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ABSTRACT

Water availability in a region depends on how precipitation over the region is
transformed into various forms after reaching ground such as evaporation losses,
runoff, infiltration, soil moisture, and ground water storage etc. Land Use / Land
Cover (LU/LC) changes adversely affect the aforementioned components.
Particularly, the effects of LU/LC changes on catchment hydrological responses,
especially vegetative cover (forest, scrubs and cropland), affect the
evapotranspiration. Further, rapid urbanization due to LU/LC changes leads to extent
of impervious surface and thereby, impacts the infiltration rates as well as recharge.
The LU/LC change impact on the hydrologic system is region specific, and each
region is characterized by its own hydrology, terrain, climate and also anthropogenic
factors. Therefore, a detailed assessment of LU/LC change impacts on hydrology is
required, specifically at the region with seasonally limited water availability. It is
emphasized by many researchers that the physically-based, distributed hydrological
models along with remote sensing capabilities are more suitable for assessing the
LU/LC change impacts on the hydrologic system. Further, Soil moisture, being a
critical state variable, its knowledge is of paramount importance in several
hydrological applications (e.g., runoff modeling and flood forecasting, agricultural
monitoring and drought monitoring). The magnitude of soil moisture variability often
under estimated and the spatial pattern of soil moisture is not consistent, and it is
largely varying across the site and climate with the influence of heterogeneity in
LU/LC, topography, soil properties, precipitation and evapotranspiration. Hence, the
characterization of soil moisture variability is essential. The work reported in this
thesis aims at understanding the soil moisture variability and land cover change

impacts in an agricultural dominant semi-arid basin.

The Variable Infiltration Capacity (VIC) model, a physically based, semi distributed
hydrological model was used to simulate the hydrologic responses of the basin for

different LU/LC scenarios (the year 2000 and 2010) with multiple soil layers
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parameterization (three soil layers: 0 — 10 cm, 10 — 45 cm and 45 — 100 cm). The total
drainage area of the basin was discretized into number of model grids (5.5 km
resolution: totally 1694 grids), and the input parameterization of the model was made
at each grid level. The major input parameters to the model are meteorological forcing
(Precipitation, Tyax, Tmin), soil characteristics, land surface vegetation classes
(vegetation parameter & library) and topography. This study demonstrated a
methodological frame work for improved vegetation parameterization to the model
simulation. Moderate Resolution Imaging Spectroradiometer (MODIS)-derived 8-day
Lear Area Inded (LAI) time-series data was used to sub-group agricultural dominant
areas into major crop groups and corresponding monthly vegetation phenology in
terms of LAI, albedo, height, root distribution were arrived. This exercise enabled
improved definition of vegetation parameterization for the study area, incorporating
the region specific conditions. Firstly, the model was calibrated and validated using
the observed stream flow data collected at two different locations for the period 1994
—2001. The model parameter values were adopted for each model grid (about 5.5 km)
based on the saturated hydraulic conductivity at that grid by trial and error method. To
assess the hydrological impacts of LU/LC change on the flow regime of the basin, the
model was run using the two LU/LC conditions separately with the same observed

meteorological forcing and soil data.

The changes attributed to LU/LC at basin level indicate that the surface runoff and
baseflow decreased by 18.86 and 5.83% respectively. The evapotranspiration
increased by 7.8%, mainly because of the agricultural crops. The variability in
hydrological components and the spatial variation of each component attributed to
LU/LC was further assessed at the basin grid level. The majority of the basin grids
showed an increase in evapotranspiration (80 % of basin grids) and subsequent
decrease in runoff and baseflow (79 and 85% of basin grids, respectively) with
resepect to LU/LC change. Further, the spatio-temporal variation of soil moisture was
assessed using the model simulated soil moisture along with three different satellite
derived surface soil moisture products (SM-CCI, SM-TRMM and SM-AMSRE). It
was found from the analysis that the impacts of LU/LC changes on soil moisture were

more evident in the deeper layers (45 cm and 100 cm). The soil moisture decreased by
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an average of 14.43 and 18.21% (percentage change), particularly in dry periods at

second and third layers, respectively.

Further, the modeled soil moisture along with three different satellite surface soil
moisture products were investigated for its spatio-temporal variability in the basin.
The soil moisture in the top layer (up to 10 cm) showed high temporal variations.
However, the mean soil moisture was found almost constant during the summer and
winter seasons. The basin showed high variability in soil moisture during the
intermediate wetness condition. Further, the spatial variability of the soil moisture
during the wetting period (June-August) was high compared to drying period
(December — February). Based on the analysis performed in this study, 29 (out of total
model grids - 1694) representative grid locations were identified in the basin. These
locations could be effectively considered for installing observational network mainly

for monitoring soil moisture in near real-time.

Keywords: ~ Hydrologic modelling,, Soil moisture, VIC model, Land Use Land
Cover, Leaf Area index, Temporal Stability Analysis, Upper Bhima
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CHAPTER 1

INTRODUCTION

1.1 GENERAL

Water resources management requires the better understanding and quantification of
the various hydrological components of the catchment. Water on the earth,
continuously moving through water cycle by evaporation, transpiration
(evapotranspiration), precipitation, infiltration and runoff reach the ocean. The total
guantity of water remains constant in the global water cycle, however, their
distribution is continuously changing over the continents, in regional and within the
catchment scale (Chow et. al, 1988). The predominant source of water on earth is
precipitation, and each of its form confined to its specific conditions. The
precipitation (rainfall) transforms into runoff and reaches the outlet of the catchment
through very complex processes. It needs to meet the demands from interception,
(loss by vegetative surface, throughfall and stem flow) depression storage and
infiltration. The infiltrated water makes the availability of soil water content in the
vadose zone, and further it reaches ground water. The quantity of runoff generated
from a storm depends on intensity, duration, distribution of the rainfall and
characteristics of the catchment. To understand this complex processes, hydrological
modeling is one of the efficient ways, and it facilitates to study the long term behavior

of the hydrologic system.

Hydrologic models are generally represented by mathematical equations, which
approximate the natural hydrologic processes that are primarily based on the water
and energy balance of a system. The hydrologic system is highly complex in nature,
and thorough understanding of their processes is extremely tough. However, to gain
the better understanding of these complex processes, the hydrological models have
evolved over the time. These models are also useful in generation of synthetic

sequence of hydrologic variables for better design and forecast.

Soil Moisture Variability and Hydrological Impact Assessment of Land Cover Change, PhD Thesis,
2019, National Institute of Technology Karnataka, Surathkal, India.
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Introduction

1.2 CLIMATE AND LAND USE/LAND COVER CHANGE

In the past few decades, the influence of climate and Land Use Land Cover (LU/LC)
changes on hydrology are significantly increasing and becoming more vulnerable in
the arid and semi-arid region (Vorosmarty et al. 2010). Further, Climate affects the
basic constituents of hydrological cycle mainly evaporation, precipitation,
atmospheric water content and soil moisture (Wang et al. 2008). In addition to
climate, LU/LC adversely affects the natural hydrologic system and its components
mainly runoff, evapotranspiration (ET), subsurface flow and infiltration. Hence,
understanding the variability in the hydrologic response of a river basin attributed to
climate/LU/LC change is vital for the effective planning and management of water
resources (Nijssen et al. 2001; Wang et al. 2008; Chawla and Mujumdar 2015).
Climate change impacts on water resources are likely to affect the environmental
flows (dry season) and flood flows (wet season), thus causing frequent extreme floods
and droughts in urban and rural areas (Gosain et al. 2011). The effects of LU/LC
changes on catchment hydrological responses, especially forest cover, affect the
evapotranspiration. Further, rapid urbanization due to LU/LC changes leads to extent

of impervious surface and thereby, impacts the infiltration rates as well as recharge
1.3 SOIL MOISTURE: TERMS AND MEASUREMENTS

In general, the amount of water content stored in the unsaturated zone or vadose zone
is called soil moisture, however, its precise definition may vary based on the context
and how it is defined (relative, absolute/indirect terms and also based on the reference

storage) (Seneviratene et al. 2010).

Volumetric soil moisture (6), it is expressed as the ratio of the volume of water (v) to

the given soil volume (V).

9 = Volume of water (V)
- Soil volume(V) (1-1)

The maximum soil water content for a given soil volume is referred as saturated soil
moisture, (fsar), and it is related to soil porosity. Further, the saturation ratio, (6s), can

be defined as:

Soil Moisture Variability and Hydrological Impact Assessment of Land Cover Change, PhD Thesis,
2019, National Institute of Technology Karnataka, Surathkal, India.
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0

05 = 0.0; (varies between o to 1) (1.2)

The maximum available water to the plant is generally between field capacity (6x)
and permanent wilting point (6wii). The moisture content above the field capacity
obviously drains by the gravity, and below the wilting point, it has a strong bonding
with soil matrix that cannot be accessible to the plants. With this, the definition of soil

moisture index (SMI) was proposed by Betts (2004):

0—Owiit

SMI = (ranges from0to 1) (1.3)

O frc—Owirt

In the above equations (1.1) to (1.3), soil moisture is expressed as a relative terms.

Further, it can also be defined as an absolute term, S, (in mm).

S=6.d (1.4)

Where, d denotes given soil depth.

Absolute Ratio of Volumetric Soil moisture Soil B8 Soil matrix
water saturation water content  potential [m]  moisture Il Gravitational water
content [mm] [mm/mm] [mm/mm] or [102hPa] index [ratio] O Av
ailable water
S=0-d 0. =0/05ar o horw SMI ] Unavallablé watsr
1 Soil depth (d)
Ogard 1 Osar -0.01 Saturation
Bec S . | 1 Field capacity
|
o |
|
o ~ =150 0 Pgrmanem wilting
v point
0 0 0

Source: Seneviratne et al. (2010)

Figure 1.1 Characteristic soil moisture level and units

The saturation soil moisture (6sat), field capacity (65) and wilting point (6y) can be
defined through soil moisture potential of approximately (-1)hPa, (-100) to (-300) hPa

and (-15,000 hPa) respectively, and its corresponding suction heads are 1cm, 1-3m
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and 150m respectively (Seneviratne et. al, 2010). The schematics of characteristic soil

moisture level and units are shown in Figure 1.1.

Soil moisture measurement techniques include: (i) ground based, direct (gravimetric)
and indirect method and (ii) remote sensing approaches (air-borne and space-borne
sensors). Further, soil moisture is also modeled from land surface/hydrological model
(Nijssen et al., 2001). The ground based indirect methods are capacitance sensor, time
domain reflectrometry (TDR), cosmos sensor (Zreda et al. 2008) and other
geophysical methods (electromagnetic induction, ground penetrating rador (GPR) and

electrical resistivity tomography (ERT)) etc.
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Figure 1.2 Support Scale of soil moisture observation

Further, remote sensing approaches include microwave remote sensing based on
radiometers, scatterometer and synthetic aperture radars (SAR). Many microwave
remote sensing missions provide soil moisture retrieval including advanced
scatterometer (ASCAT, from meteorological operational satellite (MetOp)), Scanning
Multichannel Microwave Radiometry (SMMR), Advanced Microwaves Scanning
Radiometer (AMSR-E), Soil Moisture Ocean Salinity Mission (SMQOS) (Kerr et al.
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2001) and Soil Moisture Active Passive mission (SMAP) (Chan et al. 2016). A
detailed review on different soil moisture measurements is presented in the chapter 2.
The support scale for different soil moisture measurement techniques are shown in

Figure 1.2.

Further, Soil moisture exhibits high spatio-temporal variation, and its information is
vital for agricultural monitoring (Porporato et al., 2002), weather forecasting (Drusch,
2007; Dharssi et al., 2011; Rosnay et al., 2014), land slide modelling (Brocca et al.,
2012a), drought assessment (Enenkel et al., 2016; Sanchez et al., 2016) and flood
forecasting (Koster et al., 2010; Brocca et al., 2010;).

1.4 ORGANIZATION OF THE THESIS
The structure of the thesis is organized in seven chapters as listed below.

Chapter 1 presents a general background on hydrological processes, the factors
(climate and LU/LC) affecting the natural hydrologic system and a brief description

on soil moisture and its measurements.

Chapter 2 discusses the state of art of the research that deals with hydrological
modelling, LU/LC change impacts on the hydrologic system, soil moisture estimation
(ground, satellite measurements and modeling) and spatio-temporal variability of soil
moisture. Further, it summarises the need of the present study. In the light of
discussions, the objectives are formulated and presented in this chapter.

Chapter 3 describes the study area, the data required for the present study and

preprocessing of the required data.
Chapter 4 explains the model set up and various input parameterization to the model.

Chapter 5 evaluates the model performance, and presents a detailed assessment of

LU/LC change impacts on the flow regime of the study region.

Chapter 6 analyses the sptio-temporal variability of soil moisture, and identifies the

representative locations for soil moisture measurements in the study region.
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Chapter 7 summarizes the work with the specific conclusions, and highlights the

limitations and scope for future work.
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CHAPTER 2

LITERATURE REVIEW

2.1 GENERAL

The global available quantity of water is constant but their occurrence and distribution
IS varying with respect to space and time (Chow et al, 1988). Precipitation is the
predominant source of the water, which is transformed into various forms after
reaching ground such as evaporation losses, runoff, infiltration, soil moisture, and
ground water storage. In order to assess the impact of various scenarios for better
water management, modeling the hydrological processes is essential. The necessity
for such modeling increases with increase in economic implications pertaining to the
water demand. The primary interest in water availability studies is generally
estimating the runoff, and it is critical for water resources management. Further,
climate and LU/LC changes adversely affect the above mentioned natural
hydrological processes. Particularly, the effects of LU/LC changes on catchment
hydrological responses, especially vegetative cover (forest, scrubs and cropland),
affect the evapotranspiration. Further, rapid urbanization due to LU/LC changes leads
to extent of impervious surface and thereby, impacts the infiltration rates as well as
recharge (Matheussen et al. 2000; Fang et al. 2013). Therefore, several studies were
conducted in the past to assess the impact of climate and LU/LC changes on the

hydrologic system.

The percentage of soil moisture in the estimated total world water balance is very low
(0.0012%) quantities (Chow et el. 1988). However, being a state variable, soil
moisture has a significant impact on water and energy exchange at land-atmosphere
interface. And also, it plays a crucial role in linking carbon, energy and terrestrial
water cycles. Further, soil moisture is largely varying across the site and climate with
the influence of static (e.g., soil texture/structure, topography and land cover) and

dynamic factors (.e.g., precipitation). Therefore, numerous efforts were made in the
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past to estimate the soil moisture (in-situ and satellite measurements), and assessing

its spatio-temporal variations.

In this chapter, the review of literature mainly focusing on hydrological modeling,
LU/LC change impacts on the hydrologic system, soil moisture estimation (ground,
satellite measurements and modeling) and spatio-temporal variability of soil moisture
are presented.

2.2 RANFALL-RUNOFF MODELLING: A BREIF OVERVIEW

Traditionally, the concepts of rainfall-runoff modeling evolved in response to
engineering problems such as design of sewer, drainage and reservoir spill ways.
Basically, the design discharge is the interest to solve the above problems. Initially, an
empirical method (Q = CiA) was developed. This simple rational method uses
catchment area (A), rainfall intensity (i) through runoff coefficient (C), and it
estimates the peak hydrograph without predicting the entire hydrograph. However,
this method is still utilized by many engineers and researchers for design and planning
of water resources. Later, the concept of unit hydrograph was proposed (Sherman
1932), in which, various time delays for runoff to reach outlet of the catchment could
be represented as time distribution. In this case, with the assumption of linearity, the
principle of superposition is valid, and the shape of hydrograph does not change over
time. Being simple and easy to apply, unit hydrograph method becomes the most
commonly used tool in rainfall-runoff modeling. Further, Horton (1933) developed an
empirical method through experiments, and it described the infiltration excess runoff
generation. Thus, the infiltration excess model and unit hydrograph together form a
functional relationship that separates the baseflow from the surface runoff.

A large number of conceptual and lumped rainfall-runoff models were developed
during 1960 to 1970. Probably, the most successful models were Stanford Watershed
model (Crawford and Linsley 1966), Sacramento Soil Moisture Accounting Model
(Burnash et al. 1973), the HBV model (Bergstrom and Forsman, 1973) and the Tank
model (WMO, 1975). In the late 1970s, one of the remark models, TOPMODEL

(Beven and Kirkby, 1979) was developed. In which topography uses a dominant
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control on flow routing through upland catchments. Further, advent of computers
helped in developing more sophisticated, complex and physically-based distributed
hydrological models, in order to address the demand includes: (i) forecasting the
impacts of land-use change, (ii) the impacts of spatially variable inputs/outputs, (ii)
studying the movement of sediments and pollutants and (iv) hydrologic response of
ungauged basin. Due to increasing interest in understanding the climate variability
and LU/LC changes over a large geographical domain, the hydrologist and water
managers were developed the macro-scale hydrological models. For instance, the
model developed by Vorosmarty et al. (1989), Variable Infiltration Capacity (VIC)
model (Liang et al. 1994) and the Macro-PDM (Arnell 1999).

The distributed hydrological modeling is effective, and pre-calibrated models can be
used for generating design flows for ungauged watersheds (Micovic and Quick,
1999).With the advancement in remote sensing, satellite derived data of various
hydro-meteorological variables improved the rainfall-runoff modelling applications,
particularly in Climate and LU/LC change impact studies (Martheussen et al. 2000;
Zhang and schilling, 2006; Defries and Eshleman 2004) and Soil moisture studies
(Sheffield et al. 2004; Hu et al. 2010; Wang et al. 2015; Wagner et al. 2007).

2.3 IMPACTS OF LU/LC CHANGE ON HYDROLOGIC SYSTEM

The biophysical and socio-economical drivers are largely accountable for the LU/LC
change. The biophysical drivers are slope, elevation, climatic variables and soil type,
while socio-economic drivers are primarily economic, social, technological,
demographic and political factors (Dwarakish and Ganasri 2015; Garg et al. 2017).
Understanding the cause and effect of LULC changes related to hydrology require
proper identification of these drivers (Garg et al. 2017). Several methods were
developed to evaluate the hydrological impacts due to LU/LC and climate change on
the catchment across different regions, which are primarily classified into three
categories:, (i) time series analysis (statistical approach), (ii) paired catchment
approach and (iii) hydrological modeling (empirical/conceptual models and
distributed physically-based models) (Li et al. 2009). The paired catchment approach
is considered as an effective method for small experimental catchments. Further, it
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requires continuous monitoring to collect a large amount of data, which may not be
feasible for the large catchments (Lorup et al. 1998; Li et al. 2009). Lorup et al.
(1998) assessed the long-term impacts of LULC on six catchments (drainage area
ranges from 197 to 1036 km?) in Zimbabwe, using combined statistical test and
lumber conceptual hydrological model. They showed that is a viable method for non-
experimental, medium-sized catchments. However, these techniques are poor in
explaining the physical mechanism. Thus, the physically-based distributed
hydrological models can be more suitable for LU/LC change impacts studies (Li et al.
2009). The input parameters of the physically-based distributed models are directly
representing land surface characteristics and provide suitable frameworks for
assessing the impact of changes on hydrology driven by LU/LC (Wang et al. 2010;
Yang et al. 2014; Chen et al. 2016).

Several investigations have been carried out for understanding the individual effect
(climate or LU/LC) (Christensen and Lettenmaier, 2007; Wagner et al. 2013; Garg et
al. 2017), isolated and integrated effect (Wilk and Hughes 2002; Aggarwal et al.
2012; Chawla and Mujumdar 2015; Yin et al. 2017). However, this section of the
chapter is primarily focusing on the studies related to LU/LC change impacts on
hydrologic system. LU/LC change impact assessment on water resources are
generally carried out based on scenario analysis, mainly focusing on agricultural
management, sediment yield/soil erosion, runoff potential and ground water

assessment.

For instance, Sharma et al. (2001) prioritized the watersheds in the catchment on the
basis of runoff generated for suggesting soil and water conservation measures, and
evaluated the hydrologic responses of the suggested measures on the runoff under
alternative land use practices. The information related to hydro geomorphology, land
use, soil and slop and other relevant information were integrated with Geographic
Information System (GIS) tool to identifying the problem, and recommending soil and
water conservation measures. Soil Conservation Service Curve Number (SCS-CN)
method was utilized for generating the runoff. They have found a decrease in runoff
(42.88%) after the conservation measures. Further, Mishra et al. (2007) prioritized the

control measures for watershed management by quantifying the effects of LU/LC on
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catchment runoff and sediment yield. They have analyzed the effects of LU/LC
pattern on runoff and sediment yield from the different sub-watershed in the
catchment. Soil Water Assessment Tool (SWAT) model was utilized to simulate the
runoff and sediment yield, and sub-watersheds were prioritized based on the sediment

load.

Chen et al. (2009) combined an event-based hydrological model (HEC-HMS) and an
empirical land use change model (CLUE-S model) for quantifying the impacts of land
use change on storm-runoff generation. HEC-HMS model was applied for two
different land use scenarios under designed storm with difference recurrence intervals
(10, 50 and 100 years). They have found that runoff increased with response to land
use change, and also observed that the runoff increases, while the recurrence interval
decreases. Further, Ali et al. (2011) also studied the effects of land use change using
HEC-HMS model with different future land use scenario. The study showed runoff
and peak discharge projected to increase related to expansion of built-up areas.

Niehoff et al. (2002) applied process-based distributed model (WaSim-ETH) with
spatially explicit land use scenarios for an agricultural dominant catchment. Spatially
distributed land use scenarios were prepared using a new approach, the Land Use
Change modeling Kit (LUCK), and the potential impacts of these scenarios on flood
generation were investigated. The convective storm with high rainfall intensity
produced high strom-runoff generation with the influence of land use. Verbunt et al.
(2005) investigated the hydrologic impacts of hydropower station along with land
cover changes in a catchment (drainage area of 4108 km?) using the WaSim-ETH
model. Land cover change analysis was performed in a sub-catchment (616 km?)
since this particular sub-catchment was not influenced by the hydropower station. The
possible land cover scenarios used in this analysis was combined urbanization-
afforestation. Further, a theoretical investigation was also carried out based on the
hypothetical scenarios of pastures into forests. They have found that urbanization has
a strong impact on local flood events, and it was negligible at the downstream.
Particularly at the bottom of valley, changes from grassland into forest caused an
increase in evapotranspiration, and subsequently reduction in runoff was observed.

Further, they found that this reduction in runoff depended on the decrease in soil and
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root depths with altitude increase. Merta et al. (2007) assessed the land use change in
order to determine the risk areas with rapid runoff process for flood prevention and
nature conservation. The study was performed with two sub-catchments of two
different scales (7.4 km? and 16.7 km?) with different land use scenarios using two
different models (WBS FLAB and WaSim-ETH). With the influence of land use
changes, the reduction in rapid runoff and the discharge was observed. The analysis
showed that with the reoccurrence intervals of 5 to 50 years, the influence of land use
changes was greater for small to medium —sized catchments. Bormann and Elfert
(2010) applied the WaSim-ETH model to lowland catchment (2141 km?), and
evaluated the model performance related to model sensitivity to land use change and
catchment characteristics. Agricultural land use scenarios based on SRES-IPCC
scenarios were utilized in the model simulation. They observed that the simulation
quality was decreasing with decreasing catchment slope. Therefore, they reported that
the WaSim model performed better in slopped catchment than plane ones. However,

the hydrological response to land use scenarios was found similar in all catchment.

The SWAT model, being a distributed and watershed to river basin-scale model, it has
been applied for several hydrological modeling studies. Further, numerous studies
related to LU/LC change impacts on hydrologic system using SWAT model are
available in the recent past literatures. For instance, Schilling et al. (2008) evaluated
the future LU/LC change impacts of water balance of a large agricultural dominant
catchment. In this catchment, the anticipated growth in biofuel industry may lead to
LU/LC changes, especially, increase in corn acreage and conversion of cellulosic
bioenergy crops of warm/cool grasses. Therefore, they have considered scenarios of:
(i) expansion of corn acreage, (ii) expansion of warm season grasses and cool season
grasses. They have observed that the scenario of increased corn production will be
resulting of decrease in annual ET, subsequently increase in water yield, and losses of
nutrients (nitrate and phosphorus) and sediment. Further, they have reported that
future LU/LC change of increase in grassland may lead to high ET and less water
yield. However, the water quality may improve with less nutrients and sediment load
discharge into streams due to perennial grassland. Githui et al. (2009) investigated the

LU/LC change impacts on runoff potential of the River Nzoia catchment, Kenya.
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LU/LC change scenarios were generated using CLUE-S model. LU/LC of a specific
location was identified using logistic regression based on dependent variable (actual
LU/LC pattern) and location factor for each LU/LC (population, slope, lithology,
elevation, town and distances to rivers). The major changes were observed in
agricultural area (39.6 to 64.3%) and forest (12.3 to 7%). During the period 1973 —
2001, LU/LC changes were significant, and it contributed to increase in runoff (30%).

Ghaffari et al. (2010) simulated the impact of LU/LC change for a catchment with
drainage area of 4354 km? located at Northwest Iran. Three different period of LU/LC
information was utilized to study the influence of LU/LC on the hydrology of the
catchment. With response to LU/LC change, the catchment runoff increased by 33%,
annual groundwater and streamflow decreased by 22% and 16% respectively. Singh et
al. (2015) evaluated the potential of SWAT model in predicting water quality as well
as quantity in response to LU/LC change for a coastal watershed in USA. LU/LC of
the year 1992 was utilized for the model calibration and validation (the period 1990-
1998 for flow and 1994-1998 for water quality parameter) using flow and other water
quality parameters (Total Suspended Solids (TSS), nitrate and organic phosphorus).
The performance of the model in simulating flow, TSS, nitrate and organic
phosphorus was evaluated using the LU/LC of the year 2008 as an input to the model.
The performance was found to be good. Further, they have highlighted the importance
of utilizing the up-to-date LU/LC data, since the model performance was less with the
1992 LU/LC compared to the LU/LC of the year 2008.

Further, Wagner et al. (2016) integrated dynamically land use model projection with
SWAT model, and analyzed impacts of LU/LC on the water resources of a rapidly
growing Indian catchment. They utilized the SLEUTH model for future LU/LC
projections. The potential impacts of LU/LC changes on the water balance are
investigated for the period (2009-2028) along with four different climate conditions.
They have reported that LU/LC projection indicates rapid increase in urban area and
subsequent decrease in agricultural and semi-natural area. Further, water yield is
reported to be increased especially at the onset of monsoon, whereas ET decreased in
the dry season. Gashaw et al. (2018) modeled the hydrological impacts of LU/LC

change in a watershed located in the Blue Nile basin, Ethiopia. The hydrologic impact
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of LU/LC change was studied during the period (1985-2015), and it was predicted for
the year 2045. LU/LC map of three different periods (1985, 2000 and 2015) was
generated using Landsat images through hybrid classification techniques. The
prediction of LU/LC states (the year 2030 and 2045) was prepared using Cellular-
Automata Markov (CA-Markov) method. The study showed that expansion in
cultivated land and built-up, and reduction in shrubland, forest and grassland during
the period (1985-2015). They found increased annual flow (2.2%), surface runoff
(9.3%) and water yield (2.4%) and consequently, reduced groundwater flow (7.8%)
and ET (0.3%) was observed. Further, they reported that this same scenario is

expected to be continuing for the year 2030 and 2045.
2.4 SOIL MOISTURE ESTIMATION

Soil moisture is generally measured by ground measurement techniques, satellite
observations, and also modeled from land surface model (Vereecken et al., 2008).
However, the accurate estimation of soil moisture is often challenging, particularly at
large scales (Al-Shrafany et al., 2014). The direct measurement is gravimetric method
in which soil samples are extorted from the field and weighted before and after over
drying (at 105° C). However, the gravimetric method has some practical limitation
that it requires more man power to do sampling and laboratory test (leads to poor
temporal resolution, 1-2 weeks). Nevertheless, this method is still used as reference
for calibrating other indirect measurements such as time domain reflectrometry
(TDR), capacitance sensor, and other hydro geophysical methods such as
electromagnetic induction (EMI), ground penetrating radar(GPR) and electrical
resistivity tomography (ERT) (Vereecken et. al, 2014). Topp et al. (1980) introduced
TDR and developed a method to measure soil moisture. TDR is based on the concept
of dielectric permittivity of the soil, and it strongly related to soil water content. The
electromagnetic waves are generated by pulse generator, and it is passed along the
waveguides of the TDR probe. The velocity of the propagated waves is determined by
travel time along the probe with a known length (Robinson et al. 2003). Multiple TDR
probes can be connected as a network. However, It has a limitation with cable length
(<20 m), thus, the application restricted to small field plots. Capacitance sensor is an
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alternative to the TDR, and it is relatively cost-effective and easy to operate
(Vereecken et al. 2014).

In order to measure the soil moisture in near real time, wireless sensor network of soil
moisture have emerged. For maximum number of sensor nodes, theses sensors need to
be cost-effective as possible without compromising its accuracy. Therefore,
capacitance sensors can be an appropriate option for soil moisture sensor network
(Bogena et al. 2007). In the recent past, cosmic-ray probes are used for the soil
moisture measurement at small or field scale (Zreda et al., 2008). Cosmic-ray probes
count the secondary fast neutrons. Hydrogen atoms present in the soil (mainly as
water) moderate the secondary fast neutrons that are on the way back to the surface,
which are created by primary cosmic-ray particle in the atmosphere and in the soil.
The negative correlation of near surface fast neutron counts (more neutrons escape in
dry soil) and soil moisture content which facilitate the use of cosmic-ray probe to
sense soil moisture (Vereecken et. al, 2014). Further, the cosmic-ray probes have been
successfully applied to measure the soil moisture in different environmental settings
including a coastal area (Desilets et al. 2010), a desert location (Franz et al. 2012), an
agricultural site (Rivera Villarreyes et al. 2011) and humid forested catchment
(Bogena et al. 2013).

Overall, these ground-based measurements have limited spatial coverage, as it is
difficult to employ a large numbers in the field mainly due to labour-intensive as well
as cost-intensive for the installation (Vereecken et al., 2008). Satellite remote sensing
of soil moisture has more advantages over the ground measurements in terms of
global coverage and availability of the areal average (Wagner et. al, 2007). In the past
years, lots of effort has been taken in the field of soil moisture remote sensing which
includes active and passive microwave remote sensing based on scatterometer,
radiometers, synthetic aperture radars (SAR) and gravity recovery and climate
experiments (GRACE) mission. The passive sensor (radiometer) measures the energy
that are naturally emitting from the earth surface as a brightness temperature (Tg). The
active sensor (radar) is sending microwave radiation towards the earth surface and
captures the backscattering signal. In general, the soil moisture-sensitive frequencies
are L- (0.5-1.5 GHz), C-(4-8 GHz), and X- (8-12 GHz) bands in the microwave
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region of electromagnetic radiation (Karthikeyan et al. 2017a). The active and passive
microwave remote sensing use the soil dielectric constant, which increases with
increasing water content to retrieve the soil moisture (Wagner et. al, 2007). Soil
moisture retrievals from microwave sensors require an algorithm. These algorithms
use radiometer brightness temperature from passive sensor and radar backscatter
measurements from active sensor to retrieve the soil moisture. Soil moisture retrieval
algorithm primarily based on Radiative Transfer Model (RTM) and dielectric mixing
model (Karthikeyan et al. 2017a). Ulaby et al. (1982) formulated the general scheme
for radiative transfer equation, and it was assisted by many experiments (Blinn and
Quade 1972; Choudhury et al. 1979; Eagleman and Lin 1976).

Further, the assessment of relation between microwave signal and soil moisture under
different sensor features, surface characteristics and atmospheric effects leads to the
development of —® vegetation model (Mo et al. 1982), which is consider as a
baseline for the many RTMs (Karthikeyan et al. 2017a). In active sensor, soil
moisture retrieval algorithm calculating dielectric constant of soil from backscatter
coefficient. Further, this dielectric constant is used to estimate soil moisture using
dielectric mixing models. In the past, many dielectric mixing models have been
developed, and these models can be grouped into four categories: physical, empirical,
semi-empirical and change detection models (Karthikeyan et al. 2017a). In the last
few decades, several efforts have been made for active and passive microwave
satellite missions, particularly, the two dedicated missions for soil moisture retrieval,
the Soil Moisture Ocean Salinity (SMOS) (Kerr et al. 2001), and the Soil Moisture
Active Passive (SMAP) mission (Chan et al. 2016).

As an indirect measurement, the satellite-derived soil moisture is influenced by
several factors such as soil roughness, vegetation, atmospheric correction etc.
Therefore, comprehensive validation is essential for these products. Soil moisture
retrievals from satellite are generally validated using ground-based measurements,
and it is not straight forward due to different spatial resolution, measurement
uncertainty and observational depths (Brocca et al. 2011). However, A large body of
scientific literatures are available towards validating soil moisture retrieval from the

satellite using ground-based observation and /or modelled data (Bindlish et al. 2003;
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Gruhier et al. 2008; Jackson et al. 2010; Loew and Schlenz 2011; Crow et al. 2012;
Rotzer et al. 2014; Dorigo et al. 2015; Chan et al. 2016; Zhang et al. 2017; Chen et al.
2018; A. Gonzalez-Zamora et al. 2019).

2.5 SOIL MOISTURE VARIABILITY

In the last four decades, with the development of soil moisture measurements
techniques, several studies were carried out for understanding the spario-temporal
variability of soil moisture. Further, a basic concept, temporal stability was introduced
by Vachaud et al. (1985), and it leads to several studies towards understanding of soil
moisture variability. For instance, A. Gomez-Plaza et al. (2000) studied the soil
moisture spatial pattern and temporal stability in a semi-arid environment. They
considered three transects (300, 310 and 200 m lengths), and spatial pattern of soil
moisture distribution were studied. Soil moisture was measured at 15 cm depth in the
selected transects in every 20 m length. It was reported that time stability was
observed in spatial pattern, while factors influencing soil moisture were limited to
local topography. In contrast, the spatial pattern showed time unstable, while
accounting the vegetation factor. This study suggested a two-step sampling procedure
for a semi-arid catchment: (i) identification of time-stable location, which can reduce
the sampling points and (ii) increasing the sampling frequency. Mohanty et al. (2000)
analyzed soil moisture variability at field scale. The soil moisture measurements were
made at 0-6 cm depth using portable impedance probes. It was reported that spatio-
temporal analysis showed change in the field variance. However, constant field mean
was observed. It was also reported that slope position was the major contributor to the
temporal variability.

Further, Mohanty and Skaggs (2001) evaluated the time-stable characteristics of soil
moisture. The soil moisture measurements from air-borne radiometer (ESTAR) pixel-
averaged data (800 m x 800 m) along with ground based data were utilized for this
analysis. They found good time-stable feature for a pixel containing sandy loam soil
compared to silt loam soil. Further, flat topography with grass/wheat land showed
least time-stability, and high spatial variability in soil moisture. Marti'nez-Ferna ndez

et al. (2003) investigated the temporal stability of soil moisture through extensive
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field experiments. They found temporal stability of soil moisture is more during dry
periods. Further, this study underlined the significance of temporal stability of soil
moisture for sampling design to establishing soil moisture observational network.
Western et al. (2004) studied the geo-statistical properties of soil moisture pattern
from the sites that are having different soil characteristic and contrasting climatic
condition in Australia and New Zealand. Soil moisture from top 30 cm was measured
using TDR. They analyzed the patterns of correlation structures and variance. They
identified differenced in spatial variability, and it is systematically related to mean
soil moisture. Further, they inferred that different factors (topography and/or soil

properties) for different sites are influencing soil moisture variation in space.

Hebrard et al. (2006) identified the influencing factors for spaio-temporal variability
of surface soil moisture in a heterogeneously formed catchment (drainage area: 0.91
km?) located in France. They found soil surface characteristics that are resulting from
agricultural practices (soil tillage, chemical weed control and grass covering) were the
major influencing factors for spatio-temporal distribution of soil moisture in dry and
wet conditions. In contrast to the above mentioned studies (e.g., A. Gomez-Plaza et al.
2000; Mohanty et al. 2000), they found none of the local factor (soil texture, slop,
aspect, and soil isolation) was correlated to spatial variability of soil moisture. It was
reported that this may be the influence of land management. Brocca et al. (2007)
investigated the soil moisture variability through field experiments using statistical
properties of soil moisture measurements. They found decreasing trend of variance
with increasing mean soil moisture. It was reported that geo-statistical analysis
showed spatial organization of soil moisture was inconsistence for flat area. Further,
the spatial pattern was found correlated to topographical attributes (slope, distance
from drainage channel and the elevation), especially during wetter condition. For the
flat area, a negative correlation was found between skewness and mean soil moisture.
Furthermore, several studies were carried out for the temporal stability of soil
moisture from a different climatic condition (Cosh et al. 2008; Schneider et al. 2008;
Goe et al. 2019; Montenegro et al. 2019), hill slope (Gao et al. 2015), different
vegetation type (Wang et al. 2015; Zhou et al. 2015; He et al. 2019; Fry and Guber
2019) different scale (Zhou et al. 2007).

Soil Moisture Variability and Hydrological Impact Assessment of Land Cover Change, PhD Thesis,
2019, National Institute of Technology Karnataka, Surathkal, India.
18



Literature Review

Many studies were analyzed the first and second statistical moments (mean and
variance) of soil moisture and its mutual relationship. For instance, Pan and Peters-
Lidard (2008) studied the mutual relation of mean and variance with the focus on the
effects of soil texture in the mutual relation during soil dry-down process. They
proposed a nonlinear differential equation, which characterize the soil dry-down
process. Further, the study showed that when the mean soil moisture is within the
threshold, the variance decreases with decreasing mean, whereas, variance increases
with decreasing mean while mean soil moisture exceeding the threshold. It is noted
that threshold was between field capacity and wilting point, and it is depends on soil
texture. Famiglietti et al. (2008) analyzed the soil moisture variability through
extensive field campaign across the scale in the central USA. They have investigated
the relationship of coefficient of variation, skewness and standard deviation with
mean soil moisture at six different scale extents (ranged from 2.5 m to 50 km). It was
reported that in general, variability showed an increase with scale extent. They found
that mutual relation of mean soil moisture and standard deviation showed a convex
upward relationship. Further, they derived an empirical model based on the behavior
of soil moisture variability. This empirical model was used to quantify uncertainty in
the mean soil moisture for a fixed number of samples (800 km — 50 km scales), It was
also suggested that these empirical relation can also be useful in parameterization of
soil moisture variation in land surface/hydrological models at different range of

scales.

Rotzer et al. (2014) validated the satellite-derived soil moisture products (SMOS and
ASCAT) using hydrological modeling along with temporal stability analysis for a
catchment in Germany (drainage area: 4125 km?). They used the WaSim,
hydrological model for simulating the surface soil moisture with a resolution of 200
m. Initially, modeled soil moisture was evaluated with field observed values at three
different locations in the catchment during the period (2010-2011). Further, these
modeled data was considered as a reference for the evaluation of satellite-derived
products. Modeled data was averaged to satellite-data pixel resolution (about 25 km),
and correlation analysis was carried out. It was reported that high correlation was

observed for ASCAT product than SMOS. However, the correlation was found
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declined in the areas that are having high vegetative cover. Therefore, it is suggesting
that soil moisture retrieval from ASCAT mainly dependents on vegetation height and
topography, thus, influence volumetric scattering and effects the retrieval. They found
the Radio Frequency Interference (RFI), and it affected in the SMOS retrieval in some
parts of the study area. Furthermore, the temporal stability analysis was carried out for
both modeled and satellite products. The rank ordered mean relative difference
(MRDs) was analyzed for the modeled and satellite-derived pixels. It was reported
that a similar spatial pattern was found for absolute ASCAT values and reference
(modeled) data. Nevertheless, relative ASCAT and SMOS soil moisture did not
showed similar spatial pattern as the reference. The study suggested that temporal

stability analysis can be used as a tool for more detailed validation.

Further, Rotzer et al. (2015) compared and evaluated different global soil moisture
products (ASCAT, SMOS and ERS-interim products). They used temporal stability
analysis to characterize the soil moisture variability, and also studied the mutual
relation of mean and variance. Further, the spatial variance decomposed into two
components (time variant and invariant). It was reported that in general, spatial soil
moisture showed a similar patter, however high deviation was observed in absolute
values. The time series of ASCAT showed higher variability for different climatic
conditions within the selected regions compared to other counter parts, especially
ERA- interim product. It was observed that precipitation patterns are largely
influencing the mutual relationship of mean and variance for the ERA and ASCAT
product, especially during wet period. In SMOS product, sensor and retrieval
characteristics are influencing the relation. Their analysis on the decomposition of
spatial variance showed high dependence on retrieval algorithm of the individual
products. It was reported that change detection algorithm has a large influence of time
variant factors (evaporation and precipitation) on the ASCAT product, whereas, ERA
and SMOS are influenced by time invariant factors (soil characteristics and
topography). Looking into investigation on changing scales, the results showed that
no variation was observed in variance with increasing support scale for the different
selected region. However, increase in spatial variance was reported for increasing

extent scale (250 to 300 km) with all products and all selected region, and this
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variation occurred seasonally. In contrast to earlier studies, few studies reported that
the analysis of decomposition of soil moisture variability of temporal anomaly
showed high variability in wet and dry condition, and it was observed minimum at
intermediate wetness condition (Mittelbach and Seneviratne 2012; Hu and Si 2016).

Therefore, the soil moisture data of absolute and anomaly behave differently.
2.6 THE VIC MODEL

Initially, Wood et al. (1992) described the VIC model as a single layer model and
implemented as a land surface scheme in the GCMs. Further, Liang et al. (1994)
updated the model with two layers including varying vegetation and evaporation
within a grid. With this update, sub-grid variability in runoff production, evaporation
and soil moisture storage was enabled. However, the two layer scheme had a poor
mechanism of moisture movement from lower soil layer to upper layer, and thus,
model underestimated the evaporation. Therefore, Liang et al. (1996) provided an
additional thin layer (10 cm) on the top to allow moisture diffusion between the
layers.

Variable Infiltration Capacity (VIC) .
Macroscale Hydrologic Model Routing
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Figure 2.1 Schematic representation of the VIC and Routing model
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Figure 2.1 shows the schematic representation of the VIC model with a combined
representation of vegetation coverage and three soil layers. The surface of each grid
cell is described by N+1 land cover tiles, where n =1, 2, ... , N represents N different
tiles of vegetation, and n = N+1 represents bare soil (Gao et al. 2009). Several
modifications to the model structure have been made over the period to include
complex processes such as snow and cold land processes (Wigmosta et al. 1994;
Storck et al. 1998; Bowling et al. 2004), elevation dependent structure for stream flow
simulation (Nijssen et al. 2001), frozen soil (Cherkauer and Lettenmaier 1999), lake
and wetland (Bowling and Lettenmaier 2010; Cherkauer et al. 2003), representation
of reservoir and irrigation (Haddeland et al. 2006, 2007) etc. However, the model is
still being considered for further development. With the implementation of separate
routing scheme coupled with model (Lohmann et al. 1996, 1998) enabled the usage of
model in various hydrological application studies. The detailed descriptions of model

structure, parameterization and governing equations are presented in the chapter 4.

The VIC model, being a physically-based, gridded and semi-distributed model, a wide
body of literature that used this model has been well established in various
applications including stream flow and water budget (Liang et al., 1994; Sivabalan
and woods, 1995; Abdullah et al., 1996; Nijssen et al., 1997; Maurer et al., 2001; Li et
al. 2007; Wang et al., 2012), drought monitoring (Sheffield et al., 2004; Andreadis
and Lettenmaier , 2006; Luo and Wood, 2007; Shukla et al., 2011; Mishra et al.,
2014; Shah and Mishra 2015), snow modelling (Cherkauer and Lettenmaier, 2003;
Pan et al., 2003; Feng et al. 2008), Data assimilation (Gao et al., 2007; Pan and Wood,
2006; Naha et al., 2016) and soil moisture evaluation (Nijssen et al., 2001; Wu et al.,
2007; Gao et al., 2006; Meng and Quiring , 2008). LULC change impact assessment
using VIC model is emerging in the recent past (Matheussen et al. 2000; Dadhwal et
al. 2010; Garg et al. 2017, 2019), as it is a physically-based, semi-distributed and
grid-based model with explicit representation of sub-grid variability in land cover
classes. Particularly, Garg et al. 2017 assessed the LU/LC change impacts on flow
regime of a large basin (drainage area is about 54,970 km?). They extensively studied
the LU/LC impact on water balance of the basin with three different period of LU/LC
condition (the year 1985, 1995 and 2005). The calibrated and validate model was used
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to simulate the water balance of the basin with different LU/LC condition and other
input parameters such as meteorological forcing (minimum and maximum
temperature, precipitation and soil data) were kept uniform for the simulation. This
study reported a detailed investigation on LU/LC change impacts also at the basin
grid level. Further, it is suggested that LU/LC impact on hydrology of the basin needs
to be studied finer spatial scale rather than basin as a whole.

2.7 SUMMARY AND OBJECTIVES OF THE STUDY

Our understanding of complex hydrologic system has been improved over the period
with the development of hydrological models. LU/LC change adversely affects the
naturel hydrologic system. Therefore, understanding the hydrologic response to
LU/LC change is essential for planning, development and management of water
resources. Hydrological models are proven to be an effective tool for the assessment
of LU/LC impact on the hydrologic system. A large body of the scientific literature
assessed the LU/LC change impacts, mainly at the catchment or river basin scales. A
few studies were addressed this issues at sub catchment or finer gird scale. However,
the LU/LC change impact on the hydrologic system is region specific, and each
region is characterized by its own hydrology, terrain, climate and also anthropogenic
factors. Hence, a detailed assessment of LU/LC change impacts on the flow regime of
the major river basins in the country is required at finer spatial scale, specifically the
region with seasonally limited water availability. It is widely accepted that the
physically-based, distributed hydrological models along with remote sensing
capabilities are more suitable for assessing the LU/LC change impacts on the
hydrologic system.

Soil moisture, being a critical state variable, its knowledge is of paramount
importance in several hydrological applications. Each soil moisture estimation method
(in situ, satellite and modeling approach) has its own limitations in terms of scales,
accuracy and resolution. It is widely recognized that the integration of all these
approach is an effective way to utilize the potential of soil moisture in the
hydrological applications. Further, Soil moisture shows high variability in both space
and time, and the variability mainly influenced by the heterogeneity of topography,

Soil Moisture Variability and Hydrological Impact Assessment of Land Cover Change, PhD Thesis,
2019, National Institute of Technology Karnataka, Surathkal, India.



Literature Review

soil properties, LU/LC, precipitation and evapotranspiration. The ground based
techniques can provide soil moisture information up to root zone, however, they are
limited to small scale application (few meter to field or small catchment) while,
satellite based approach can provide measurements on large scale, but limited to few
centimeter depth (5-10cm with about 50m course spatial resolution). Understanding
the dynamics of soil moisture in surface (5- 20cm) and subsurface (up to root zone) is
essential for weather prediction, agricultural and irrigation practices. Further,
agricultural and irrigation practices especially semi-arid and arid regions are depend
on the root soil moisture dynamics which impact the production and health of the
plants. Hence, understanding the soil moisture dynamic is essential especially the

agricultural dominant catchment.

In the past, several studies have been conducted for understanding the soil moisture
variability. However, the studies that are addressing the soil moisture variability
influenced by heterogeneities in LU/LC at multiple depths with finer resolution are
limited. Further, finding the optimal locations for mean soil moisture at different
depth of a large area can reduce the costs. Thus, identifying the optimal locations to
set up soil moisture observational network, particularly to the data scarce region for

agricultural monitoring is essential.

As compared to other land surface/hydrological model, the distinguished features of
the VIC model are: (i) base flow parameterization from lower soil layer as a nonlinear
recession (Zhao et al. 1980), (ii) explicit representation of sub-grid heterogeneity in
land cover classes along with bare soil and (iii) sub-grid variability in soil moisture
storage capacity. Being a grid based model, it is easy to integrate satellite-derived
data, which are usually available in gridded nature. Therefore, being a physically-
based, gridded and semi distributed model, it is suitable for assessing the LU/LC
change impact and soil moisture variability. However, any model has its own
effectiveness depending upon the study objective, degree of complexity of the

problem and preferred accuracy.

With the above background, this study is focused on understanding the soil moisture
variability and land cover change impacts in the Upper Bhima basin, Maharastra,
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India. The Variable Infiltration Capacity (VIC) model, a land surface hydrological
model was used to simulate the hydrologic responses of the basin for different LU/LC
scenarios with multiple soil layers parameterization (three soil layers: 0 — 10 cm, 10 —

45 cm and 45 — 100 cm). The specific objectives of the study are:

1. To evaluate the potential of VIC model to simulate the hydrological responses

of the Upper Bhima basin with improved model vegetation parameterization

2. To assess the impact of Land Use Land Cover changes on the flow regime of

the basin at finer spatial scale.

3. To analyse the spatio-temporal dynamics of the soil moisture at multiple soil
layers in order to identify the optimal locations for setting up soil moisture

observational network in the study region.
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CHAPTER 3

STUDY AREA AND DATA SOURCES

In this chapter, a detailed description of the study area and various data sets utilized
for this study is presented. The area chosen for this study is Upper Bhima basin and it
is located in the western part of the Indian peninsula. The present study used different
hydro-meteorological data from field and satellite observations, soil data, topographic
details (Digital Elevation Model (DEM)) and Land Use/Land Cover (LU/LC)

information. The pre-processing of the required data sets is also explained in detail.
3.1STUDY AREA DISCRIPTION
3.1.1 Physiography

The River Bhima is a major tributary of Krishna River, which is originating at
Bhimashankar (Pune district, Maharastra) and lies in the Western Ghats on the
western part of Indian peninsula. The river flows towards southeast for a long distance
of about 860 km through Maharastra, Telangana and Karnataka states, before joining
Krishna River at Raichur in Karnataka. The total drainage area of the Upper Bhima
basin (16.5°- 20° N and 73°- 77°E) at the confluence (Sina with river Bhima) near
Kudal is about 45,780 km? (Fig. 3.1). The major rivers in the basin (Sina, Nira and
Bhima) are originating from the eastern side of the Western Ghats ranges. River Sina
is the longest tributary of Bhima, which rises from Harichandra range in Ahmednagar
district. River Nira is a right bank tributary and it joins with Bhima Akluj in Solapur
district. The elevation ranges from 401 m to 1476 m (Western Ghats ranges in the
upper portion), while 90% of the catchment area lies below 700 m (lower part of the

basin) and comparatively flat.
3.1.2 Rainfall and Temperature

The catchment experiences semi-arid climate with high spatial and temporal

variability in rainfall. The upper portion (Western Ghats ranges) receives more than
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3500 mm/year. The Western Ghats are parallel to the coast of Arabian Sea, and the
monsoon winds from sea bring abundant moisture, which is shedding their moisture
on the western slopes. Hence, the Western Ghats ranges receive a high amount of
rainfall. However, in the central part, it decreases less than 500 mm/year (Fig. 3.2).
The average annual rainfall is about 640 mm, predominantly in the south-west
monsoon (June to September). However, the central portion of the basin receives low
rainfall than the east and upper portion of the catchment (Gartley et al. 2009). The
average daily maximum temperature during winter (December — February) varies
between 29 to 31° C in the lower reaches of the basin. It is lowest in the upper reaches
of the basin and it varies between 11 to 16° C. The mean daily maximum temperature
during summer (March — May) is about 38 to 40° C. The basin shows less variation in
daily mean temperature during south-west monsoon. It varies between 21 to 22° C;

however, the mean daily temperature is about 28° C at Puna and 31° C at Solapur.
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Figure 3.1 Location of the study area along with DEM and drainage network
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Figure 3.2 Spatial distribution of average annual rainfall over the basin (1980-
2010)

3.1.3 Soils

Information on the soil profile is important for simulating the hydrological
characteristics of the catchment. The soil in the catchment is predominantly vertisols
and 10 different soil types have been identified. The soils, which occupy higher slopes
are coarser in texture and shallow in depth (2.5 cm to 30 cm), while soils in lower
elements of relief (below 600m) have texture varied from sandy loam to light clay.
The alluvial plains are mainly characterized by vertisols, while the Western Ghats and
steeper slops by luvisols (Fig. 3.3). The catchment mostly lies on granite, zeonite and
basalts rocks, having a significant stock of groundwater with high variability in both

space and time (Immerzeel et al. 2008).
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Soil Name
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Figure 3.3 Distribution of soil types and texture characteristics in the Upper

Bhima: [a] Soil type [b] Topsoil texture [c] Subsoil texture
3.1.4 Land Use/Land Cover

Land use is a depiction of how the land and socio-economic activity is utilized. The
most commonly known land uses are agricultural and urban land use classes. Land
cover is generally a description of physical materials at the earth surface, which
includes water bodies, trees, barren land, grass etc. Land Use/Land Cover of the
Upper Bhima consists of cropland, forest, built-up, scrubs, barren/sparse vegetated
land and water bodies (Fig. 3.4). Semi-natural vegetation with the forest is mostly on

the higher elevation (900 — 1200 m) in the western side of the basin. Cropland is
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predominant, and it is found very dense in proximity to rivers. Urban settlement is
predominant in the upper portion of the basin, where the Pune city and its nearby
settlements are situated. Agriculture is the primary water consuming sector, and about
70% of the total land area is irrigated for the major crops: sugarcane, millet, sorghum

wheat, groundnut, corn, and other horticultural crops (Garg et al. 2012).
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Figure 3.4 LU/LC map along with its percentage area: [a] LU/LC for the year
2000 [b] LU/LC for the year 2010[c] LU/LC percentage area in the Upper Bhima

3.1.5 Flow

The river flows are ephemeral and feeding the need of many irrigation projects
through dams and canal structures (Biggs et al. 2007). The average annual river
discharge at different locations ranges from 5.38 to 148.56 m?/sec, whereas discharge
at Takli and Wadakbal station is about 148.56 m?®/sec and 35.77 m?/sec respectively

(available at http://hydrology-project.gov.in).
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3.2 DATA SOURCES

The meteorological forcing data such as precipitation, minimum temperature (T min)
and maximum temperature (Tmax) Were obtained from India Meteorological
Department (IMD). This gridded daily rainfall data with a spatial resolution of 0.25° x
0.25° (about 25 km) was developed using rain gauges installed at numerous location
in the country (Pai et al. 2014). Over this study area, up to 44 rain gauges data were
used. The daily temperature data sets (Tmin and Tmax) with a resolution of 1° x 1° were
used and it was developed using various daily temperature values from various
observation (Srivastava et al. 2009). Digital elevation model from Shuttle Radar
Topographic Mission (SRTM) (NASA JPL2013) with 30 m spatial resolution was

used for delineating catchment, stream network and other terrain related information.

The soil data from Food and Agriculture Organization - Harmonized World Soil
Database (FAO-HWSD) (G. F. Fischer et al. 2008) with 30-arc seconds comprising of
soil properties up to one-meter depth distributed in two layers (topsoil-up to 30 cm;
remaining subsoil) were used. The observed daily streamflow data at two locations
(Takli and Wadakbal) in the study area was obtained from India Water Resources
Information System (INDIA-WRIS). The detailed information regarding the sources
of datasets used in this study is listed in Table 3.1.

Table 3.1 Datasets used in the study

Scale/Spatial )
Data sets Source ) Period
resolution
) IMD Gridded
Rainfall ) 0.25° x 0.25° 1994 - 2005
rainfall
Minimum (T min) ]
) IMD Gridded
and Maximum " x1° 1994 — 2005
temperature
Temperature (Tmax)
cwcC
Stream Discharge Gauging - 1996 — 2001
Station
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LULC NRSC 1:250,000 2010
_ FAO HWSD
Soil Map 1:5,000,000 2008
V1.2
_ Landsat7
Satellite Imagery . 30m 2001
ETM
T h SRTM 30 2013
opogra m
pograpny GDEM
2000-01 and
LAI MODIS 1 km and 500 m
2010-11
2000 — 2001 and
Albedo MODIS 500 m
2010 - 2011
Evapotranspiration MODIS 500 m 2001 -05
AMSRE,
Satellite TRMM-TMI
Soil moisture and ECA- 25 km 1996-2005
products CClI-
combined

3.2.1 LU/LC classification of satellite images

LU/LC maps for two different periods (the year 2000 and 2010) were used for the
present study. LU/LC map of the year 2010 - 11 (NRSC, 2011) was obtained from
National Remote Sensing Center (NRSC), while for the year 2000; it was prepared
from satellite imagery (Landsat 7 Enhanced Thematic Mapper plus (ETM™)) using
pixel-based supervised classification algorithm (maximum likelihood), framed in the
software suit ERDAS IMAGINE®. Seven LU/LC classes were identified and
accordingly LU/LC map was prepared for the year 2000 (Fig. 3.4a). Care has been
taken to perform the classification by ensuring with sufficient training sample
(Congalton 1991) using the computer-based algorithm. The accuracy assessment for
the classified images was carried out with the reference ground truth points collected

from available historical Google Earth imageries for the corresponding period (Table
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3.2). It is in a good agreement with an overall efficiency of 93% and kappa statistics
of 0.92. Producer’s accuracy (Omission Error) is resulted from the number of
correctly classified pixels in each class divided by the total number of references.
User’s accuracy (Commission Error) is defined by the number of correctly classified

pixels in each class divided by the total number of pixels that are classified in that

class.
Table 3.2 Accuracy assessment for LU/LC classification
) User’s
Reference Classified Number Producer’s
Class Name accuracy
Total Total Correct accuracy (%)
(%)
Built-up 100 81 81 81 100
Barren land 101 119 99 98.02 83.19
Crop land 101 121 100 99.01 82.644
Fallow land 98 97 97 98.98 100
Forest 98 98 98 100 100
Scrubland 99 81 77 77.78 95.06
water bodies 101 101 100 99.01 99.01
Totals 698 698 652

Over all Classification accuracy = 93.41% : Kappa statistics =0.92

3.2.2 MODIS-derived data

Leaf Area Index (LAI) (MODI15A2 - 8day (year 2000) and MCDI15A3 - 4day) and
Albedo (MCD43A3 — 8day) for the corresponding period of LU/LC map (June 2000 —
May 2001 and June 2010 - May 2011) was derived from Moderate Resolution
Imaging Spectroradiometer (MODIS) with a spatial resolution of 1000 m
(MOD15A2) and 500 m (MCDI15A3 and MCD43A3). Typical LAI and albedo values

are shown in Figure 3.5 and 3.6 respectively.
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Figure 3.6 Typical Albedo: [a] 19 July 2000 [b] 20 July 2010

MODIS/Terra (MOD16A2, 8-day) derived Evapotranspiration (June 2001 — May
2005) with a spatial resolution of 500m was extracted for the study area. Figure 3.7

shows the typical ET distribution over the basin
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Figure 3.7 Spatial distribution of the MODIS-derived ET over the basin (on 2
June 2001)

3.2.3 Satellite-derived soil moisture data

Microwave soil moisture products from two passive and one combined active/passive
sensors were used. The passive sensors are Advanced Microwave Scanning
Radiometer for Earth observing system (AMSR-E) and Tropical Rainfall Measuring
Mission (TRMM)’s — microwave imager (TMI) (referred as SM-TRMM hereafter).
The AMSR-E sensor is dual polarized and having six frequencies (6.92, 10.65, 18.7,
23.8, 36.5, and 89.0 GHz) (Karthikeyan et al., 2017b). The global coverage of

AMSR-E is achieved within two day for ascending and descending passes separately.

To obtain the soil moisture data in daily scale from AMSR-E, the following method

was adopted:

SM(t) = [0.25 X SM4,(t)] + [0.5 X SM . (t)] + [0.25 X SM,..(t + 1)] (3.1)

Where,

SM(t) — Soil moisture at time, t (in days)
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SM ;.s— Descending pass (night time)
SM ,;.—Ascending pass (day time)

By this way, the soil moisture at time t, on the day time pass is centred by including

previous and succeeding night time pass retrievals to obtain soil moisture in a day.

On the other hand, the TMI sensor is also dual polarized and having the frequencies
of 10.65, 19.4, 21.3, 37, and 85.5 GHz (Karthikeyan et al., 2017b). The TMI has
ascending and descending passes daily at near equatorial orbit. For a particular day,
the average of ascending pass and descending pass were considered. The AMSR-E
based soil moisture product (0.25° resolution), jointly developed by NASA Goddard
Space Flight Centre (GSFC) and Vrije Universiteit Amsterdam was used in this study
(referred as SM-AMSRE hereafter). The combined active/passive sensors products
were acquired from Climate Change Initiative (CCI) organized by the European
Space Agency (ESA) (referred as SM-CCI hereafter). It is a global scale daily long
term soil moisture record with a resolution of 0.25°, and it has been derived by

combining various active and passive microwave soil moisture sensors.
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CHAPTER 4

MODEL SET UP AND INPUT PARAMETERIZATION

As mentioned in the earlier chapters, the present study used the Variable Infiltration
Capacity (VIC), a semi distributed hydrological model to characterize the
hydrological processes in the study region. In this chapter, a detailed description about
the model and its input parameterization is presented. The required inputs for the
model are land surface vegetation classes (as a vegetation library & vegetation
parameter files), soil characteristics (soil parameter file), topography (as an elevation
band file) and meteorological forcing (Precipitation, Tmax and Tmin). The
methodological framework for the improved vegetation parameterization with the

region-specific condition to the model simulation is also presented in this chapter.
4.1VIC MODEL

VIC model (Liang et al. 1994) is a physically-based semi-distributed land surface
model, that solves both energy and water balance equations. It is a grid-based model,
and in each grid cell, the interaction among land surfaces processes including soil
water interaction, evapotranspiration (ET) and runoff generation are performed. The
model represents the subsurface into multiple soil layers characterizing soil
hydrological properties including saturated hydraulic conductivity (Ks), bulk density,
soil moisture diffusion parameter, infiltration capacity and soil layer depth (Geo et al.
2009). In the present study, three layers model (VIC-3L) (Liang et al. 1996) was
adopted. As compared to other land surface model, the important features of the VIC
model are: (i) modelling sub-grid variability in land surface vegetation classes and
soil moisture storage capacity (Gao et al., 2009), (ii) base flow parameterization from

lower soil layer as a nonlinear recession (Zhao et al. 1980).

The water balance computation at each time step in the model uses continuity

equation as described below (Geo et al. 2009):
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as

B=pP-E-R (4.1)
ow; H H

—=P—E.—P, (Forinterception) (4.2)
Where,

dS/adt - Water storage change

P - Precipitation

R - Runoff

W; - Intercepted water

E - Evapotranspiration

E. - Evapotranspiration from canopy

P, - Throughfall

The units of all the above variables are denoted by millimetre (mm) within the time
step (daily). The surface runoff from the upper two soil layers is generated, when
precipitation excess to soil moisture storage in the previous time steps surpasses the
soil storage capacity (Liang et al. 1996). The spatial heterogeneity of runoff
generation is characterized by variable infiltration curve (Zhao et al. 1980). The VIC
model estimates the ET as the one of the hydrological fluxes from the water balance
computation. The model partitioning the grid-cell ET into canopy layer evaporation
(Ec), transpiration from each vegetation class (E;) and bare soil evaporation (E;), and
the total evaporation for each model grid is area weighted sum of these components.

The formulation of total evaporation as follows:

N

Ezzcn'(Ec,n +Et,n)+CN+1'E1 (43)
n=1

Where,

C, - Fraction coverage for n™ vegetation

Cy+1- Bare soil fractionand XN*1¢, =0
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The canopy evaporation is given by

%
SOLES
W, a, +a, (4.4)

Where,

W; - Canopy interception (mm)

Wim - Amount of maximum water the canopy can intercept (mm)
ap - Architectural resistance (s/m)

ay - Aerodynamic resistance (s/m)

ET, - Reference evapotranspiration estimated by the FAO-56 PM method(mm)

Transpiration from vegetation is estimated as:

W, % a
E.=1-|— | ET,| ——— (4.5)
W, a, +a,+a,

im

Where,

- Minimum canopy resistance (s/m)

When the top thin soil layer is not saturated, the bare soil evaporation (E;) is
calculated using Arno model formulation (Franchini and Pacciani 1991), and the
infiltration capacity (i) is described by Xianjiang model conceptualization (Zhao et al.
1980).

0

IdA+I|b - A J

(4.6)
i =i (- A% (4.7)

= (b ad (48)
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Where,
As - Fraction of the bare soil that is saturated
ip - Infiltration capacity (corresponding point) (mm)
Iim - Maximum infiltration capacity of soil (mm)
A - Fraction of area for which the infiltration capacity is less than i,
bi - Infiltration curve shape parameter
Os - Soil porosity
d - Depth of the soil layer (m).
The movement of moisture in the top two layers is characterized by the one-

dimensional Richard’s equation, assuming that there is no lateral flow (Gao et al.
2009).

Qﬁzji[D@g§€}+5K@Q (4.9)
ot od od " ad
Where,

6 - Volumetric soil moisture content (mm®/mm?)

D(@)- Soil water diffusivity (mm?/day)

K(#)- Hydraulic conductivity (mm/day)

Soil moisture for the layer 1 and 2 by considering the atmospheric forcing (Mahrt and

Pan 1984):

0, . . 20 .
— v =1-E Mﬂ%+mww‘* (i=12) (4.10)

Where,

I - Infiltration rate (mm/day)

d, and d, - Soil layer depth for layer 1 and 2
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For the lower soil layer,

00,

80, -d,)=K(0) o, +D(0)S]

ol E-Q (4.11)

Where, Q, - baseflow (in mm). For the bare soil, the term E is zero, and thus there is

no evaporation from the lower soil layer. The surface runoff (Qs) (in mm) is
calculated within each time step for the top layers as described by Liang et al. (1996):

- 0 —'m
|

m

. 1+b;
P—dz.(95—92)+d2-9s-{1—'°+1 . P4, <i

0= 'm

P-d,-(6s-6,) P+iy>i (4.12)

The baseflow formulation is expressed as (Franchini and Paccianni, 1991):

DD
S g, 0<6, <W, 0,

WSQS

Qb =
2

D;D, .0, +|D,_ — Ds D, 1} 65 W56 . =W, 0,

W, 6, W, || s —W, 6, (4.13)
Where,

D, - Maximum subsurface flow (mm/day)
D,, - Fraction of Dy

W; - Fraction of maximum soil moisture

4.2 ROUTING MODEL

The VIC model simulates runoff for each grid and distributes non-uniformly within
the grid without horizontal water flow. Thus, a separate routing model has been
employed to route each grid surface runoff and base flow out of the grid, then to the
river system (Lohmann et al. 1996, 1998). It assumes that runoff is exiting from each
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grid in a single flow direction. The total discharge is calculated at the outlet using
linearized Saint-Venant equation and the linear transfer function model (within-grid
routing) (Lohmann et al. 1996, 1998). For simulating the dynamics of routing process
within a grid cell, the discharge is separated by slow and fast component as described
by Duband et al. (1993):

d?;@LD*-Qﬂﬁ%H%QF@) (4.14)

Where,
Q¥ (t) - Slow flow (base flow); QF (t) - Fast flow (surface runoff)

k and b are parameter, and it is assumed to be constant for each catchment over the

period of calculation

QM) =Q% (t)+QF (t)

(4.15)

Both the components are connected by:

t
Q¥ (t)=b|exp(—k(t —7)QF (r)dz + Q% (0)exp(— kt

! (-k{t-7)R(r) (0)exp(- kt) @.16)
Equation (4.14) can be solved with discrete data:

—k - At) b- At
)= exp(-k At s t— At t

Q") 1+b-At QI )+l+b-AtQ() (4.17)

As mentioned by the equation (4.16), the initial condition Q%(0) decays via exp(-kt)
assuming the linear relationship between the effective precipitation P, and it is used
to find an impulse response function by connecting Q¥ and P*™ The effective
precipitation and impulse response function can be calculated iteratively by solving

the equation:

Ft:bmaXUHF P (t— 7 )d
QT () ! (2P (t—z)dz w18)

Where UH"(t) — impulse response function; tma — time decay for all fast processes.
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For discrete case, the equation (4.18) becomes (4.19) and (4.21) with length of data

n.At and tmax = (M-1). At 1t is solved iteratively starting with measured precipitation.

m

QF Pn(:ff“. F)leff UH(;:

: .e . .e : 10
Qr:: I:)nff'” I:)n—ffm-¢—1 UHn'j—l ( )
Constraint for each of the iteration:
m-1 1
> UH =—— withUH >0Vi
i~0 1+9 (4.20)
k

Qi) (UHE UHE 0 - 0 YR

: ) 0 ... : :

: : ST 0 : (4.21)
QF 0 -+ 0 UH! --:UHI |\ P

Again, constraint for each of the iteration:

0=P*" < precipitation; Vi

P from equation (4.21) is substituted in the equation (4.19) and the deconvolutions
are repeated until the convergence.

Linearized Saint-Venant equation for river routing:

2
N _p¥Q X
ot OX OX (4.22)

Where, D and C are optimized for each grid cell. The above equation (4.22) is solved

with Green’s function (Lohmann et al. 1998).
4.3VIC MODEL INPUT PARAMETERIZATION
4.3.1 Basin delineation

Initially, the study area was delineated using Digital Elevation Model (DEM).
Traditionally, the delineation of catchment area and drainage network was manually

carried out using topographic/contour maps. With the advancement of remote sensing
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and GIS tools, this process becomes much easier with DEM. The processing of DEM
was carried out using an ArcGIS extension called Arc Hydro tools. The delineation of
catchment and drainage network from DEM involves the following sequential steps

(terrain pre-processing) (Fig. 4.1).

Fill sink: If a cell is surrounded by higher elevation cells, it traps water and restricts

the flow. This function modifies the elevation values to rectify this issue.

Flow direction: This function defines the flow direction for a grid, and the values in

the grids (ranges from 2° to 2') specify the direction of the deepest decent from that

grid.

Flow accumulation: It computes number of upstream grids that drain into the

individual input grids

Stream definition: It defines stream flow path based on the threshold area. The flow

accumulation grid having the value greater than the threshold will be assigned the

value 1 (stream grid). A smaller threshold generates the denser stream network.

Stream segmentation: It generates a grid of stream segments that are having unique

identification.

Catchment grid delineation: It creates grids that are having values indicating to which

catchment the grid belongs. The values are corresponding to the stream segment

which drains that area.

Catchment polygon processing: It converts raster data into the vector format (Polygon

features).

Drainage line processing: Conversion of stream segments to drainage line (feature

class). And also, each drainage line holds the identifier indicating to which catchment

it belongs.

Watershed processing: It delineates the boundary of a basin at an outlet point defined

by the user. This function takes the input from previous steps such as flow direction,

stream definition and the catchment processing.
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High : 1600

Low: 240

DEM (Fill_sink) Flow Direction

Catchment Grid Catchment Polygon Basin Delineation
0 45 9% 180 Kilometers
————t—t——

Figure 4.1 Terrain pre-processing for basin delineation

0.05" x 0.05" Grids Basin boundary over
0.05° x 0.05° Grids

0.05° x 0.05° Grids for model
(1694 grids)

0.05° x 0.05° Basin Grids

Figure 4.2 Model grids generation
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4.3.2 Preparation of model grids

The total drainage area of the basin was discretised into number of grids with a
resolution of 0.05° x 0.05° (about 5.5 km). Thus, the model parameterization was
made at each grid level. These grids were prepared by using feature class tool in
ArcGIS. The approximate boundary extent of the study region, the required size of the
girds, number of rows and columns were given as the inputs for the grids generation.
The resulted grids were clipped with exact boundary of the study area (Fig. 4.2).
Further, the model accepts numbering of grids (indexing) only with descending order
along the latitude and ascending order along the longitude. Hence, the grids were
numbered accordingly (totally 1694 grids).

4.3.3 Global parameter file

Global parameter file serves as a control file for the model simulations. It defines VIC
to the directories of the various input/output files and assigns parameters that govern
the model simulation such as modes of operation (water/water and energy balance),

length of the simulation and time step etc.
4.3.4 Soil parameter file

Soil parameter file plays a major role in the model simulation. It defines grid cell
index (latitude, longitude and grid cell ID), soil hydraulic properties for each grid cell,
soil thermal parameters and soil layers depth etc. The soil parameter file is defined as
a single ASCII file to the model, with an individual row for each model grid
containing various parameters value (Fig. 4.3). The list of various soil parameters for
the model simulation and hydraulic properties of different soil are presented in the
Table 4.1 and 4.2. The soil parameters were derived from FAO-HWSD global soil
map based on USDA soil texture. For each soil, the hydraulic properties (adopted
from Cosby et al., 1984; Rawils et al., 1998; Reynolds et al., 2000) were derived by
their area-weighted average based on the textural class for each grid. Three soil layer

depths (0-10 cm, 10-45 cm and 45-100 cm) were adopted for the model simulation.
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BRun_cell Grid_cell Lat Long Infilt Ds Dsmax Ws c expt_lyrl expt_lyr2 expt_lyr3 Ksat_lyrl Ksat_lyr2

Ksat_lyr3 Phi_s1 Phi_s2 Phi_s3 Init _moistl Init_moist2 Init_moist3 Elev Depthl Depth2 Depth3 Awg T Dp Bubll Bubl2  Bubl3d Qutzl
utz2  Qutz3 Bulk_denl Bulk_den2 Bulk_den3 Soil_denl Soil_den2 Soil_den3 Off_gmt Wer FRACT1 Wer_FRACT2 Wer_FRACT3
Apwp_Fractl Wpwp_Fract2 Wpwp_Fract3 Rough_brsoil Rough_snow Anul_prec Res_moistl Res_Moist2 Res_moist3 Fs_act

1 1 19.425 73.875 0.1 8.825 8.9 8.65 2 13.6 13.6 13.6 472.8 472.8 472.8  -999 -999 -999 4.86 12.18 28.3
983.32 e.1 8.45 1 25.97 4 -99 -99 -99 -99 -99 -99 1498 1498 1498 2685 2685 2685 5.5 8.2 8.2
3.2 8.14 8.14 8.14 8.801 ©.0005 822 8.83 8.83 8.83 8

1 2 19.425 73.925 8.1 8.825 7.37 8.65 2 13.6 13.6 13.6 472.8 472.8 472.8  -999 -999 -999 4.86 12.18 28.3
328.87 6.1 8.45 1 25.92 4 -99 -99 -99 -99 -99 -99 1498 1498 1498 2685 2685 2685 5.5 8.2 8.2
3.2 8.14 8.14 8.14 8.801 ©.0005 642 8.83 8.83 8.83 8

1 3 19.375 73.775 6.1 8.825 17.51 @.65 2 13.6 13.6 13.6 472.8 472.8 472.8  -999 -999 -999 4.86 12.18 28.3
580.4 @.1 8.45 1 26.83 4 -99 -99 -99 -99 -99 -99 1498 1498 1498 2685 2685 2685 5.5 8.2 8.2
3.2 8.14 8.14 8.14 8.801 ©.0005 940.67 0.83 8.83 8.83 8

1 4 19.375 73.825 0.1 8.825 12.2 8.65 2 13.6 13.6 13.6 472.8 472.8 472.8  -999 -999 -999 4.86 12.18 28.3
916.51 8.1 8.45 1 26 4 -99 -99 -99 -99 -99 -99 1498 1498 1498 2685 2685 2685 5.5 8.2 8.2
3.2 8.14 8.14 8.14 8.801 ©.e005 940.67 0©.83 8.e3 8.e3 8

1 5 19.375 73.875 0.1 8.825 13.43 @.65 2 13.6 13.6 13.6 472.8 472.8 472.8 -999 -999 -999 4.86 12.18 28.3
1148.64 8.1 8.45 1 25.96 4 -99 -99 -99 -99 -99 -99 1498 1498 1498 2685 2685 2685 5.5 8.2 8.2
3.2 8.14 8.14 8.14 .81 ©.e0e5 818 8.e3 8.e3 8.e3 8

1 6 19.375 73.925 0.1 8.825 11.14 @.65 2 13.6 13.6 13.6 472.8 472.8 472.8  -999 -999 -999 4.86 12.18 28.3
1828.27 0.1 8.45 1 25.92 4 -99 -99 -99 -99 -99 -99 1498 1498 1498 2685 2685 2685 5.5 8.2 8.2
3.2 8.14 8.14 8.14 8.881 ©.0005 695.33 0.83 8.83 8.83 8

1 7 19.375 73.975 ©.1 8.825 9.34 8.65 2 13.6 13.6 13.6 472.8 472.8 472.8  -999 -999 -999 4.86 12.18 28.3
352.7 8.1 8.45 1 25.89 4 -99 -99 -99 -99 -99 -99 1498 1498 1498 2685 2685 2685 5.5 8.2 8.2
3.2 8.14 8.14 8.14 8.801 ©.0005 695.33 0.83 8.83 8.83 8

1 8 19.375 74.025 0.1 8.825 7.08 8.65 2 13.6 13.6 13.6 472.8 A72.8 472.8  -999 -999 -999 4.86 12.18  208.3
72.71 8.1 8.45 1 25.85 4 -99 -99 -99 -99 -99 -99 1498 1498 1498 2685 2685 2685 5.5 8.2 8.2
3.2 8.14 8.14 8.14 8.8801 ©.0005 695.33 0.83 8.83 8.83 8

1 9 19.325 73.675 ©.1 8.825 6.87 8.65 2 13.6 17 19.84 472,83 442.8 424.8  -999 -999 -999 4.86 13.49  23.8
226.97 8.1 8.45 1 26.86 4 -99 -99 -99 -99 -99 -99 1498 1452.5 1438 2685 2685 2685 5.5 8.2 B.22
9.24 8.14 8.18 8.21 8.801 ©.0005 918 8.83 8.86 8.88 8

1 18 19.325 73.725 8.1 8.825 14.46 8.65 2 13.6 14.81 14.25 472.8 469.2  467.84 -999 -999 -999 4.86 12.34  28.72
541.84 8.1 8.45 1 26.83 4 -99 -99 -99 -99 -99 -99 1498 1485.5 1482.8 2685 2685 2685 5.5 8.2 8.21
3.21 8.14 8.15 8.15 8.801 ©.0005 918 8.83 8.83 8.83 8

Figure 4.3 Typical soil parameter file to the model (Initial ten grids are shown)
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Table 4.1 Soil Parameters

Parameter Description
Run_cell Run (1), Skip (0)
Grid_cell Grid cell No
Lat Latitude of the grid
Long Longitude of the grid
Infilt Describe the infiltration curve
. Fraction of maximum velocity of the
base flow
Maximum velocity of the base flow
Dsmax
(mm/day)
W, Fraction of maximum soil moisture
C Exponent of base flow curve normally 2
Expt Exponent ‘n’ in the campell’s equation
for hydraulic conductivity
Ksat Saturated hydraulic conductivity
Phi_s Soil moisture diffusion
Init_moist Initial moisture content of each layer
Elev Mean elevation of the grid cell
Depth Depth of the three soil layer
Avg T Average temperature
Dp Soil damping depth
Bubbling Bubbling pressure of the soil
Quartz Quartz content in the soil
Bulk density Bulk density of the soil layer
] ] Soil particle density (normally 2685
Soil density
Kg/m3)
Off_gmt Time zone offset from GMT
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Wecr_Fract Fraction of soil moisture at critical point
Wpwp_Fract Fraction of soil moisture at wilting point
Rough_baresoil Surface roughness of bare soil
Rough_snow Surface roughness of snow

Annual precipitation Average annual precipitation

Residual moisture Soil moisture layer residual moisture
Fs_active Status of include frozen soil algorithm

Table 4.2 Soil hydraulic properties based on soil texture

Sandy
) Sandy Clay

Soil / property Clay Loam clay
Loam Loam

loam
Ksae (cm/hr) 318  1.97 2.4 5.24 1.77
Bulk density (g/cm®) 1.39 149 1.6 1.57 1.43
Bubbling (cm) 37.3 1115 28.08 14.66 25.89

Field capacity (cm®cm?) 04 029 027 0.21 0.34
Wilting point (cm®/cm?®) 027 014 017 0.09 0.21
Quartz content 0.25 041 0.61 0.69 0.25

Slope of retention curve ‘b 12.28 5.3 8.66 4.84 8.02
Residual moisture (cm*cm® 0.09 0.027 0.068 0.041  0.075

Source: https://vic.readthedocs.io/en/develop/Documentation/soiltext/

4.3.5 Meteorological forcing file

The required forcing variables (precipitation, Tmax and Tmin) were extracted from IMD
meteorological data sets to each model grid in the prescribed format (an ASCII file for
each grid contains time series of all forcing) for the model simulation. The model
simulation was carried out at daily time step during the study period (1994 — 2005).
The directory contains these forcing files, column number and the units of the variable

should be specified in the global parameter file.
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4.3.6 Improved vegetation parameterization

Land cover classes and their phenological changes play a critical role in the model
simulation. MODIS-derived, time series (June 2000—-May 2001 and June 2010-May
2011) of both LAI and albedo along with the LU/LC information were used for the
model vegetation parameterization. As mentioned in the section 3.2.1, two different
periods of LU/LC map (2000 and 2010) were used. In LU/LC 2010 (see Fig. 3.4b), all
crop classes were considered as cropland in order to bring the two LU/LC images in
the same fashion for further processes. Similarly, other vegetation classes including
forest, scrubland and barren/sparse vegetated land were considered for the

parameterization.

Iso-clustering: Area of Interest (AOI) corresponds to agriculture/crop classes were
generated using the crop classes presented in the LU/LC map. Unsupervised
classification (k-mean clustering) was performed with LAI time series (stacked image
for the corresponding year) data from agriculture/crop land area for the two periods
(20002001 and 2010-2011) separately (Fig. 4.4).

Landsat 7 ETM+
Supervised Classification
Classified LULC NRSC LULC
(2000-01) (2010-11)
\
Agricultural class Agricultural class
AOI AOI
LAl Iso Clustering < LAI
(2000-01) (2010-11)
Temporal LAI . Temporal LAI
Profile Grouping Profile
Vegetation
Parameterization

Figure 4.4 Schematic representation of the workflow for vegetation
parameterization
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Model set up and input parameterization

The number of classes/clusters was initially chosen as 10 in the algorithm,
considering the possible number of vegetation classes present in the agricultural land
area according to the LU/LC information. This classification resulted in only nine
different classes after the possible iterations (until that 95% or more pixels stay in the
same class/cluster between one iteration and the next). These classes were grouped
based on the temporal profile (Fig. 4.5 and 4.6). Further, the locations of each group
were identified and predominant crop within each group in that particular

location/district (available at https://data.gov.in) were considered for the model

vegetation parameterization (Fig. 4.7 and 4.8).
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Figure 4.5 Temporal LAI profiles of the vegetation classes for the year 2000-01

The classes 1, 7, 8 and 9 were not considered since their count was less than three
pixels in the study area (Fig. 4.5). For other vegetation (forest and scrubland), average
LAI values were taken from represented random samples in the study area (Fig. 4.5
and 4.6). These practices enable to come up with the number of land cover classes for
the model, and hence improved vegetation parameterization by integrating region-
specific condition. The entire vegetation parameterization in the model development
is comprised of vegetation parameter and vegetation library file. Vegetation parameter

file was prepared by compiling the rooting depth information for each vegetation class
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2019, National Institute of Technology Karnataka, Surathkal, India.

53


https://data.gov.in/

Model set up and input parameterization

(Table 4.3 and 4.4) and vegetation cover fraction for each grid cell. Thus, vegetation
parameter file consists of vegetation cover fraction with its class index for each grid
cell and corresponding root depth fraction for each vegetation class (Fig, 4.9). The
rooting depth information enables different vegetation to extract soil moisture from
upper and deeper soil layers, respectively.
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Figure 4.7 Spatial location of LAI groups for the year 2000-2001
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Figure 4.8 Spatial location of LAI groups for the year 2000-2001
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Figure 4.9 Typical vegetation parameter file for the LULC 2000 (Initial five grids
are shown)
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Table 4.3 Rooting depth information adopted for vegetation parameter with

LULC 2000
Class. 1° Root 2" Root 3" Root
Index Classes layer distribu  layer  distribu layer distributi
depth tion depth tion Depth on
1 Groundnuts 0.1 0.95 0.45 0.05 1 0
2 Sugarcane 0.1 0.85 0.45 0.15 1 0
3 wheat 0.1 0.6 0.45 0.3 1 0.1
4 Forest 0.1 0.2 0.45 0.4 1 0.4
5 Scrubland 0.1 0.4 0.45 0.5 1 0.1
6 Barren Land 0.1 0 0.45 0 1 0
7 Water Bodies 0.1 0 0.45 0 1 0
8 Built-Up 0.1 0 0.45 0 1 0

Table 4.4 Rooting depth information adopted for vegetation parameter with

LULC 2010
Clase. 1" Root 2" Root 3" Root
ndex Classes layer distribu layer distribu  layer distributi
depth tion depth tion Depth on
1 Sugarcane 0.1 0.85 0.45 0.15 1 0
2 Pearl millet 0.1 0.7 0.45 0.25 1 0.05
3 Sorghum 0.1 0.8 0.45 0.15 1 0.05
4 wheat 0.1 0.6 0.45 0.3 1 0.1
5 Forest 0.1 0.2 0.45 0.4 1 0.4
6 Scrubland 0.1 0.4 0.45 0.5 1 0.1
7 Barren Land 0.1 0 0.45 0 1 0
8 Water Bodies 0.1 0 0.45 0 1 0
9 Built-Up 0.1 0 0.45 0 1 0

Soil Moisture Variability and Hydrological Impact Assessment of Land Cover Change, PhD Thesis,
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#Class # OvrStry Rarc Rmin JAN-LAI FEB-LAI MAR-LAI APR-LAI MAY-LAI JUN-LAI JUL-LAI AUG-LAI SEP-LAI OCT-LAI NOV-LAI DEC-LAI JAN-ALB FEB_ALB MAR-ALB APR-ALB
MAY-ALE JUN-ALE JUL-ALB AUG-ALB SEP-ALE OCT-ALE NOV-ALE DEC-ALB JAN-ROU FEBE-ROU MAR-ROU APR-ROU MAY-ROU JUN-ROU JUL-ROU AUG-ROU SEP-ROU OCT-ROU NOV-ROU DEC-ROU JAN-DIS
FEB-DIS MAR-DIS APR-DIS MAY-DIS JUN-DIS JUL-DIS AUG-DIS SEP-DIS OCT-DIS NOV-DIS DEC-DIS WIND_H RGL rad_atten wind_atten truck_ratio COMMENT

1 (5] 3 160 8.458 ©.236 ©.222 ©.216 ©.205 ©.200 ©.262 ©.259 ©.433 B8.579 ©.537 ©.458 0.149 @.158 0.145 8.137 ©0.138
8.138 ©.138 ©.132 @.132 ©.132 ©.149 ©.581 ©.832 ©.e64 ©.89 ©.128 ©.l1e@ ©.016 ©.832 ©.864 ©.089% 0.128 ©0.160 0.816 0.174 ©.348
8.523 @.697 ©.871 ©.e87 ©.174 ©.348 ©.523 ©.697 ©.871 ©.887 2 1ee 8.5 8.5 8.2

2 (5] 5 160 8.659 ©.418 ©.375 ©.363 ©.341 ©.415 ©.499 ©.433 ©.885 ©.912 ©.719 ©.659 0.174 @0.144 9.139 08.148 ©.133
8.133 ©.133 ©.139 @.139 8.13% ©.142 ©.155 ©.236 ©.266 ©.295 ©.118 ©.889 ©.859 ©.059 ©.118 ©.118 0.148 @.177 0.207 1.286 1.447
1.688 ©.643 ©.482 0.322 ©.322 ©.643 ©.643 ©.804 ©.965 1.126 2 1ee 8.5 8.5 8.2

3 (5] 3 160 1.846 ©.794 ©.769 ©.785 ©.786 ©.912 ©.846 ©.484 2.835 2.809 1.265 1.846 ©.139 @.139 @.135 8.339%9 ©.133
8.133 ©.133 ©.133 e.133 8.133 ©.143 @e.143 @e.e37 ©.e74 ©.111 ©.148 ©.185 ©.018 @©.e37 ©.874 ©.111 ©0.148 @.185 0.818 08.201 ©.482
8.683 ©.8e4 1.085 0.101 ©.201 ©.402 ©.683 ©.804 1.805 ©.101 2 1ee 8.5 8.5 8.2

4 1 58 lea 1.293  1.1e4 1.164 1.121 1.802 @.449 @.484 0.257 2.1% 2.271 1.594 1.293 @.144 @.146 8.143 8.135 @.138
8.138 ©.138 ©.139 0.139 8.13%9 ©8.149 @.158 1.476 1.476 1.476 1.476 1.476 1.476 1.476 1.476 1.476 1.476 1.476 1.476 5.040 §.040
8.040 B5.040 8.040 8.040 8.040 B.0490 B.040 £.0408 8.040 8.840 12 3@ 8.5 8.5 8.2

5 (5] 4 160 1.316 1.126 1.@92 1.884 1.858 1.133 1.185 1.182 1.665 1.66@ 1.387 1.316 0.148 @.150 0.147 08.148 ©.141
8.141 ©.141 ©.134 ©.134 ©.134 ©.146 ©.149 ©.185 ©.185 ©.185 ©.185 ©.185 ©.185 ©.185 ©.185 ©.185 @©.185 @.185 @.185 1.e@5 1.@e5
l1.e85 1.ee5 1.ee5 1.ee5 1.8e5 1.ee5 1.ee5 1.ee5 1.ee5 1.ee5 2 3@ 8.5 8.5 8.2

6 (5] 2 e ©.000 ©.000 ©.000 ©.00@ ©.000 ©.000 ©.000 ©.000 ©O.000Q ©.000 ©.000 ©.000 0.189 @.18 @.1880 0.177 ©.179
8.17% ©.17% ©.191 ©.191 ©.191 ©.191 ©.198 ©.00@ ©.00@ ©.000 ©.000 ©.000 ©O.000 ©.000 ©.000 ©.000 0©0.000 ©.000 ©.000 ©.000 ©.000
9.000 ©.000 ©.000 ©.000 ©.000 ©.000 ©.000 ©.000 ©.000 ©.0008 2 75 8.5 8.5 8.2

7 (5] e e ©.000 ©.000 ©.000 ©.00@ ©.000 ©.000 ©.000 ©.000 ©O.000 ©.000 ©.000 ©.000 0.207 @.140 0.137 8.132 ©0.137
8.137 8.137 ©.163 @.163 ©8.163 ©.321 ©.656 ©.00@ ©.000 ©.000 ©.000 ©.000 ©O.000 ©.000 ©.000 ©.000 0©0.000 ©.000 ©.000 ©.000 ©.000
6.008 ©.000 ©.000 ©.000 ©.000 O©.000 ©O.000 ©O.000 ©.000 @.e08 2 75 8.5 8.5 8.2

8 (5] 2 e ©.000 ©.000 ©.000 ©.00@ ©.000 ©.000 ©.000 ©.000 ©O.000 ©.000 ©.000 ©.000 ©.685 ©@.450 0.450 @.685 ©.133
8.133 ©.133 ©.998 ©.998 ©.998 ©.345 ©.345 ©.000 ©.000 ©.000 ©.000 ©.000 ©O.000 ©.000 ©.000 ©.000 0©0.000 ©.000 ©.000 ©.000 ©.000
I@.BBB ©.000 ©.000 ©.000 ©.000 ©.00@ ©.000 ©.000 ©.000 ©.000 2 75 8.5 8.5 8.2

Figure 4.10 Typical vegetation library file
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Vegetation library file defines the dynamic vegetation parameters such as stomatal
resistance (~ 100 s/m), albedo, minimum architectural resistance (~2 s/m (grassland):
~50 s/m (evergreen forest)), LAI, vegetation height (H) roughness length (0.123 x H)
and displacement height (0.67 x H) for each land cover classes (Fig. 4.10)

(https://vic.readthedocs.io/en/master/Documentation/Drivers/Classic/VegLib/)

4.3.7 Elevation band file

The basin elevation band information was included in the model simulation, in order
to represent more realistic hydrology in the Western Ghats region. Elevation band file
was prepared using STRM-DEM, which was classified into four different elevation
classes with the interval of 300 m (Fig. 4.11). The elevation band file defines the area
fraction of each class within a grid cell, mean elevation and precipitation factor
(fraction of cell precipitation) for each grid cell to the model (Fig. 4.12). The mean
elevation of each band is used in the model to lapse the grid average pressure,
temperature and precipitation. The values of area fraction itself were set as the

precipitation factor, since the fraction of cell precipitation is hard to measure.

N

A

19°0'0"N
L

18°0'0"N

Q Basin_Grids i :
D Upto 600
@@ 500 - 500 ‘
@ <00 - 1200 -

O 1200 - 1500 , 55 4 120 Kilometers

17°0'0"N
L

Elevations are in meters

T T T T
73°00"E 74°0'0"E 75°0'0"E 76°0'0"E

Figure 4.11Classification of the basin elevation
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1 0.0 8.68 8.24 8.e7 B.8e0 818.21 922.93 1253.83 ©.00 @8.68 8.24 8.e7
2 0.0 8.83 .17 8.00 B.8e0 862.87 927.18 ©.00 0.0 .83 .17 8.00
3 8.36 8.29 8.28 8.14 342.16 739.86 1814.57 1251.23 @8.36 @8.29 8.20 8.14
4 0.0 8.53 8.29 8.17 B.8e0 725.44 1048.84 1231.80 ©.00 @8.53 8.29 8.17
5 0.0 8.e1 8.68 8.31 B.8e0 832.20 1076.23 1248.75 ©.00 8.1 8.68 8.31
6 0.0 8.88 8.86 8.86 B.8e0 889.79 1017.91 1227.17 ©.00 2.8 8.86 8.86
7 0.0 8.27 8.73 8.00 B.8e0 880.67 946.66 ©.00 0.0 @8.27 8.73 8.00
8 0.0 8.57 8.43 8.00 B.8e0 865.22 928.23 ©.00 0.0 @8.57 8.43 8.00
9 B8.76 8.24 8.0 8.00 358.79 744.51 924,25 ©.00 B8.76 @.24 8.0 8.00
1@ 8.34 8.34 8.29 8.82 416.95 696.21 1041.25 1224.37 ©8.34 @.34 8.29 8.82
11 .18 8.69 .12 8.00 436.88 765.82 951.11 1214.64 B.18 @8.69 8.12 8.00
12 0.0 8.98 8.82 8.00 B.8e0 781.83 953.62 ©.00 0.0 @8.98 8.82 8.00
13 0.0 8.67 8.32 8.e1 B.8e0 835.89 1026.84 1209.66 ©.00 a.67 8.32 8.e1
14 0.0 8.61 8.39 8.00 B.8e0 776.71 937.91 ©.00 0.0 .61 8.39 8.00
15 0.0 8.86 8.14 8.00 B.8e0 760.80 942.52 1203.00 ©.00 @.86 8.14 8.00
16 0.0 8.76 8.24 8.00 B.8e0 889.88 904.18 ©.00 0.0 8.76 8.24 8.00
17 .37 8.49 8.14 8.00 352.86 770.20 991.64 ©.00 .37 @.49 8.14 8.00
18 0.0 8.91 8.89 8.00 B.8e0 759.65 1013.28 1214.67 ©.00 @8.91 8.89 8.00
19 0.0 8.82 .17 8.e1 B.8e0 834.70 10@9.57 1217.18 ©.00 @8.82 .17 8.e1
20 0.0 8.83 8.16 8.00 B.8e0 762.48 1010.81 12088.35 ©.00 .83 8.16 8.00

Figure 4.12 Typical Elevation band file (Initial 20 grids are shown)
4.4 ROUTING MODEL INPUT PARAMETERIZATION

The output fluxes from the VIC model are given as the input to the routing model.
The required input parameters to the routing model are flow direction, flow fraction,
flow velocity (set as 1.5 m/s) and grid cell impulse response (UH file). The
directory/locations of all the parameter files and length of the model simulation are

defined in a routing control file (Fig. 4.13).

|# INPUT FILE FCER THE UPPER BHIMAR BASTN.
# NZME OF FLOW DIRECTICN FILE
./direction.txt

# NZME OF VELOCITY FILE

.false.

1.5

# NZME OF DIFF FILE

.false.

800

# NZME OF ¥MASE FILE

.false.

5300

# NLME OF FRACTICN FILE

-true.

./fraction.txt

# NZME OF STATION FILE
./station.txt

# PATH OF INPUT FILES LND PRECISION
./Test/fluxes_

3

# PATH OF OUTPUT FILES

./Rout_out/

# YELR AND MONTH OF VIC OUTPUT TO ROUTE & ROUTED OUTPUT TO WRITE
19%6 & 2005 5

19%6 & 2005 5

# NZME OF UNIT HYDROGRAPH FILE
./UB_UHfile.txt

Figure 4.13 Typical routing control file

Soil Moisture Variability and Hydrological Impact Assessment of Land Cover Change, PhD Thesis,
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4.4.1 Flow direction file

The flow direction for the basin grids are defined in this file. The flow direction of a
grid is indicated by a value ranging from 1 to 8. The mean elevation of each grid was
calculated, and the flow direction values were assigned in a way that the direction of
the deepest decent from that grid, considering the mean elevation of the surrounding
grids (Fig. 4.14). The flow direction file is supplied to the routing model as an arc/info
ASCII grid format.

19°0'0"N

1800I|0||N

17oo||0uN

0 30 60 120 Kilometers
1 i 1 1 | 1 i 1 I
I T T T T T T T 1

T T T T
73°0'0"E 74°0'0"E 75°0'0"E 76°0'0"E

Figure 4.14 Flow directions of the basin grids
4.4.2 Flow fraction file

Flow fraction defines the fraction of each grid that flows into the catchment. The grids

that are fully contributing their runoff and baseflow components to the catchment

Soil Moisture Variability and Hydrological Impact Assessment of Land Cover Change, PhD Thesis,
2019, National Institute of Technology Karnataka, Surathkal, India.
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were assigned the value as one, for the boundary grids, a fraction of the contributed
area was calculated and assigned to the model (Fig. 4.15). The flow direction file is

also supplied to the routing model as an arc/info ASCII grid format.

N
- s 1
.r. l.-—-frhq A % ooy
=z - !
g .I = 0.81
o s - 0.72
s I 'g -0.63
{ © 0.53
0.44
Grids are fully contributing
z to the flow
g ——
©
0.00002
r4
o
S
~ " -
Y10 30 60 120 Kilometers
1 I 1 1 | I 1 1 ]
74°0'0"E 75°0'0"E 76°0'0"E

Figure 4.15 Basin grid flow fraction
4.4.3 Station location and UH files

The outlet grid of the basin is generally defined in the station location file. Multiple
numbers of grid locations can be defined within the basin. Grid locations are indicated
by rows (from bottom) and columns numbers (from left). The grid locations of two

stations (Takli and Wadakbal) are shown in figure 4.16a. The grid cell impulse

response function is defied in UH file (Fig. 4.16b). [b]

0 0.01

1 0.24

[a] 2 0.33
3 0.18

4 0.24

NONE € 0.00
7 0.00

1 TARLT 21 12 -595% 3 0.00
NONE S 0.00
10 0.00

11 0.00

Figure 4.16 Typical station location file [a] and UH file [b]

Soil Moisture Variability and Hydrological Impact Assessment of Land Cover Change, PhD Thesis,
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CHAPTER 5

MODEL PERFORMANCE AND HYDEOLOGICAL IMPACTS OF
LU/LC CHANGE

In this chapter, a detailed discussion about the model parameters, calibration strategy
and performance of the model is presented. In general, the catchment characteristics
are approximated in the hydrological models, either in lumped or distributed manners
through mathematical equations. Therefore, it is essential to calibrate the model
parameters through input/output observed values for simulating the catchment
responses. During the calibration, the model parameters are adjusted so as to closely
approximate the process. A detailed assessment of LU/LC change impacts on the flow

regime of the Upper Bhima basin is also presented in this chapter.
5.1 MODEL CALIBRATION AND VALIDATION

The model was calibrated and validated using the observed streamflow at two
locations in the study area (Takli and Wadakbal stations) for the period of June 1994
— May 1999 and June 1999 — May 2001, respectively. The initial two years (1994 —
1996) were considered as the model spin-up period. The model simulation was carried
out at daily time step, however, the monthly accumulated flows were utilised during
the calibration and validation. The reason for evaluating with monthly flows is mainly
the presence of discontinuity in the daily observed flow, which in turn might
introduce difficulty while estimating reasonable parameter valued in the calibration.
The model performance was evaluated using the coefficient of determination (R?) and
Nash-Sutcliffe Efficiency (NSE) (Nash and Sutcliffe 1970).

The parameters used in the calibration were: Dsmax [Range: 0 — 30 mm/day]-fraction
of maximum baseflow velocity and it has been assigned to each grid based on the grid
slope and saturated hydraulic conductivity (Ks:); Ds [Range: 0 — 1] — fraction of
Dsmax, and higher the values of Ds will increase the baseflow in the simulation; W

[Range: 0 - 1] - fraction of maximum soil moisture, and higher the values of W; will

Soil Moisture Variability and Hydrological Impact Assessment of Land Cover Change, PhD Thesis,
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Model performance and Hydrological impacts of LU/LC change

raise the water content required for rapidly increasing non-linear baseflow, which will
tend to delay runoff peaks; bins [Range: 0 — 0.4] - exponent of infiltration capacity
curve, and higher value of bin gives lower infiltration and yields higher surface runoff
in the simulation. The parameters were calibrated at each grid level based on the
individual grid Kgy: values by trial and error method, considering the above model
behaviour related to the parameters values. Thus, this approach adds physical
meaning for assigning the parameter to the model simulation. The calibration

parameter, range and their calibrated values are listed in Table 5.1

Table 5.1 Calibration parameter, range and calibrated value

Calibrated Values

lfgndcell Avg 0 o3 S5 52 <5 e
Ksat (cm/hr) ' ' '
Dint 0.0125 0.025 0.05 0.075 0.1 10°-0.4
Ds 0.0125 0.025 0.025 0.025 0.05 0-1
Danax (MM/day) Calculated for eacf;lggg based on Kg,: and 0-30
Ws 0.6 0.7 0.7 0.7 0.65 0-1

5.2 MODEL PERFORMANCE

The model performance was found to be reasonably good in calibration and hence the
simulated values were very close to observed discharge (Fig. 5.1). The model resulted
with R? of 0.83 and 0.91for the stations Takli and Wadakbal respectively. Similarly,
the NSE values were also reasonable for the selected stations (NSE: 0.78and 0.87).
Very consistent results were found in the validation with R® [0.79, 0.89] and NSE
[0.55, 0.71] (Fig. 5.2). Overall, the performance of the model for the data collected at
the Wadakbal station was better than Takli station, both in calibration and validation.
This is due to no large storage structures in the upstream of the station location (Sina

catchment), compared to the Takli station. Though the short period of datasets was
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used during the calibration and validation, the results showed support for the model

capability to reproduce the annual and seasonal variation in streamflow in the Upper

Bhima basin.
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Figure 5.2 Observed and simulated discharge during validation: [a] Takli [b]
Wadakbal
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5.2.1 Inter comparison of ET estimation

The calibrated and validated model was used to simulate the ET with a resolution of
0.05°x0.05° (Model resolution: about 5.5km). The model simulated and Moderate
Resolution Imaging Spectroradiometer (MODIS) derived ET was compared, and
evaluated with ET estimate based on FAO-56 Penman-Monteith (PM) approach
during water year June 2001 — May 2005. The observed meteorological variables
(Tmax » Tmin, relative humidity, wind speed, and sunshine hours) at the Pune station
were collected from IMD- Agromet station for the estimation of ET using FAO-56
PM method.

The FAO-56 PM model is recognized as a standard model for estimating reference
evapotranspiration and being used for evaluating other models worldwide. The

equation being used for estimating ETj is described as (Allen et al. 1998):

37
0.4O8A(RH—G)+7ﬁuz[eo(-ra)(1_ Rh) (5.1)
ET, = .
0 A+y(1+0.34u,)

Where,

Rn - Net solar radiation at the reference grass surface (MJ m-2h™)
G - Soil heat flux density (MJ m—? h-1)

T4 — Mean hourly air temperature (°C)

A - Saturation slope of vapor pressure curve (kPa °C—1)

e°(T,) - Saturation vapor pressure at air temperature T, (kPa)

u, - Average hourly wind speed at 2 m height (ms—)

Rh - Relative humidity

y - psychrometric constant (kPa °C—)

The ET estimation from model and MODIS (the grid covered the station location)
was evaluated with observed (FAO-56 PM). The ET estimation from MODIS showed
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an under prediction with observed [RMSE of 7.51 mm/8-days and R? of 0.57],
whereas VIC simulated ET has a good agreement with R? of 0.745 and RMSE of 5.62
mm/8-days (Fig. 5.3). However, the MODIS-derived ET was reasonably good in dry
months (March, April and May).These results are consistent with similar earlier
studies (Ruhoff et al. 2013; Srivastava et al. 2017).
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Figure 5.3 Comparison of 8-days ET estimation from VIC, MODIS and FAO-
56PM during the period June 2001 — May 2005

It was observed that the annual average ET estimates from VIC-3L, MODIS and
FAO-56 PM at the selected grid were 465, 602 and 613 mm, respectively. It is noted
that the LU/LC patterns of the selected grid were mainly of sugarcane (36%),
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sorghum (12%), scrubland (39%), barren land (12%), built-up (30%). Further, the
basin average of 8-day and monthly ET from VIC model and MODIS was compared.
It was observed that the average monthly ET loss in the basin ranges from about 6 —

98 mm during the year 2001 — 05 (Fig 5.4).
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Figure 5.4 Comparison of basin average ET during the period 2001-05: [a] 8-day
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[b] month-wise
5.2.2 Validation of soil moisture

The model was used to simulate the soil moisture (about 5.5 km resolution) at
different soil depth (0 — 10 cm, 10 — 45 cm and 45 — 100 cm). The simulated soil

moisture at 10 cm and 45 cm were evaluated with field observed soil moisture at Pune
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station. A comparison of VIC simulated soil moisture (the model grid covering Pune
station) with field observation indicated that the model is able to capture soil moisture
dynamics reasonably good (Fig. 5.5). However, the simulated soil moisture at 45 cm
showed relatively poor results (R? of 0.432 and NSE of 0.498). This may be due to the
fact that the crop-covered agricultural land was assumed in the grid for the
hydrological modelling as it was indicated by LULC information, while the field
observation mostly from the bare soil. Further, it is noted that point measurements are

compared with model grid average (about 5.5km)
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Figure 5.5 Validation of model simulated soil moisture with field observed soil

moisture at [a] 10 cm and [b] 45 cm soil depth

Further, the simulated soil moisture (at layer 1) was also compared with the published
soil moisture data (0.5°x0.5" resolution) (Das and Maity, 2015), referred as SM-
DM15 hereafter). The modelled soil moisture was averaged to the resolution of SM-
DMI15, and the comparison showed a good correlation (Fig. 5.6). The correlation
coefficient values were ranging from 0.45 — 0.763, and more than 50% of the grid

showed the values of above 0.55 during the simulation period 1996 - 2005.
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Figure 5.6 Correlation coefficient of VIC-soil moisture with SM-DM15

5.3 LU/LC CHANGE AND WATER BALANCE

The model was run using LU/LC information acquired in the year 2000 and 2010
separately with observed meteorological forcing from 1996 to 2001, and soil datasets
have been kept constant. As the land cover scenario changed from 2000 to 2010, the
total area enclosed by agricultural land, water bodies and built-up increased from 37
to 73%, 1.13 to 3.3% and 0.66 to 2.79%, respectively. Similarly, the total area
enclosed by forest land, scrubland and barren/sparse vegetation land decreased from
1.99 to 1.09%, 17.76 to 4.10% and 41.4 to 15.68%, respectively ( see Fig. 3.4 in
Chapter 3). The results support the most evident changes occurred in the agricultural
land, barren/sparse vegetation land, scrubland and built-up when comparing the
LU/LC 2000 and 2010. The model predicted average monthly surface runoff,

baseflow and evapotranspiration (ET) were evaluated for different land cover
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parameterization during period (1996-2001) (Table 5.2). It was observed that basin
receives rainfall only in the south-west monsoon (June — September). The average
annual rainfall during the period (1996 — 2001) was calculated as 826.49 mm, which
resulted in an average annual surface runoff of 157.51 mm (19.05%) (Table 5.3). The
average annual surface runoff and baseflow over the basin have decreased from
157.41 to 127.72 mm and 82.58 to 77.76 mm respectively (Table 5.3). The low runoff
during the year 2000-01 is probably due to excessive ET (i.e. about 80% of the total
rainfall). Further, this can be confirmed with a low ET (i.e. about 59% of total
rainfall) during the year 1998 — 99 with high runoff (Table 5.3). The average annual
evapotranspiration over the basin increased from 562.36 to 606.25 mm, which is the
major sink in the hydrological balance (about 60 — 80% of rainfall and 40% occurred
only in monsoon season) predominantly used by the agricultural crops (Tables 5.2 &
5.3). These changes can be attributed to LU/LC by increased agricultural land, while a
decrease in barren/sparse vegetation land and scrubland due to demanding irrigation

development in the study area.

The results from average monthly water balance statistics are consistent with the
different earlier studies reported in the Upper Bhima basin (Immerzeel and Droogers
2008; Immerzeel et al. 2008; Garg et al. 2012). Those studies used Soil Water
Assessment Tool (SWAT) to characterize the hydrological processes in the basin and
sub-basin level, while the present study assessed the LU/LC change impact on water
balance at finer grid level in the basin (about 5.5 km resolution) with improved
vegetation parameterization incorporating region specific condition. It was observed
that the changes due to LU/LC impacts on hydrology are balancing over the basin
level (Table 5.3). Thus, the spatial variation in each component was further analysed
at grid level. Such detailed assessment at a finer scale provides important information
to decision makers, for framing the mitigation and adaptation policies under changing
LU/LC scenarios. The spatial variation of each component for both LU/LU scenarios
was assessed for the water year 2000-01 (1 June 2000 — 31 May 2001), because the
annual average rainfall in the year 2000-01(about 610 mm) (Table 5.3) is proximate to
long-term average annual rainfall (about 650 mm) observed and reported in the Upper
Bhima basin (Gartley et al. 2009; Garg et al. 2012).
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Table 5.2 Average monthly statistics for water balance components during period (1996 — 2000)

Month Avg_ Rainfall ET (mm) Change Baseflow (mm) Change Runoff (mm) Change
(mm) (mm) (mm) (mm)
Lulc2000 Lulc2010 Lulc2000 Lulc2010 Lulc2000 Lulc2010

Jan 0.98 14.75 25.33 10.58 0.01 0.01 0.00 6.59 4.73 -1.86
Feb 1.07 7.32 16.94 9.62 0.01 0.01 0.00 4.74 3.46 -1.27
Mar 0.94 4.95 10.81 5.86 0.01 0.00 0.00 4.51 3.33 -1.17
Apr 4.16 5.53 7.64 2.10 0.04 0.03 -0.01 3.94 2.94 -1.00
May 22.79 19.12 19.35 0.23 0.53 0.31 -0.23 3.68 2.76 -0.92
Jun 143.70 74.58 68.92 -5.66 7.08 6.55 -0.53 5.20 3.95 -1.25
Jul 166.17 86.91 77.93 -8.99 22.69 22.98 0.29 16.26 14.75 -1.51
Aug 147.07 73.53 80.44 6.90 22.22 21.84 -0.38 26.08 23.31 -2.77
Sep 173.30 89.79 95.38 5.59 15.13 13.40 -1.73 26.13 21.25 -4.88
Oct 136.11 99.64 104.70 5.06 14.21 12.05 -2.16 33.31 27.00 -6.31
Nov 21.80 56.89 60.81 3.92 0.46 0.41 -0.06 17.37 13.33 -4.04
Dec 6.95 29.34 38.00 8.66 0.19 0.16 -0.03 9.61 6.90 -2.71

Table 5.3 Annual sums of water balance components during the period (1996 — 2000)

year Ranifall lulc 2000 lulc 2010
(mm)  ET(mm) Baseflow(mm) Runoff(mm) ET(mm) Baseflow(mm) Runoff(mm)
1996-97  884.87 592.37 74.67 126.59 636.80 72.64 110.45
1997-98  768.61 523.67 118.24 124.48 558.75 118.24 107.35
1998-99 1,099.80 655.62 102.65 260.44 712.66 86.05 210.89
1999-00  769.58 547.26 90.31 168.55 596.80 86.18 133.85
2000-01  609.58 496.13 27.06 107.50 529.34 25.71 76.46
Average 826.49 563.01 82.59 157.51 606.87 77.76 127.80
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Further, it was observed that 80% of the basin grids showed an increase in ET

(maximum of about 292 mm) with respect to change in LULC (Fig. 5.7). The

variability in surface runoff in some parts of the basin attributed to LULC change

increased by a maximum of 202.80 mm and decreased by a maximum of 166.2 mm,

while baseflow increased by a maximum of 63.75 mm and decreased by a maximum

of 33.55 mm. Similarly, the maximum decrease in ET was observed about 289 mm

(Table 5.4). Further, the grids having maximum change (decrease/increase in

magnitude) in water balance components and rapid increase in urban sprawl were

studied for better understanding (Fig. 5.8).

ol_Zh 0.t
WValue (in mm}
e 113438

Baseflow Runoff

€ Boundary
wr_.
Value (in mm}
o 66,07

e e o w 120 Hiksmaiers

Runoff

{2 Boundaty
Bl _2R10.810

Walue (in mm}
| 133600

0.52

o 1 L]

Figure 5.7 Spatial variation of estimated annual water balance components for

the water year 2000 — 01 using both LULC period 2000 [a] and 2010 [b]
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Table 5.4 Change in water balance component with respect to change in LULC

Grid Vegetation class area fraction Change (in mm)
Lat Long
No lulc2000 lulc2010 Baseflow ET Runoff
26 18.825 73.625 SL-0.026; BL-0.974 SL-0.810; BL-0.190 -4.51 292.18 -169.00
AL-0.107; F-0.026;SL-0.026;BL-0.731,;
287 19.275 74.725 31.84  -289.10 202.80
F-0.098; SL- 0.556; BL-0.346 WB-0.101
487 18.625 74.975 AL-0.083;SL-0.144;BL-0.761  AL-0.831;SL-0.077;BL-0.070;WB-0.021 -3355  176.92 -166.24
733 18.375 75.725 AG-0.469; SL-0.098; BL-0.434  AL-0.847; BL-0.128; WB-0.13 -2.15 41.90 -66.01
AG-0.02;SL-0.460;BL-
701 18.375 73.625 63.75  -207.60 136.65
0.319;WB-0.10 AL-0.02;SL-0.182;BL-0.581;WB-0.19
606 18.475 73.825 UB-0.236;SL-0.37;BL-0.-276 UB-0.852;SL-0.117;WB-0.031; 10.64 -99.93 6.48
1361  17.675 75.925 BL-0.168;SL-0.43;UB-0.402 SL-0.050;BL-0.015;UB-0.935 5.96 -14.91 1.81
463 18.625 73.775 BL-0.359;SL-0.386; UB-0.255  SL-0.027;WB-0.039;UB-0.935 12.36 6.12 12.86
AL-0.027;SL-0.573;BL-
89 19.125 74.725 1.53 -51.86  22.14

0.227;UB-0.172 AL-0.393;SL-0.094;UB-0.513

Note: F — Forest; SL — Scrubland; BL — Barren/sparse vegetation land; AL — Agricultural/crop land; WB- Water bodies; UB —
Urban/built-up
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Figure 5.8 Spatial variation of observed annual rainfall for the water year 2000 -

01 along with basin grids and grid showing a maximum change in water balance

It was observed that the maximum increase in ET (292 mm) in the grid 26, because of
a dense growth of scrubland over the barren/sparse vegetation land (Table 5.4). In the
grids 487 and 733, agricultural/cropland has increased and subsequently scrubland
and barren land reduced due to irrigation development. The growth of vegetative land
further raises transpiration, which has been exhibited by an increase in overall ET in
the above grids. Even though forest/scrubland and cropland have increased in the
grids 287 and 701, the increase in surface runoff and baseflow was observed because
these girds are located in the higher altitude having steep slopes (Table 5.4). In the
grids 606, 1361 and 463, the intensification in built-up and subsequently diminution
in scrubland has happened; a common trend of increase in runoff was witnessed
because of extended impervious area with a decrease in the vegetative surface.
Further, the increase in agricultural/cropland and built-up, subsequently reduced
scrub/forest land made the reduction in ET and slightly increase in surface runoff

(Table 5.4).
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5.3.1 Impacts of LU/LC change on soil moisture

Similarly, the model simulated average monthly soil moisture was evaluated for both
LULC condition. It was observed that the impacts of LULC changes on soil moisture
were more evident in the deeper layers (45 cm and 100 cm) (Table 5.5). The soil
moisture decreased by an average of 14.43 and 18.21% (percentage change),
particularly in dry periods at second and third layers, respectively. It can be attributed
to the increase in crop-covered agricultural land. As a result, the moisture available in
the deeper layers was utilised by the vegetation root systems. Overall, the variation in
soil moisture attributed to LU/LC change at different soil layer was observed either an
increase or a decrease in space, and it was influenced by types of vegetation, land use
and soil depth. The soil moisture decreased by a maximum of 13.55% and increased
by a maximum of 21.32% at the top layer (70% of top layer grids showed an
increase). Similarly, in the second and third layer, it was observed a maximum
decrease of 48.01 and 65.7%, and a maximum increase of 55.8 and 79.19%,
respectively. However, it was observed that more than 75% of the basin grid showed a
decrease in soil moisture in the deeper layers. Thus, the grids that are showing a

maximum change in soil moisture were studied in detail for better understanding.

To show the spatial soil moisture variability at different depth, Table 5.6 presents the
results of grids showing maximum change. For instance the grid 26 showed decrease
in soil moisture at layer 2 and 3. This can be attributed to more loss of soil moisture
through transpiration from roots, due to the dense growth of scrubs over barren land.
As a result of rapid urbanization and subsequent decrease in the crop-covered
agricultural land and scrubs in the grids 559 and 560, a more amount of evaporation
from the bare soil caused decrease in soil moisture in layer 1. Thus, the deeper soil
layers showed a maximum increase in soil moisture due to no transpiration loss. In the
grid 776, the increase in soil moisture in the deeper layer might be attributed to
infiltrated water from increased water bodies (Table 5.6). A maximum decrease in the
deeper layers was found in the grid 1150 and 1191. This can be due to high
transpiration loss from increased crop-covered agricultural land. However, in the
above grids, the increase in soil moisture at top layer might be the result of intercepted

water from the surface vegetative cover.
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Table 5.5 Average monthly statistics for soil moisture at multiple layers during the period (1996-2005)

] SM-Layer 1 SM-Layer 2 SM-Layer 3

Avg_Rainfall 3 3 Change 3 3 Change . Change

Month (m°/m°) (m°/m°) (m?*/m?)

(mm) Lulc2000 Lulc2010 (%) Lulc2000 Lulc2010 (%) Lulc2000 Lulc2010 (%)

Jan 1.04 0.082 0.086 4.70 0.244 0.226 -7.22 0.253 0211  -16.90
Feb 1.429 0.083 0.087 4.78 0.235 0.208 -11.74 0.246 0.202  -17.94
Mar 291 0.083 0.087 5.03 0.231 0.197 -14.94 0.241 0.196  -18.51
Apr 9.58 0.087 0.092 5.40 0.228 0.191 -16.45 0.236 0.192 -1861
May 24.23 0.105 0.114 8.35 0.228 0.189 -16.90 0.232 0.189  -18.58
Jun 179.43 0.220 0.235 6.85 0.252 0.221 -12.14 0.235 0.191  -18.77
Jul 214.62 0.218 0.239 9.38 0.280 0.267 -4.80 0.254 0.208  -18.24
Aug 210.41 0.229 0.228 -0.35 0.294 0.287 -2.28 0.268 0221  -17.32
Sep 169.69 0.239 0.233 -2.56 0.301 0.293 -2.63 0.279 0.234  -16.08
Oct 102.91 0.227 0.217 -4.19 0.281 0.288 0.02 0.287 0.254  -11.43
Nov 15.35 0.116 0.113 -2.51 0.281 0.280 -0.52 0.287 0.244  -14.94
Dec 2.96 0.094 0.096 2.56 0.258 0.250 -3.13 0.274 0229  -16.27
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Table 5.6 Grids showing maximum change in soil moisture with respect to LULC change

Land cover area fraction %Change
Grid Lat Long
No lulc2000 lulc2010 SM-Layer1 SM-Layer2 SM-Layer 3
26 18.825 73.625 SL-0.026;BL-0.974 SL-0.810-BL-0.190 13.10 -48.02 -48.81

AG-0.163; F-0.05;SL-0.4;, BL- SL-0.05; BL-0.01;, WB-

559 18525 73875 4 15 \wB-0.01: UB-0.30 0.05: UB-0.89 113,55 34.28 44.89

AG-0.25; SL-0.38; BL-0.2; AG-0.04; SL-0.03; BL-0.02;

560 18525 73925 g 417 WB-0.03: UB-0.88 111.88 46.65 79.16

776 18.325 74.85 AG-0.15; SL-0.56; BL-0.03; AG-0.243; BL-0.02; WB-

WB-0.26: UB-0.01 0.72: UB-0.02 3.93 55.79 50.24
AG-0.12: F- 0003 SL- AG-0.80: SL-0.1:BL-

1150 17.925 74325 ) 47.8) 0.81 0.05:WB-0.04:UB-0.01 21.32 232,06 44,03
_ _ AG-0.80: SL-0.1:BL-

1101 17.875 74375 F-0.02: SL-0.31: BL-0.67 N osNB-0.04 116 1827 6570

Note: F — Forest; SL — Scrubland; BL — Barren/sparse vegetation land; AL — Agricultural/crop land; WB- Water bodies; UB —
Urban/built-up

Soil Moisture Variability and Hydrological Impact Assessment of Land Cover Change, PhD Thesis, 2019, National Institute of Technology Karnataka,
Surathkal, India.
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CHAPTER 6

SPATIO-TEMPORAL ANALYSIS OF SOIL MOISTURE

6.1 GENERAL

In this chapter, a detailed assessment of spatio-temporal variability of the soil
moisture in the basin is presented. The VIC model simulated soil moisture at multiple
depths (0-10 cm, 10-45 cm and 45-100 cm) considering with LU/LC change, and
three different satellite-derived surface soil moisture products (SM-CCI, SM-TRMM
and SM-AMSRE) were utilized for the analysis. The soil moisture at multiple depths
was derived as an output fluxes from the hydrological modeling with a resolution of
0.05°x0.05° (about 5.5 km).The soil moisture was simulated at daily time step;
however, the monthly average values were utilized for the analysis. The spatio-
temporal variability of modeled and satellite derived soil moisture was assessed using
the first and second statistical moments along with temporal stability analysis.
Further, the representative grid locations were identified in order to estimate spatial
mean soil moisture temporal pattern of the entire basin. The schematic representation

of the workflow is represented in the Figure 6.1.
6.2 TEMPORAL VARIATION OF SOIL MOISTURE

Initially, the temporal variation of spatial mean soil moisture for the modelled and
satellite based products was evaluated. Though the range of values resulted from
satellite products as well as model were different, it was found a very similar trend
(Fig. 6.2). The seasonality of the precipitation and with that of soil moisture is clearly
visible. It was also observed that the deeper soil layers were wetter than the top layer.
It was observed that soil moisture decreased in the deeper layers as a result of change
in LU/LC. However, similar temporal patterns were observed in both LU/LC

conditions.
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Figure 6.1 Schematic representation of the workflow
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Spatio-temporal analysis of soil moisture

Further analysis was conducted to examine the temporal stability of modeled and
satellite soil moisture. This began with the temporal persistence analysis for all the
soil moisture products using spatial correlation (r) among the soil moisture of
different time steps (monthly) during the period (the year 1996 — 2005). Figure 6.3 to
6.7 show the correlation matrix for the modelled and satellite-derived soil moisture
during the year 1996 — 2005. It was observed that during the summer and winter
seasons, the mean soil moisture was almost constant, and observed high correlation (r
> 0.8).Interestingly, the soil moisture during the winter was significantly correlated
(p-value <0.001), even the lag was eight months. As anticipated, the transition period

(monsoon period; June — September), particularly dry to wet condition the correlation
values strongly decreased (r < 0.2).
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Figure 6.2 Time series of spatial mean soil moisture

The correlation values were quite high in the deeper layers with LU/LC-2000
condition, while it relatively reduced with LU/LC-2010 condition especially during
the transition period. It is noted that the cropping pattern in the basin predominantly
includes sugarcane and sorghum, and their sowing season is generally during the
month of June — August. Thus, the decrease in the correlation values can be the result
of increased crop-covered agricultural land in the LU/LC-2010 condition. This

analysis showed that the temporal variation of soil moisture is high in the top layer
compared to the deeper layers.
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Spatio-temporal analysis of soil moisture
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Figure 6.3 Spatial correlation coefficient matrix between the soil moisture during

different time step for the modelled and satellite soil moisture data in the year

1996-97 [a] VIC-Layerl [b] VIC-Layer 2 [c] VIC-Layer 3 (LU/LC-2000, lower

triangle; LU/LC-2010, upper triangle) [d] satellite soil moisture.
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Figure 6.4 Spatial correlation coefficient matrix between the soil moisture during

different time step for the modelled and satellite soil moisture data in the year

1998-99 [a] VIC-Layerl [b] VIC-Layer 2 [c] VIC-Layer 3 (LU/LC-2000, lower

triangle; LU/LC-2010, upper triangle) [d] satellite soil moisture (
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LU/LC-2010, upper triangle) [d] satellite soil moisture
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6.6 Spatial correlation coefficient matrix between the soil moisture during

Figure

different time step for the modelled and satellite soil moisture data in the year

2002-03 [a] VIC-Layerl [b] VIC-Layer 2 [c] VIC-Layer 3 (LU/LC-2000, lower

triangle; LU/LC-2010, upper triangle) [d] satellite soil moisture.
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Figure 6.7 Spatial correlation coefficient matrix between the soil moisture during

different time step for the modelled and satellite soil moisture data in the year

2004-05 [a] VIC-Layerl [b] VIC-Layer 2 [c] VIC-Layer 3 (LU/LC-2000, lower

triangle; LU/LC-2010, upper triangle) [d] satellite soil moisture.
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6.3 SPATIAL MEAN AND VARIANCE

Let 6; be the soil moisture at grid i, and the spatial mean for one time step (monthly),

0, is given by:

1

N
_Zizgl Hi,t (61)

Ng

0, =

where N, is the number of grids.

J— 2
o2 =——%7 (6, - 6,) (6.2)

Ng-1

where o,2 is the spatial variance of each month.

The mutual relation of spatial mean (6,) and variance (o,2) of the modelled and
satellite soil moisture were investigated (Fig. 6.8). It showed mostly a similar convex
upward relationship, which indicates that the basin showed high variation in soil
moisture during the intermediate wetness condition. This relationship was also
reported in the earlier studies with different extent scales (Famiglietti et al., 2008;
Brocca et al., 2012b; Li and Rodell, 2013; Rotzer et al., 2015).

This relationship is mainly influenced by precipitation and evapotranspiration in the
large extent scales, however, it is also influenced by soil characteristics, topography,
vegetation and land use (Li and Rodell, 2013; Rétzer et al., 2015). In this study
region, the relationship can be the result of seasonality of precipitation with that of
soil moisture (see Fig. 6.2). During the post monsoon season (September — October),
the basin was wet and thus showed high 6, and low o,2. When the monsoon started,
6, and 0,2 were rising. During the wetting period (June —August), ,% was observed
higher compared to the drying period (December - February), which indicates the
occurring of homogeneous drying. It was observed that the deeper layer showed high

spatial variability (high ¢;2) than the top layer.
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Figure 6.8 Relationship between 6, and &,2 of modelled and satellite soil
moisture. Left side column shows VIC-lulc2000, middle VIC-lulc2010 and right

satellite soil moisture. The red and black lines indicate the means of 8, and a2,

respectively

The convexity was less pronounced in the second layer for the LULC-2000 condition.
It can be seen that mean soil moisture values during dry and transition period (dry to
wet) were centered at average with no trend, along with high variability. Further it

decreases with increased wetness (Fig. 9). The increase in average o,2 was also
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observed in the second layers as a result of LULC change. The convexity is also less
evident in SM-AMSRE, and it may be due to length of data is very less (July 2002 —
June 2005). However, it showed a similar pattern of variability with other counter

parts; while the mean soil moisture below the mid-range .2 increases with wetness.
6.4 TEMPORAL STABILITY ANALYSIS

Further, the temporal stability analysis based on the relative difference was
performed. This method proposed by Vachaud et al. (1985), characterizes the spatial
pattern of the temporal stability of the soil moisture. The relative difference, RD; , , at
grid, i and time t is given by:

0:—6;

RD;, = = (6.3)

t

The mean relative differences (MRDs) and their standard deviations (SRDs) were

calculated over the entire time step for every gird:

1

1 2
SRD; = \/mzyﬂ(}wm — MRD;) (6.5)

The MRDs and SRDs for the modeled and satellite soil moisture were investigated.
The top layer from the modeled soil moisture had MRDs between -0.04 to 0.072,
while second and third layer had MRDs between -0.140to 0.144 and -0.308 to 0.147,
respectively (Fig. 6.9). The SRDs for the modeled soil moisture in the deeper layers
were quite high, and it ranged from 0.016 to 0.105 (layer 2) and 0.016 to 0.120 (layer
3) (Fig. 6.10). As discussed in the earlier sections, the impact of LU/LC change is
more evident in the deeper layers. Further, it can be seen that the standard deviations
of MRDs increased for the LU/LC-2010 scenario in the deeper layers. Hence, the

temporal stability analysis showed that the soil moisture in the deeper layers exhibit
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more dynamic in the spatial pattern of temporal variability. Compared to modeled soil
moisture from top layer, the standard deviation of MRDs from the satellite
observations were low and it ranged from 0.007 to 0.053. However, the SM-CCI

showed a similar pattern with VIC model derived top layer soil moisture.
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Figure 6.9 The Spatial maps of MRDs. Left side column shows VIC-lulc2000,
middle VIC-lulc2010 and right satellite soil moisture
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Figure 6.10 The Spatial maps of standard deviation of MRDs. Left side column
shows VIC-lulc2000, middle VIC-lulc2010 and right satellite soil moisture

The modeled soil moisture for the top layer was averaged to the pixel resolution
(about 25 km) of the satellite products, and the rank ordered MRDs were compared
(Fig. 6.11). It is further confirmed that the SM-CCI showed a similar pattern with
modeled soil moisture. Thus, the temporal stability analysis can also be used as a

validation method, and it was also reported by Roétzer et al., (2014). It also aims to
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identify the representative locations for the spatial mean soil moisture temporal

pattern, which are considered by low values of MRDs and its standard deviations

(.Brocca et al., 2012b).
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6.5 REPRESENTATIVE GRID LOCATIONS

The second and third layer soil moisture statistics were considered for identifying the

representative locations, since these layers showed more dynamics in spatial pattern

of temporal variability. The individual grid soil moisture time series was compared

with the time series of areal mean soil moisture (as the benchmark) from the all basin

grids. In Table 6.1, for modeled and satellite observations the mean, maximum and

minimum values of both coefficient of determination (R%) and root mean square error

(RMSE) between the benchmark time series and that of each grid are presented.
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MRDs of third layer
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Table 6.1 R? and RMSE between the bench mark time series and time series at

each grid
R2 RMSE (% vol/vol)
Data
Mean Max Min Mean Max Min
SM-VICL1-lulc2k 0.860 0941 0.729 3.235 5968 1.851
SM-VICL2-lulc2k 0.708 0.866  0.371 2.725 8.735 0.684
SM-VICL3-lulc2k 0.592 0.924 0.212 3.770 9.896 1.255
SM-CCI 0.914 0.958 0.703 2.099 5.064 1.562
SM-TRMM 0.943 0.982 0.787 1.564 3.870 0.854
SM-AMSRE 0.754 0.924 0.186 1.371 2238 0.891
SM-VICL1-lulc2k10 0.851 0.927  0.700 3.359 9.621 1.881
SM-VICL2-lulc2k10 0.633 0.858 0.148 4434 9.621 1.814
SM-VICL3-lulc2k10 0.586 0.922 0.199 4284 10.601 1.814

Table 6.2 Representative grids and its location

Grid_No Lat Long
198 18.975 74.975
234 18.925 74.925
264 18.875 74.475
732 18.375 75.175
769 18.325 74.475
772 18.325 74.625
774 18.325 74.725
775 18.325 74.775
819 18.275 74.375
820 18.275 74.425
821 18.275 74.475
822 18.275 74.525
825 18.275 74.675
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826 18.275 74.725
827 18.275 74.775
829 18.275 74.875
865 18.225 74.175
869 18.225 74.375
872 18.225 74.525
877 18.225 74.775
879 18.225 74.875
917 18.175 74.275
921 18.175 74.475
923 18.175 74.575
927 18.175 74.775
977 18.125 74.775
1113 17.975 74.475
1115 17.975 74.575
1152 17.925 74.425

The representative grids were identified by the combination of grids that are having
low MRDs (less than £0.003), low standard deviation (less than 0.02), RMSE of less
than 3% vol/vol and R? of higher than 0.85. Hence, in the study area, 29 grid locations
were identified, and it can be sufficient to estimate the spatial mean temporal pattern

of the entire study area (Fig. 6.12).
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CHAPTER 7

SUMMARY AND CONCLUSIONS

7.1 GENERAL

Hydrological models are popular, and often consider as an efficient tool to study the long
term behavior of the hydrologic system. In general, these models vary from simple
empirical relation to complex distributed models. However, these models have its own
effectiveness depending upon the study objective, degree of complexity of the problem
and preferred accuracy. The physically-based distributed hydrological models are
efficient and providing suitable framework for assessing the hydrological impacts driven
by LU/LC change. Remote sensing capability fosters the applications of these complex
distributed hydrologic models especially in the assessment LU/LC impacts on water
resources. In the case of LU/LC impact assessment, various researchers focused the
impacts on agricultural management, runoff potential, ground water assessment and
sediment yield by scenario analysis. However, the hydrologic impacts of LU/LC on water
resources are usually region specific, as each region is characterized by its own

hydrology, terrain, climate and also anthropogenic factors.

The role of soil moisture is well recognized in the hydrological application (e.g., runoff
modelling and flood forecasting, agricultural monitoring and drought monitoring). Hence,
the characterization of soil moisture variability is more essential. Though several studies
were dedicated, the magnitude of soil moisture variability often under estimated and the
spatial pattern of soil moisture is not consistent, and it is largely varying across the site
and climate with the influence of static and dynamic factors. The primary focus of the
present thesis is to characterize the hydrological processes, and analyzing the spatio-
temporal variation of soil moisture in the Upper Bhima basin, considering with LU/LC

change at finer spatial scale.

In this chapter, the work elaborated is summarized, and the specific conclusions drawn
from this study are recalled.
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7.2 SUMMARY

In this study, the VIC model was used to simulate the different hydrological components
of the basin with a resolution of 0.05°x0.05° (about 5.5 km) under two different LU/LC
conditions (the year 2000 and 2010). Initially, the basin boundary was delineated using
DEM. Further, total drainage area of the basin was discretized into number of model grids
(5.5 km resolution: totally 1694 grids), and the input parameterization of the model was
made at each grid level. As mentioned in the earlier chapters, the major input parameters
to the model are meteorological forcing (Precipitation, Tmax, Tmin), SOil characteristics,
land surface vegetation classes (vegetation parameter & library) and topography. The soil
parameters were derived based on USDA soil texture using FAO-HWSD global soil map
to the model with three layers parameterization (0 - 10 cm, 10 — 45 cm and 45 — 100 cm).
For each soil, the hydraulic properties (adopted from Cosby et al., 1984; Rawls et al.,
1998; Reynolds et al., 2000) were derived by their area-weighted average based on the
textural class for each model grid. The elevation band file is an optional input parameter
to the model. However, it was prepared and included in the model simulation, in order to
represent more realistic hydrology in the Western Ghats region.

This study demonstrated a methodological frame work for improved vegetation
parameterization to the model simulation. The model vegetation parameterization was
carried out by iso-clustering approach, using temporal information of LAl and LU/LC
maps (the year 2000 and 2010). MODIS-derived 8-day LAI time-series data was used to
sub-group agricultural dominant areas into major crop groups and corresponding monthly
vegetation phenology in terms of LAI, albedo, height, root distribution were arrived. This
exercise enabled improved definition of vegetation parameterization for the study area,

incorporating the region specific conditions.

The model was calibrated and validated using the observed stream flow data collected at
two different locations for the period 1994 — 2001. Further, the model simulated and
MODIS-derived ET was compared, and evaluated with ET estimation based on FAO-56
PM approach using observed meteorological variables collected at the Pune station. The
model simulated soil moisture at multiple layers was evaluated with field observed soil

moisture at Pune station. The simulated soil moisture at the top layer (0-10 cm) was
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averaged to 0.5°x0.5°, and it was compared with published surface soil moisture data
(SM-DM15).

To assess the hydrological impacts of LU/LC change on the flow regime of the basin, the
model was run using the two LULC conditions separately with the same observed
meteorological forcing and soil data. Further, the variability in hydrological components
and the spatial variation of each component attributed to LU/LC change was assessed at
the basin grid level. The spatio-temporal variation of soil moisture was assessed using the
model simulated soil moisture along with three different satellite derived surface soil
moisture products (SM-CCI, SM-TRMM and SM-AMSRE). Based on the temporal
stability analysis, the optimal locations were identified for setting up the soil moisture

observational network in the study region.
7.3 CONCLUSIONS
The specific conclusions drawn from the study includes:

1. As the LULC scenario changed from 2000 to 2010, the most evident changes
occurred in agricultural land. The total area covered by agricultural land increased
from 37 to 73%. Hence, the changes attributed to LU/LC at basin level indicate
that the surface runoff and baseflow decreased by 18.86 and 5.83% respectively.
The evapotranspiration increased by 7.8%, mainly because of the agricultural

crops.

2. The majority of the basin grids showed an increase in evapotranspiration (80 % of
basin grids) and subsequent decrease in runoff and baseflow (79 and 85% of basin
grids, respectively) with resepect to LU/LC change. A slight change in LU/LC can
largely impact the hydrology of the basin, so there is a need to investigate such

variability in finer spatial scale than basin as a whole.

3. LAI information indirectly represents the vegetation phenology. Thus, the
framework based on MODIS-derived temporal LAI information and LU/LC maps

(iso-clustering approach) along with the site specific condition can improve the
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model vegetation parameterization. However, it can be applicable for large-scale

application, since the spatial resolution of data is moderate (500 — 1000 m).

4. The deeper soil layers (10 — 45 cm and 45 -100 cm) showed a decrease in soil
moisture, particularly during the dry period with response to the LU/LC change

(applicable to vegetation class).

5. Though the range of values resulted from satellite products as well as model were
different, a similar trend was observed for the spatial mean soil moisture from the
modelled and satellite observations with strong seasonality of precipitation. The
soil moisture in the surface layer (up to 10 cm) showed high temporal variations.
However, the mean soil moisture was almost constant during the summer and

winter seasons.

6. Mutual relationship of soil moisture spatial mean and variance showed the convex
upward relation indicating that the basin shows high variability during
intermediate wetness [0.2 to 0.25 m*/m?®] condition. The spatial variability in soil
moisture during the wetting period was high compared to drying period. Thus the

basin exhibits homogeneous drying.

7. The surface soil moisture from satellite observations showed less variability with
the standard deviation of MRDs ranged from 0.007 — 0.53 compared to modelled
soil moisture. However, the SM-CCI showed a similar pattern with modelled

surface layer soil moisture.

8. Overall, 29 representative grid locations were identified in the basin. It can be
sufficient to estimate the spatial mean temporal pattern of the basin with RMSE of

less than 3% vol/vol and R? of higher than 0.85.

9. The results obtained from this study can be used to design soil moisture
observational network operating in near real-time to this data scarce region for

agricultural monitoring.
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7.4 LIMITATIONS

1. Monthly average LAI value was utilized for the study since the model structure
only incorporates the month-wise vegetation dynamic parameter such as minimum
stomatal resistance, LAI, architectural resistance, vegetation height roughness
length, albedo and displacement height for each land cover classes. However, in
reality, these parameters should be allowed to vary at shorter time scale which in

turn would elevate model structural uncertainty specific to this study.

2. The historic satellite images used for the LU/LC classification were only from the
month of February/March as the availability of the cloud-free images is very

limited.

7.5 SCOPE FOR THE FUTURE WORK

1. In order to handle the inherent model uncertainty related to defining the
vegetation dynamic parameters, the source code can be modified to incorporate
daily-wise parameters.

2. The effects of heterogeneities in topography and soil properties on soil moisture

variability can be analysed further.

3. The procedure developed in this study could be extended to other such
hydrological models for improving the model parameterization using remotely

sensed Earth Observation (EO) data.

4. The framework based on MODIS-derived temporal LAI information and LU/LC
maps (iso-clustering approach) can be explore further to improve LULC

classification from satellite imageries.
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