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ABSTRACT

Modern Mathematical Models have been developed for studying the complex hydrological processes of a watershed
and their direct relation to weather, topography, geology and land use. In this study the hydrology of Indrayani
watershed located in Indrayani River basin at the North-East of Pune is modelled, using the Soil and water Assessment
Tool (SWAT). It aims to simulate the surface runoff using a Temporal resolution of 10 years LandUse-LandCover
(Lu-Lc) maps of 2003-04 and 2013-14. The ArcSWAT interface implemented in the ArcGIS software was used to
delineate the study area and its sub-components, combine the data layers and edit the model database. The ArcSWAT
model predicted Indrayani watershed hydrologic component of Surface Runoff with weather components of
precipitation and temperature of 25 years along with Food and Agriculture Organisation soil layer. The SWAT model
run in 2 Phases with Lu-Lc of 2003-04 as Phase-1 and also model run using 2013-14 Lu-Lc as phase-Il. The runoff
predicted within a 10 year temporal changes of Lu-Lc, 919 mm of Surface Runoff obtained with Lu-Lc of 2003-04
and 767 mm of Surface Runoff predicted from 2013-14 Lu-Lc map layer respectively. The higher runoff predicted
with Lu-Lc 2003-04, as such it has higher area of Agricultural land with lower urban area covered and less water
bodies than 2013-14 Landuse-Lancover classes.
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I. INTRODUCTION place  within  individual = micro-watersheds.

Hydrological processes and their local scattering have
Water is an essential element for survival of living  always direct relation to weather, topography, geology

things. It is vital factor for economic development and  and landuse of watershed in addition to the impact of

augmenting growth of agriculture and industry
especially in the perspective of rapidly increasing
population and urbanization. many zones face scarcity
of freshwater or subject to pollution. Thus the
availability and the sustainable use of the water
resources become the core of the local and national
strategies and politics in these regions. To deal with
water management issues, one must analyse and

quantify
processes are taking place within the area of interest.

the different elements of hydrologic
Obviously, this analysis must be carried out on a

watershed basis because all these processes are taking
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human activities. A watershed is comprised of land
areas and channels and may have lakes, ponds or other
water bodies. The flow of water on land areas occurs
not only over the surface but also below it in the
unsaturated zone and further below in the saturated
zone, singh and Frevert [1].The use of a watershed
model to simulate these processes plays a fundamental
role in addressing a range of water resources and

environmental and social problems.

The development of Remote Sensing (RS) techniques
(GIS)

and Geographical Information System
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capabilities has encouraged and improved the
expanded use of watershed models worldwide. GIS is
a suitable tool for the efficient management of large
and complex database and to provide a digital
representation of watershed characteristics use in
hydrologic modelling. It has added confidence in the
accuracy of modelling by providing more practical
approach toward the watershed conditions, defining
watershed characteristics, improving the efficiency of
the modelling process and ultimately increasing the
estimation capabilities of hydrological modelling,
Bhuyan et al.[2]. The objective of modelling Indrayani
watershed, is to set up and simulate the adapted model
in order to simulate the functioning of the entire area
and therefore predict its response to phenomena and
risks it confronts such as erosion, inundations, drought,
and pollution. Specifically, the purpose is to estimate
the Surface Runoff at the outlet of the Indrayani
watershed in order to develop an efficient decision
framework to facilitate, plan and assess the
management of watershed.

In this study, the GIS based watershed model, Soil and
Water Assessment Tool (SWAT) was applied. SWAT
is a river basin or watershed scale model which has the
capability to simulate both the spatial heterogeneity
and the physical processes occurring within smaller
modellig units, known as hydrologic response units
(HRU) for the sustainable planning and management
of surface water resources of rivers. SWAT has been
adjudged by researches as computationally efficient in
its prediction, Neitsch et al. [3].It has a reliability
which confirmed in several areas around the world.
SWAT model was applied in large scale to evaluate the
hydrological processes in a mountain environment of
Upper Indus River Basin by Khan et al. [4] and in other
regions in Asia by Nasrin et al [5] and Cindy and
Koichiro [6]. It was tested and used in many regions of
Africa by Fadil et al. [7], Ashagreet al. [8] and Schuol
et al. [9]. It also applied to simulate St.Joseph River
watershed in US by Kieser et al. [10]. SWAT model

was used successfully to estimate the water balance
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components in South Eatsern Ethiopia by Shawul et al.
[11] and in Nigeria by Adeniyi et al. [12].

II. METHODS AND MATERIAL

Soil and Water Assessment Tool (SWAT) is applied to
predict the hydrologic component of Surface Runoff
of Indrayani watershed in Indrayani River basin. The
methodologies used for this study include a
description of the study area, hydrological model and
the special dataset which used in the simulation are

given in the following sections with details.

Description of the study area

The Indrayani watershed having an area of 980 km?
covered from Kalvan dam to mid of Bhima River. The
study area, Indrayani river basin in Parbhani district is
bounded by latitude of 19°01' 40" N and 19° 12' 35" N
and longitude 76° 36' 05" E and 76° 46' 15" E. The main
river in the studied watershed is Indrayani River as
shown in Figure 1. The Indrayani River originates in
Kurvande near Lonavala, a hill station in the Sahyadri
mountains of Maharashtra. It is a tributary stream of
Godavari river. Fed by rain, it flows east from there to
meet the Bhima river. It flows a course mostly north
of the city of Pune. There is a hydroelectric dam called
Valvan Dam on the Indrayani at Kamshet. Indrayani
catchment area receives heavy precipitation in the

form of rainfall.
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Figure 1. Location Map of Indryani Watershed

Description of SWAT model

SWAT is a river basin or watershed, scale model and it
is a continuous time model that operates on daily time
steps and uses a command structure for routing runoff
and chemical through watershed. It developed by
Agricultural Research Services of United States
Department of Agriculture to predict the impact of
land management practices on water, sediment, and
agriculture chemical yields in large and complex
watersheds with varying soil, land wuse and
management conditions over long periods of time,
Arnold et al. [13]. ArcSWAT (Arc GIS-SWAT) is the
latest available version which is used as an interface
between ArcGIS and the SWAT model. ArcSWAT
version which was built for ArcMap 10.1 is used in this
study, Winchell et al. [14].Spatial data (DEM, Soil and
Landuse-Landcover) are used in the processing phase
and fed into the SWAT model through the interface.
The soil and land cover make important responding
units and the same is accomplished by SWAT model
by subdividing the watershed into areas having unique
land use and soil combination which are called
Hydrological Response Units (HRU) during the
process of runoff generation. SWAT requires an
assortment of input data layers for model setup and
watershed simulations. The topography of watershed
is defined by a Digital Elevation Model (DEM). It is
used to calculate sub-basin parameters such as slope
and to define the stream network. The soil data are
required to define soil characteristics and attributes.
The land-cover data provide vegetation information
on ground and their ecological processes in lands and
soils. Climate, precipitation and stream flow data are
sourced and prepared according to SWAT input
requirements. The Figure 2 shows the components of
SWAT model including input, output, the spatial
summarized its

datasets, and GIS parts and

methodology.
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Figure 2. Materials used and Methodology applied in

SWAT Model

The hydrologic cycle of the SWAT model is based on
the water balance equation, which considers the
unsaturated zone and shallow aquifer above the
impermeable layer as a unit. Eq. (1) is the important
equation to predict the hydrology of watershed used
in the SWAT model.

SWe= SWyt Tiey(Raay — Qsury — Ea —
Qw )i

Wseep —
Eq.(1)

where t is the time in days, SW:and SW, are the final
and initial soil water content respectively (mm), Raay is
amount of precipitation on day i (mm), Qsuris the
amount of surface runoff on day i(mm), Weep is the
amount of water entering the vadose zone from the
soil profile on day i (mm) and Qgw is the amount of

return flow on day i (mm).

The estimation of surface runoff can be performed by
the model using the Soil Conservation Service (SCS)
curve number method, Arnold et al. [13]. This method
is widely used for the prediction of approximate
amount of runoff from a given rainfall event. It is
mainly based on the soil properties, land use and
hydrologic conditions. The SCS curve number
equation is

(Rgay—0.25)?2
(Rday+0.8S)

Eq.(2)

where Qsutis the daily surface runoff (mm), Raayis the

qur f =

rainfall depth for the day (mm), and S is the retention
parameter (mm). The retention parameter S and the
prediction of lateral flow by SWAT model are defined
in Eq. (3):

[ g L
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5=25.4(22 — 10) Eq.(3)
where S is drainable volume of soil water per unit area
of saturated thickness (mm/day); CN is curve number.
SCS defines three antecedent moisture conditions; I-
dry (wilting point), Il — average moisture and III — wet
(field capacity). The moisture condition I curve
number is the lowest value the daily curve number can
assume in dry conditions. The curve numbers for
moisture conditions I and III are calculated with the

Eqn. (4) and (5), respectively.

20 (100-CN2)
(100—CN2+ ¢[2533-0.0636+(100-CN2)])

CN1=CN2 -

Eq. (4)

CN3 = CN? * ¢[0:00673(100-CN2)] Eq. (5)
where CN1 is the moisture condition I curve number,
CN2 is the moisture condition II curve number, and
CN3 is the moisture condition III curve number.

Lateral flow is predicted by:

4 (28 SC sin )
Oal

qiae = 0.02

where que = lateral flow (mm/day); S = drainable
volume of soil water per unit area of saturated
(mm/day); SC =
conductivity (mm/h); L = flow length (m), o = slope of

thickness saturated hydraulic

the land, 6a = drainable porosity.

1) Creation of database

The simulation of the water balance of an area by
SWAT model requires a large amount of special and
time series data sets in order to establish the water
balance Eq. (1). The main set of data used are briefly

explain below.

1.1 Special datasets
The topography,

characteristics are spatial datasets, which defines the

Landuse-Landcover and soil

land system of any area and the most requirement of
the hydrological model. The input part of SWAT
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model includes a section from land system in the form

of DEM, Landuse-Landcover and soil.

1.2 Digital Elevation Model (DEM)

The SRTM DEM of 90 m resolution (HTML: CGIAR-
CSI) [15] was processed for the extraction of flow
direction, flow accumulation, stream network
generation and delineation of the watershed and sub-
basins as shown in Figure 3. The topographic
parameters such as terrain slope, channel slope or
reach length were also derived from the DEM. The
present study area of Indrayani watershed with an

elevation ranging from 560 m (Indrayani outlet) to 712

m at the Andhra lake , 657 m at Shirota Lake locations.

Digital Elevation Model (DEM) of Indrayani Watershed

>z

Figure 3. DEM of Indrayani Watershed

The whole watershed is segmented in a total number
of thirteen (13) sub-basins developing on topographic

characteristics.

1.3 Landuse —Landcover (Lu-Lc)

Changes in land use and vegetation affect the water
cycle and its influence is a function of the density of
plant cover and morphology of plant species. The
NRSC-BHUVAN Geo-Platform of ISRO, Landuse-
Landcover class maps [16] of different years of 2003-
04 and 2013-14 has been used in this study as shown
in Figure 4.The Lu-Lc map has13 classes, out of which
5 dominant classes are identified in Lu-Lc of 2003-04.
The SWAT Landuse-Landcover class of Agricultural
Land (AGRL) covered an area of 432 km?2. The other
class of Agricultural Close grown (AGRC) covered an
area of 227 km? and forest classes (FRSD, FRSE) are

[y L
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covered 133 km?, water bodies (WATR) are 50 km?

and lowest urban area (URMD) covered as 10 km?2.

FRSE )

CGICO -MuR LandUse-Landcover 2013-14
B
Figure 4. Landuse-Landcover Maps of 2003-04 &
2013-14

The Lu-Lc map of 2013-14 have similar classes, the

“* LandUse-Landcover 2003-04
wer

major portion of area ‘AGRL’ class covered an area of
423 km?. The other class of ‘AGRC’ covered an area of
197 km? and forest classes are covered 135 km?, water
bodies are 75 km? and lowest area of urban class
covered 25 km? The Landuse classes were converted
from original land use classes to SWAT classes and

defined using a look-up table for both Lu-Lc layers.

1.4 Soil Data

The soil map was obtained mainly from the United
National Food and Agricultural Organization (HTML:
FAO-AGL,2003) [17]. The FAO regional scale soil
vector maps were used where each cartographic unit
was associated with one or two delineations
corresponding to subsoil groups of USDA. Due to soil
limitations, of USA soils were compared with the
watershed area to use their properties to define HRUs.
3 varieties of soils delineated in the Indrayani
watershed, which covered 2% of Ne56-2b, 84% of
Hh11-2bc and 14% of Vc43-3ab as shown in Figure 5
Landuse-Landcover classes and soil types were
overlaid to define the Hydrologic Response Units
(HRUs) for each of the sub-watersheds for the SWAT

model.
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FAO- SOIL MAP of INDRAYANI WATERSHED
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FAO-Soil Map
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Il Vc43-3ab-3861

Figure 5. FAO-Soil verities covered in Indrayani
Watershed

Subdividing the watershed into areas having unique
land use and soil combinations enables the model to
reflect differences in Evapotranspiration (ET) and
other hydrologic conditions for different Land
covers/crops and soils. Runoff is predicted separately
for each HRU and routed to obtain the total runoff for
the watershed. This increases the accuracy of load
predictions and provides a much better physical

description of the water balance, Winchell et al. [14].

2) Temporal data sets

The climate data are required by SWAT to provide the
moisture and energy inputs that controls the water
balance and determine the relative importance of the
different component of the hydrologic cycle. Rivers in
the hydrological regimes may differ significantly in
their runoff response to changes in the driving
variables of temperature and precipitation.

2.1 Meteorological Data

The long term meteorological datasets of precipitation,
temperature, wind speed, solar radiation and relative
humidity are required for the hydrological modelling.
For SWAT model, the records of precipitation and
temperatures are the minimum mandatory inputs to
perform the model. The model has the capability of
weather generation to itself generate the data against
these parameters. The satellite-derived data from 2
locations inside the study area were collected from
NASA-POWER web site [18]. These locations namely

Maval and Solu The climate datasets were processed to

[0 L
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fit into the model input format using weather

generation tools from SWAT web site.

ITII. MODEL APPLICATION-RESULTS &
DISCUSSIONS

The input data prepared in proper format for
application of ArcSWAT model, the modelling
performed in 2 phases. Phase-I model run with
landuse-landcover layer of 2003-04 and Phase-II

model run with landuse-landcover layer of 2013-14.

Phase- results of Landuse-Landcover 2003-04

Phase-ll results of Landuse-Landcover 2013-14

Figure 6. SWAT Model Out-Put of Hydrologic cycle

components of Indrayani watershed for Phase I & II

The entire model run results were of all hydrologic
parameters illustrated in the form of figures as shown

in Figure 6 for both the phases.

The figures shown that the input component of
precipitation was 1920.6 mm. The major loss of PET
was 148mm with Lu-Lc map of 2003-04 and 1574.7
mm with Lu-Lc map of 2013-14. The average curve
number for both Landuse-Landcover maps not shown
much difference. The percolation to shallow aquifer
for Lu-Lc map of 730.94 mm and for 419.82 with Lu-
Lc map 2013-14 mm. The lateral flow obtained 40.74
mm and 30.12 mm with Lu-Lc map of 2003-04 and
2013-14 respectively. The recharge to deep aquifer
observed 36.55 mm and 20.99 mm in Phase-I & II
consecutively. As a result of all losses the return flow
was obtained as 686.95 mm and 364.02 mm in both
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phases. After all losses with due precipitation the
higher Surface Runoff of 919.56 mm predicted with
Lu-Lc map of 2003-04 and 767.74 mm obtained with
Lu-Lc map of 2013-14. It is observed that the recharge
to shallow and deep aquifers was higher in Phase-I,
also the Surface Runoff of 152 mm obtained higher
than phase-II. It is also observed that, the PET was
higher than the surface runoff in both Landuse-
Landcover phases.

The whole Indrayani watershed divided into 13 sub-
basins. The Table 1 illustrates the Surface Runoff (mm)
in each sub-basin and Flow_out (cm) in reach passing

through the relevant sub-basin as shown below.

Table-1
Lu-Lc - 2003-04 Lu-Lc-2013-14
Sub- | SURQ mm | FLOW_ SURQ FLOW_
Basin OUTcm mm OUTcm
1 1051.9565 | 184356 | 916.1838 | 14.1497
2 1075.8875 | 24.4692 | 942.5822 | 18.7641
3 1021.6553 | 30.0554 | 879.3163 22.94
4 1052.8721 | 38.6211 | 912.3834 | 29.4353
5 1148.8627 | 88.0486 | 990.7828 | 67.1277
6 1131.7841 | 226.727 | 1005.463 | 172.801
7 1126.609 162.448 | 987.4258 | 123.7136
8 1155.3792 | 390.392 | 1029.680 | 297.403
9 1113.4088 | 91.6958 | 995.464 | 70.1021
10 1130.8218 | 23.9493 | 1015.339 | 18.3252
11 727.1751 255836 | 599.6557 | 16.7945
12 737.8422 471.386 | 601.2353 | 352.63
13 775.9299 634.791 | 667.2302 | 460.951

SURQ: Surface Runoff, FLOW_OUT: Stream flow

The highest surface runoff occurred in sub-basin no. 8
with Land use-land cover map of 2003-04, accordingly
the highest stream flow occurred in the same sub-
basin. The other high runoff occurred in the 5%, 6" and
10 sub-basins as shown in table-2. The highest
Flow_out occurred in sub-basinl3, because, it was the
out let of sub-basin of the Indrayani watershed as well
as the stream flow accumulated at the downstream
portion of the watershed. The ArcSWAT model run in
phase-II with 2013-14 Lu-Lc map, as a result the sub-

[ L
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basin no.8 delivered highest surface runoff, and the
other of 6, 9 and 10® sub-basins were delivered high
runoff comparatively with remaining sub-basins in
the watershed. The Flow_out delivered high through
Sub-basin no.13, as such that the out let of Indrayani
watershed place at the end of this sub-basin. The

tabular results shown in the form of Figure 7.

Figure 7. Surface Runoff & Flow_out with 2 different

Landuse-Landcover
IV. CONCLUSION

Watershed models have become a main tool in
addressing a wide spectrum of environmental and
water resources problems. The Soil and Water
Assessment Tool (SWAT) has been well documented
as an effective water resources management tool. In
this study the ArcSWAT interface implemented in the
ArcGIS software was used in order to model the
hydrology of Indrayani watershed area. The main
objective of this study is to identify temporal changes
of Landuse-Landcover impact in prediction of surface
runoff. The SWAT model run in 2 phases with
landuse-landcover map of 2003-04 as Phase-I and with
Landuse-Landcover map of 2013-14 consider as Phase-
II. As a result, the Surface Runoff predicted in Phase-I
as 919 mm at the outlet of Indrayani watershed and
Surface Runoff in phase-II as 767 mm. It is observed
that the landuse-landcover map of 2003-04 has higher
area covered with AGRL, AGRC and lower areas
covered with urban and water bodies. It is one of the
reason to get higher runoff in Phase-I scenario. In

Phase-II, the landuse-landcover with higher water
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bodies and more urban area covered in the Indrayani
watershed, it is one of the cause to predict lower
Runoff obtained at the outlet of the watershed. The
performance of the model can be enhanced
furthermore by integration of some other climate data
such as solar radiation, relative humidity and wind
speed. The calibrated model can be well used to
understand and determine the different watershed
hydrological processes that help in optimal utilization
of dam reservoir water. A future understanding and
determination of the different watershed hydrological

processes that help in optimal utilization of the dam.
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