 1.67 —0.56 TMPMIN
4.08 3.31 3.83 4.32 4.90 3.73 3.43 3.59 3.42 3.63 29.54 3.24 TMPSDMX
4.21 2.14 2.45 2.35 2.53 1.78 2.31 2.04 3.23 2.49 1.79 2.47  TMPSDMIN
1.31 1.88 4.38 3.46 2.67 1.81 2.17 2.53 1.35 1.31 0.59 0.77 PCPMM
5.03 18.14 6.85 8.18 6.58 3.05 6.23 9.38 3.89 6.37 1.91 4.43 PCPSTD
4.71 4.28 3.78 1.90 3.51 5.41 6.48 5.57 2.62 7.63 4.47 8.63 PCPSKW
0.06 0.10 0.21 0.20 0.18 0.13 0.17 0.16 0.09 0.07 0.05 0.06 PR_-WI1
0.60 0.61 0.61 0.62 0.63 0.52 0.59 0.58 0.66 0.67 0.65 0.63 PR-W2
3.84 5.73 10.26 10.26 10.05 6.21 9.05 8.36 6.36 5.26 3.89 4.21 PCPD
4.80 8.90 5.10 6.30 6.30 7.10 24.40 16.80 9.70 6.30 5.80 3.60 RAINHHMX
8.75 11.30 12.06 14.87 17.04 19.28 1746 17.82 17.93 16.15 13.44 10.01 SOLARAV
-751 —6.75 —6.86 —5.21 —3.56 —1.38 7.35 8.74 513 —1.09 —-4.94 —-6.89 DEWPT
2.01 2.64 3.32 3.40 2.82 2.41 1.89 1.48 1.90 1.74 2.01 2.09 WINDAV

Note: TMPMX — mean daily maximum temperature (°C); TMPMIN — mean daily minimum temperature (°C); TMPS-
DMX - standard deviation for daily maximum temperature (°C); TMPSDMIN - standard deviation for daily minimum
temperature (°C); PCPMM — mean daily precipitation (mm); PCPSTD — standard deviation for daily precipitation (mm);
PCPSKW — skew coefficient for daily precipitation; PR-W1 — probability of a wet day following a dry day; PR-W2 —
probability of a wet day following a wet day; PCPD — average number of days of precipitation; RAINHHMX — maximum
0.5 hour rainfall; SOLARAV — average daily solar radiation (MJ/m2/day); DEWPT — average daily dew point temperature;

WINDAYV - average daily wind speed.

soil map involved field observation, lab analysis
and the remote sensing data (Khan and Romshoo
2008). Visual interpretation of Landsat ETM
September 2001 image was carried out and dif-
ferent soil classes delineated on the basis of tone,
texture, shape and associated land cover types
and various other image elements that aided soil
interpretation. A series of field surveys were con-
ducted for validation of identified soil classes from
the satellite image. Soil samples from each iden-
tified classes were collected for the soil texture
analyses in the lab. Composite soil samples up
to 15 cm depth were collected for each soil class.
About 2-3 samples were collected from each iden-
tified soil class for the lab analysis for determining
the soil texture. In all, 36 composite soil samples
were analysed for soil texture using pipette method
(Day 1965). This method involves two steps: (a)
dispersion; and (b) fractionation. The texture of
the soil was determined from the relative propor-
tions of sand, silt and clay that it contained, using
the soil textural triangle (Toogood 1958). All the
spatial and non-spatial information generated, as
described above, was integrated into a geospatial
soil database for use in the SWAT model.

4. Results and discussion

The research involved a host of multidisciplinary
methods and required the integrated use of

satellite data, field observations, simulation models
and geospatial analysis to accomplish the research
objective. The myriad of results obtained on geo-
morphology, topography, hydrology, land use/land
cover and simulation modelling, are therefore anal-
ysed and discussed chronologically under the fol-
lowing headings.

4.1 Morphometric analysis

The values of various morphometric parameters
estimated using the methods described in table 1
are shown in table 4. The hydrological significance
of these parameters is discussed here.

4.1.1 Stream order (U)

The primary step in drainage-basin analysis is to
designate stream orders (Horton 1945). As per
the Strahler (1964) ordering scheme, all the five
watersheds are 4th-order streams. Figure 3 shows
the stream orders of the five watersheds. Higher
stream order is associated with greater discharge
and higher velocity of the stream flow.

4.1.2 Stream number (N,)

The count of stream channels in its order is
known as stream number (Horton 1945). Results
as shown in table 4 indicate that W1 has 66,
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Figure 3. Drainage pattern and stream orders of the five watersheds.

12, 3 and 1 stream segments in 1st, 2nd, 3rd
and 4th orders, respectively; W2 has 36, 11, 3
and 1 in 1st, 2nd, 3rd and 4th orders, respec-
tively; W3 has 40, 7, 2 and 1 in 1st, 2nd, 3rd and
4th orders, respectively; W4 has 48, 7, 2 and 1
in 1st, 2nd, 3rd and 4th orders, respectively and
the W5 has 168, 36, 9 and 1 in 1st, 2nd, 3rd
and 4th orders, respectively. The number of the
stream segments decreases as the order increases.
A higher stream number indicates lesser perme-
ability and infiltration. Stream number is directly

proportional to size of the contributing water-
shed and to channel dimensions. The maximum
frequency in case of first order is unambiguous in
all cases. Figure 4 shows the linear relationship
between the number of streams and the stream
orders in all the five watersheds. It means that
the number of streams usually decreases in geo-
metric progression as the stream order increases.
The variations in rock structures of watersheds are
responsible for inequalities in stream frequencies of
each order.
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Figure 4. Stream order—stream number relation of the five watersheds.

4.1.3 Stream length (L)

Results show that the total length of stream seg-
ments is maximum in case of first-order streams.
It decreases as order increases in case of W1, W3
and W5 as shown in figure 5. W2 and W4 do not
shows geometric relationship and show variation
from order to order as indicated in figure 5. This
discrepancy is due to variations in relief and lithol-
ogy over which these stream segments occur.

4.1.4 Drainage density (Dy)

The drainage density of W1, W2, W3, W4 and
W5 are 3.01, 2.83, 2.62, 2.72 and 4.50, respec-
tively as shown in table 4. The higher drainage
density of W1 (3.01 km/km?), W2 (2.83 km/km?)
and W5 (4.5 km/km?) indicates that the regions
under these watersheds are composed of imper-
meable subsurface material, sparse vegetation and
mountainous relief. The lower drainage density of
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Figure 5. Stream order—stream length relation of the five watersheds.

W3 (2.62 km/km?) and W4 (2.72 km/km?) reveals
that these watersheds are composed of permeable
subsurface material, good vegetation cover and low
relief as compared to other three watersheds, which
results in more infiltration capacity and can be
good sites for ground recharge sites. In general,
the hydrology of watershed changes significantly
in response to the changes in the drainage den-
sity (Yildiz 2004). A high drainage density reflects
a highly dissected drainage basin with a relatively
rapid hydrological response to rainfall events, while
a low drainage density means a poorly drained
basin with a slow hydrologic response (Melton
1957). Overall drainage density results indicate
that W1, W2 and W5 contribute more surface

runoff to the streams than W3 and W4. Carlston
(1963) observed that there is a very close relation-
ship between drainage density and mean annual

Table 5. Topographic parameters of the five watersheds.

Minimum Maximum Average

elevation elevation slope
Watershed (metres) (metres) (degrees)
W1 2881 4680 26.39
W2 2931 4560 26.39
W3 2100 2700 11.17
W4 2108 2700 15.83
W5 3480 4367 27.00
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flood. Therefore, W5 having highest drainage of watersheds (Montgomery and Dietrich 1989,
density followed by W1 and W2 are more prone to  1992). W5 shows very high stream frequency

flooding than the other two watersheds. (19.74 km~2?), followed by W1 (6.59 km~2) and
W2 (6.52 km~?2). These values indicate that W5
4.1.5 Stream frequency (F,) has rocky terrain and very low infiltration capacity

among all of the five watersheds. Further, it is
The stream frequencies of W1, W2, W3, W4 and noted that stream frequency decreases as the
W5 are 6.59, 6.52, 4.70, 5.01, and 19.74 km~2, stream number increases. Stream frequencies of W3
respectively (table 4). Stream frequency is related  (4.70 km~2) and W4 (5.01 km™?2) reveal that these
to permeability, infiltration capacity and relief watersheds are covered by vegetation and have very
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Figure 6. Elevation maps of the five watersheds.
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good infiltration capacity. Overall, the results of
stream frequency reflect early peak discharge in
case of W1, W2 and W5 that may result in flash-
floods while the discharge from W3 and W4 would
take time to peak because of low runoff rates.

4.1.6 Bifurcation ratio (Ry)

The mean bifurcation ratios of W1, W2, W3,
W4, and W5 are 4.17, 4.13, 3.74, 4.12 and 5.89,
respectively. The bifurcation ratio will not be pre-
cisely the same from one order to the next, because
of possibility of variations in watershed geometry

Shakil Ahmad Romshoo et al

and lithology, but tends to be a constant through-
out the series. The high bifurcation ratio indicates
early hydrograph peak with a potential for flash
flooding during the storm events (Rakesh et al
2000). Therefore, higher bifurcation ratio for W5
watershed indicates its vulnerability to flooding.

4.1.7 Length of overland flow (L,)

Length of overland flow is one of the most impor-
tant independent variables affecting both hydro-
logic and physiographic development of drainage
basins (Horton 1932). From table 4, it can be seen

segasgaie

Y

0 04 08 12 Hilometers
e p—
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:::::z:::*g

15 Kilometers

W5

e A

o 04 08

.
1.2 Kilometers

Figure 7. Slope map of the five watersheds.
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that lengths of overland flow of W1, W2, W3, W4
and W5 watersheds are 0.17, 0.18, 0.19, 0.18 and
0.11, respectively. The values of length of over-
land flow of watersheds, W1 (0.17), W2 (0.18), W3
(0.19) and W4 (0.18) indicate gentler slopes and
longer flow paths than W5 (0.11). The values also
indicate that runoff will take very less time to reach
outlet in case of W5 followed by W1, W2, W4 and
W3, respectively. Thus, W5 shall be more vulner-
able to the flash flooding compared to the other
watersheds.

4.1.8 Form factor (Ry)

The form factor values of W1, W2, W3, W4 and
W5 are 0.41, 0.41, 0.61, 0.41 and 0.72, respectively
as shown in table 4. It indicates that W5 is cir-
cular with higher value of 0.72 whereas remain-
ing four watersheds are elongated. Watershed
morphology has profound impact on watershed
hydrology (Tucker and Bras 1998). This again reaf-
firms that W5 will have quick, though lower, hydro-
graph peak compared to the other watersheds.

4.1.9 Elongation ratio (R.)

Table 4 shows that the elongation ratio of the
five watersheds varies from 0.62 to 0.88. W5 has
highest values of 0.88 followed by W1 (0.79), W2
(0.75), W3 (0.71) and W4 (0.62). Results of elon-
gation ratio indicate that W5 is circular, W3 is
oval and remaining (W1, W2 and W4) watersheds
are less-elongated. The impact of varied watershed
morphology on the hydrological response shall be
similar as that of the form factor discussed here
(Strahler 1964).

4.1.10 Ellipticity index (E;)

W1, W2, W3, W4 and W5 have elipticity indices
of 7.17, 7.68, 5.19, 7.65 and 4.49, respectively
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(table 4). The elipticity index provides similar
insights about the relationship between morpho-
metry and hydrology as other shape-related para-
meters. Lower values indicate that the runoff from
the catchment drains quickly into the channels
and thereby, depending upon the total quantum of
the precipitation, the channels may swell or even
overflow resulting in flooding downstream areas.

4.1.11 Circulatory ratio (R.)

The circulatory ratios of W1, W2, W3, W4 and
W5 are 0.57, 0.46, 0.35, 0.44 and 0.87, respectively
(table 4). Circulatory ratio results from the five
watersheds show that W1 (0.57) and W5 (0.87)
are more or less circular and are characterized by
high to moderate relief. The remaining watersheds
(W2, W3 and W4) indicate that they are elon-
gated and are characterized by moderate to low
relief.

All the above shape-related parameters signifi-
cantly influence the hydrological response of the
watersheds as basin-shaped and the arrangement of
stream segments combine to influence the size and
shape of flood peaks (Ward and Robinson 2000).
As such, W5 has high flood peaks followed by W1
and W2 as compared to W3 and W4.

4.1.12 Infiltration number (If)

Infiltration number plays a significant role in
observing the infiltration character of basin. It is
inversely proportional to the infiltration capacity
of the basin. The infiltration numbers of W1, W2,
W3, W4 and W5 are 19.94, 18.45, 12.34, 13.65 and
88.86, respectively (table 4). The results reveal that
W5 has very low infiltration capacity, W1 and W2
have low infiltration capacity and W3 and W4 have
high infiltration capacity. It indicates that runoff
will be very high in case of W5 followed by W1 and

Table 6. Distribution of slope classes in the five watersheds.

Slope Area (km?)

classes W1 W2 W3 W4 W5
0-5 0.88 0.76 3.14 3.63 0.41
5-10 0.97 0.88 2.57 1.46 0.56
10-15 1.21 1.33 2.86 2.29 0.88
1520 1.35 1.46 1.14 1.60 1.15
20-25 1.41 1.44 0.58 1.18 1.21
25-30 1.42 1.62 0.22 0.62 1.44
30-35 2.09 1.63 0.09 0.50 1.44
35-40 1.39 1.30 0.03 0.24 1.22
40-45 1.00 0.75 0.01 0.05 1.13
45-90 0.72 0.80 0.00 0.01 1.40
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W2 during rain spells. It means that downstream
areas of W5 shall be flooded very quickly followed
by W1 and W2.

4.2 Topographic analysis

The topographic parameters of W1, W2, W3,
W4 and W5 have been calculated using DEM

Shakil Ahmad Romshoo et al

(Tarboton 1989). The minimum elevation of W1,
W2, W3, W4 and W5 ranges between 2100 and
3480 m a.m.s.l, and the maximum elevation of
W1, W2, W3, W4 and W5 ranges between 2700
and 4680 m a.m.s.l; as shown in table 5 and
figure 6. The average slope of watersheds varies
from 11.17° to 27°. W5 has an average slope of
27° followed by W1 and W2 (26.39°), W3 (11.17°)
and W4 (15.83°). Higher average slope for W1, W2
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Figure 8. Area—elevation distribution in the five watersheds.
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and W5 is an indication of generating quick runoff
during rains or storm events (Tucker and Bras
1998). The different slope categories of each water-
shed are shown in figure 7. Catchment morphology
and hydrology are strongly influenced by hillslope
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processes (Tucker and Bras 1998). Slope/area rela-
tion analysis as shown in table 6 indicates that W1,
W2 and W5 have large areas under high slopes
compared to W3 and W4, which also reaffirms that
these watersheds generate higher runoff during
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Figure 9. Instantaneous unit hydrographs results of the five ungauged watersheds.
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rainfall events. These watersheds are therefore
highly prone to flooding than the other two water-
sheds. There is a significant relationship between
the slope and the contributing area (Willgoose
1996). Area-elevation analysis for each of these
watersheds, as shown in figure 8 indicates that W1
and W2 have smaller areas under higher eleva-
tions compared to W3, W4 and W5. This again
indicates that quick runoff may be generated from
these watersheds that may result in flooding over
prolonged rainy spells.

4.3 Synthetic unit hydrograph analysis

Instantaneous unit hydrograph results of all five
ungauged watersheds are shown graphically in
figure 9 and tabulated in table 7. The results indi-
cate that Wb has high peak discharge of 31.98
cusecs and least time to peak of 224 minutes fol-
lowed by W1 of peak discharge of 31.74 cusecs and
time to peak of 240 minutes and W2 peak discharge
of 25.22 cusecs and time to peak of 295 minutes.
While W3 has a peak discharge of 16.74 cusecs
and time to peak of 372 minutes followed by W4
which has a peak discharge of 17.09 cusecs and time
to peak of 483 minutes. The results clearly reveal
that W5 with highest discharge potential and lower
time to hydrograph peak, is more prone to flood-
ing as compared to other watersheds. Results also
reaffirm that W1 is almost equally prone to large
surges of water discharge and consequent flooding.

4.4 Hydrological model simulations

In order to simulate the hydrological response
(runoff) from these five watersheds using SWAT,
various input parameters related to hydro-
meteorology, land use/cover data, topography, soil,
etc. were generated as already described. The anal-
yses of these input parameters are discussed here.

4.4.1 Hydrometeorological data analysis

Hydrometeorological data were analysed to gener-
ate the spatial distribution of the necessary input

Table 7. Time-to-peak and peak discharges from the five
watersheds.

Time to peak Peak discharge

Watershed (minutes) (cusecs)
W1 240 31.74
W2 295 25.22
W3 372 16.74
W4 483 17.09
W5 224 31.98
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parameters for SWAT model. Spatial distribu-
tion of hydrometeorological data is required for
the simulation of hydrological and meteorological
response at the watersheds scale using distributed
hydrological and climate models (Hamlet and
Lettenmaier 1999). Estimation of the spatial dis-
tribution of these variables depends on the num-
ber and distribution of the observation stations.
The spatial distribution of the average precipita-
tion over a larger area including five watersheds is
shown in figure 10(a, b) for all the 12 months of
the year. The figures indicate that average monthly
rainfall increases towards the south-western areas
of the catchment. They further reveal that the
catchment receives highest rainfall in March
(86-142 mm) and lowest in November (18-32 mm).
Analysis of the average yearly rainfall of 20 years
also shows an increasing trend towards the south-
western areas of the catchment. Southern areas
receive 864-913 mm yearly average precipitation
whereas north-western areas receive 423-472 mm.
The southern areas are receiving higher precipita-
tion because of the higher altitude. Most of the
precipitation is in the form of snow in these moun-
tainous regions of the catchment. As seen from
the figures, there is marked spatial variation in the
distribution of the precipitation for all months of
the year. Further, orographic influences on precip-
itation are quite discernible from the interpolated
precipitation patterns.

The analysis of 20 years (1979-1999) of mete-
orological data, as shown in table 2, indicates
that the average daily maximum temperature was
observed to be highest in July (29.59°C) and
lowest in January (4.56°C) and average daily
minimum temperature was observed to be low-
est in January (—6.77°C) and highest in July
(17.28°C). The average daily precipitation was
observed to be maximum in March (4.38 mm)
and minimum in November (0.59 mm). The aver-
age daily solar radiation was observed to be
maximum in June (19.28 MJ/m?/day) and mini-
mum in January (8.75 MJ/m?/day). The average
daily dew point temperature was observed to be
maximum in August (8.74°C) and minimum
in January (—7.51°C). The average daily wind
speed was observed to be maximum in April
(3.4 m/s) and minimum in October (1.74 m/s).
These values of the hydrometeorological parame-
ters observed in the area are typical for temperate
Himalayan regions.

4.4.2 Land use/land cover analysis

The various land use and land cover classes delin-
eated in the five watersheds include exposed rocks,
shrubs, forests, pastures and barren lands as shown
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Figure 11. (a) Land use/land cover map and areal distribution of W1, W2 and W3.

in figure 11(a) for W1, W2 and W3, and figure
11(b) for W4 and W5. The distribution of the land
use land cover classes in each of the five watersheds
is given in table 8. W1 has 82.80%, 17.04% and
0.16% under exposed rocks, shrubs and pastures,
respectively. W2 has 60.99%, 37.18% and 1.84%
under exposed rocks, shrubs and pastures, respec-
tively. W3 has 28.76%, 34.59% and 36.65% under
barren lands, pastures and forests, respectively.
W4 has 17.96%, 36.70% and 45.34% under barren
lands, pastures and forests, respectively. W5 has

61.07%, 25.0%, 10.17% and 3.23% under exposed
rocks, shrubs, forests and pastures, respectively.
These results show that W1, W2, and W5 are
mostly covered by exposed rocks while W3 and
W4 have highest percentage of forest land. The
type and distribution of land cover have profound
impact on a number of hydrological processes
(Matheussen et al 2000; Fohrer et al 2001; Quilbe
et al2008). Therefore, W1, W2 and W5 with lowest
vegetation cover, shall generate more surface runoff
compared to the other two watersheds. W5, in
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Table 8. Land use/land cover distribution in the five water- — particular, with highest drainage density and other
sheds. geomorphological factors conducive for increased
Land cover/ Area surface runoff, is prone to flooding during extreme
SL no. land use (km?) % Area ~ SUOTIL events.
W1 Watershed
01 Exposed rocks 10.30 82.80
02 Shrubs 2.12 17.04 Table 9. Soil type distributions in the five watersheds.
03 Pastures 0.02 0.16 Area
W2 Watershed . 5
1. no. 1t k A
01 Exposed rocks 7.30 60.09 OO Soil type (km) % Area
02 Shrubs 4.45 37.18 W1 Watershed
03 Pastures 0.22 1.84 01 Rock outcrop 7.18 57.72
W3 Watershed 02 Sandy clay loam 5.26 42.28
01 Barren land 3.06 28.76 W2 Watershed
02 Pastures 3.68 34.59 01 Rock outcrop 6.39 53.39
03 Forest 3.90 36.65 02 Sandy clay loam 5.58 46.61
W4 Watershed W3 Watershed
01 Barren land 2.08 17.96 01 Clay loam 6.85 64.32
02 Pastures 4.25 36.70 02 Sandy clay loam 3.79 35.68
03 Forest 5.25 45.34 ‘W4 Watershed
W5 Watershed 01 Clay loam 8.19 70.72
01 Exposed rocks 6.62 61.07 02 Sandy clay loam 3.39 29.28
02 Shrubs 2.71 25.00 W5 Watershed
03 Forest 1.16 10.70 01 Rock outcrop 7.76 71.59
04 Pastures 0.35 3.23 02 Sandy clay loam 3.08 28.41
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4.4.3 Soil data analysis W3, W4 and W5, respectively. Soil texture prop-

. erties such as the percentage of sand, silt, clay

The area under each Qf the soil texture types ., soil hydrological groups of the watersheds are
1S given 1n table‘9. It is evident that W1, W2 presented in table 10. Soil types influence the
and W5 are dominated by rocky outcrops cover- hydraulic properties of the soils and that in turn
ing 57.72%, 53.39% and 71.59%, respectively. W3 affect a number of hydrological processes at the
and W4 are dominated by clay loam soils cover-  watershed scale including the lateral and horizon-
ing 64.32% and 70.72% of the total area, respec-  tal movements of the subsurface water (Entekhabi
tively. Sandy clay loam covers an area of 42.28%, et al 1999; Romshoo 2004). Therefore, watersheds
46.61%, 35.68%, 29.28% and 28.41% of W1, W2,  with large areas under barren and rocky outcrops
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Figure 12. Simulated surface runoff of the five watersheds.
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Table 10. Soil hydrological groups in the five watersheds.

Sandy clay Clay Rock

loam loam outcrop
Hydrological
group B D D
Sand (%) 62.95 34.35 -
Silt (%) 20.09 22.26 -
Clay (%) 16.96 43.39 -
Exposed rock 0.00 0.00 100.00

shall contribute pre-dominantly to runoff without
much infiltration capacity. Similarly, the texture
of the soil also determines to a large extent the
moisture-holding capacity of the soils and to a
great extent affects the infiltration and evapora-
tion processes that inter alia affect the surface
runoff and hydrographs of the watersheds (Tansey
and Millington 2001). Therefore, W1, W2 and W5
will have higher surface runoff compared to the
other two watersheds because of their varying soil
characteristics.

4.4.4 Model simulations

Figure 12 shows the simulated runoff output from
each of the five watersheds. The average annual
runoff statistics of each watershed is given in
table 11. As per the model simulation, W5 has
the highest runoff of 11.17 mm/year followed
by W1 (7.9 mm/year), W2 (6.6 mm/year), W4
(5.33 mm/year) and W3 (4.29 mm/year). These
results indicate that W5 is more vulnerable to
flooding during high rain spells followed by W1,
W2, W4 and W3, respectively. The simulated
results on the hydrological responses from the five
watersheds are quite in agreement with those of the
morphometric analysis. Instantaneous unit hydro-
graphs of all five ungauged watersheds were devel-
oped, using the approach (Bhat 2009). From the
analysis of the hydrographs, it is revealed that
W5, with highest discharge potential and lower
time to hydrograph peak, is more prone to flood-
ing as compared to other watersheds. Results also
reveal that W1 is the next vulnerable watershed
due to large surges of water discharge and con-
sequent flooding. Again, these results are in con-
formity with the hydrological simulation and the
morphometric results discussed above. Therefore,
it is quite evident that the geomorphological, phy-
siographic characteristics and geological setting of

Table 11. Predicted runoff as simulated by SWAT model.

Watersheds W1 W2 W3 W4 W5

Runoff mm/year 7.9 6.6 4.29 5.33 11.17

Shakil Ahmad Romshoo et al

the watershed have significant impact on its hydro-
logical response. Therefore, geomorphological stu-
dies are a pre-requisite for understanding the
hydrological response of the watersheds and can
be used to predict flood peaks, sediment yield and
water discharge of ungauged watersheds (Chow
1964; Gardiner 1981; Al-Wagdany and Rao 1997).

5. Conclusions

Even though there is growing interest in research
on natural disasters among geoscientists, there
is still a significant gap in our understanding of
the factors associated with flood hazard vulner-
ability (Beven 1989). This research study con-
ducted in various representative sites is a step
in that direction. It therefore addressed the fun-
damental research question of assessing the geo-
morphic and hydrological factors that make a
drainage basin more or less prone to flooding.
The three-pronged approach adopted in this study
for characterizing the hydrological response of five
watersheds with varied topography, land use/land
cover, soils and geological setting indicates the
strong relationship between the geomorphologi-
cal, geological and hydrological setting of the
watersheds. These research outcomes show that
the geomorphometric characteristics at watershed
scale have a strong influence on the hydrological
characteristics and are direct and credible indi-
cators to infer hydrological information including
flooding and flood vulnerability of the ungauged
watersheds (Patton 1988). However, these results
need to be tested in other watersheds in the Jhelum
basin in order to develop a simple model relating
the geomorphology with the hydrology in the
Jhelum basin to predict flood peaks, sediment yield
and water discharge (Chow 1964; Gardiner 1981;
Viera 2003). Such an operational model, when real-
ized, shall go a long way in mitigating and develop-
ing an early warning system for flood management
in the Jhelum basin.
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