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ABSTRACT

In Brahmaputra river basin, where the hillslopes are characterized by high
degree of soil macroporosity and the area receives extreme rainfall events frequently
during the monsoon seasons, rapid lateral preferential flow from the adjacent hilly
areas often triggers devastating flash floods in the rivers. Using experimental data and
physically based semi-distributed hydrological models, the present study has
characterized the overland flow and subsurface stormflow behavior on a macropore
dominated vegetated hillslope plot. The plot was instrumented with profile probe soil
moisture meter and piezometers for monitoring spatial and temporal variations in soil
water contents. Soil moisture storage, movement, and distribution patterns indicated
rapid preferential flow behavior of the hillslope soil. It was found that once the soil
was saturated, it remained at field capacity for the following 2-3 days. Such
antecedent wet conditions are extremely favorable for rapid stormflow generation
from hillslopes. Dye infiltration tests were also conducted with undisturbed soil
columns collected from the hillslope plot. Form the digital image processing of the
observed dye patterns high degree of macroporosity throughout the soil profile was
evident. It was also found that 1-2 mm diameter macropores, developed mainly by
plant roots, dominated the soil profile. Due to high macroporosity of the hillslope soil
point scale infiltration measurements showed significant effect of scale over plot scale
measurements.

A simple sheet flow generation system was used to capture the overland flow
characteristics on the hillslope plot with some approximation of natural rainfall
condition in terms of variation of overland flow depth along the slope length. At the
hillslope scale, the relationship between rainfall intensity and preferential infiltration
rate was found to be linear, but there was power relation between Manning’s
roughness coefficient and rainfall intensity. There were three major influences on
overland flow: (i) preferential infiltration rate; (ii) rainfall intensity; and (iii) degree of
vegetation.

A physical based numerical solution of the subsurface flow equations was
given to develop a subsurface stormflow model. The model could be simulated for
different user defined macropore structures of the soil. The model was calibrated
using the measured experimental data from the hillslope plot. The subsurface
stormflow model captured the observed spatial and temporal variations of saturated
profile observed over the hillslope plot reasonably well. It was found that lateral

X
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macropore flow dominated subsurface stormflow response from the hillslope. The
results showed that the hydraulically effective or hydrologically active lateral
macroporosity and peak rates of matrix and macropore flow were primarily controlled
by the rate of recharge.

Different topographical shapes and bedrock profiles were found to have
significant effect on surface and subsurface flow hydrographs of different theoretical
hillslope types. In non-macroporous soils subsurface stormflow was not evident. Even
under wet antecedent conditions, hillslope soils having very high lateral
macroporosity did not produce any saturation excess overland flow under high
intensity storm events. The impact of disturbing the lateral macroporosity of hillslope
soil was significant on the surface and subsurface runoff generation processes of the
hillslopes.

Xl
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ORGANIZATION OF THE THESIS

The thesis of the present investigation comprises of six chapters. Chapter 1
contains a brief overview of the problem and the specific objectives taken for the
study. Chapter 2 is focused towards understanding the relevant literatures to study the
progress in hillslope hydrology. A brief assessment of the hydrological investigations
carried out in the study area or in other parts of the world has been made to define the
possible solution of the problem. Chapter 3 mainly documents the details of the
experiments conducted in the hillslope plot. With the descriptions of the study area,
experimental setup and procedures, measurements, and the types of instrumentations
used in the hillslope plot the chapter also discusses and summarizes the experimental
results. Chapter 4 outlines the mathematical modeling concepts of overland flow and
subsurface stormflow. The details of the governing equations and solution techniques
are mentioned here. The experimental results of the previous chapter have been used
for theoretical concepts and calibration of the models. The chapter also presents the
model simulated results, inter-comparisons, and reasoning with detailed discussions.
Chapter 5 deals with application of the developed overland flow and subsurface
stormflow models in different theoretical hillslope types to observe the behavioral
changes in their hydrological response. Chapter 6 finally summarizes the results and
lists the major conclusions derived from the present investigation. The scopes for

future investigations in line of the present study have also been discussed.

Xl
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CHAPTER 1 INTRODUCTION

1.1  Overview

The hydrological behavior of natural hillslopes controls both surface and
subsurface response of hilly watersheds. The typical nature of hillslopes often causes
many adverse situations like flash flooding, slope failures and slides, soil erosion,
debris flow, etc. Rainfall-runoff processes in wet tropical and subtropical hilly
watersheds mostly follow the concept of variable saturated area. However, infiltration
excess runoff generation may also be evident in some cases. Under both the
conditions, runoff generation is significantly influenced by storm characteristics,
topographic characteristics (slope, length of slope, microtopography, etc.),
permeability of the soil, and vegetation cover (Beven, 1981; Beven, 2000a; Liu and
Singh, 2004). In humid region, subsurface flow primarily governs hillslope response
because of the presence of both micropores and macropores in the soil (Kirkby,
1978). Infiltration rate into the soil is controlled by matrix flow through soil
micropores and/or preferential flow through soil macropores, depending upon the
hydraulic characteristics of soil layers and physical conditions prevailing in a natural
hillslope. The preferential flow, considered as an equivalent flow through a network
of non-capillary pores, is influenced by overland flow depth, vegetation
characteristics, and antecedent moisture condition. When rainfall intensity exceeds the
preferential infiltration rate, overland flow occurs. As a result, the characteristics of
the overland flow and preferential infiltration through the soil are interdependent and
are influenced by many other factors, such as degree of vegetation, microtopography,
rainfall characteristics, etc. At the same time due to presence of dense network of

macropores in the soil, the magnitude of subsurface stormflow, both in vertical as
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Chapter 1 Introduction

well as lateral directions, can be quite significant in the hydrological response of the
vegetated hillslopes.

The landscapes of north-eastern states of India are characterized by the
mountains, along with the flood plains of river Brahmaputra. Being the eighth largest
river of the world with an average annual runoff of about 510 billion m®
(Subramanya, 1999), river Brahmaputra has a huge impact on the hydrology as well
as the socio-economic status of the region. From the hydrologic point of view, the
major sources of runoff and sediment load to the river Brahmaputra are the vast
hillslope areas of its basin. These hillslopes generally have deep and permeable
topsoil with an impermeable layer at a shallow depth (Vadivelu et al., 2004). Study of
meteorological data of the region reveals that the area undergoes high intensity storm
events quite frequently during the monsoon season (Soja and Starkel, 2007). In
general, the hillslopes have dense vegetation cover with highly interconnected
macropore network in the subsoil induced mainly by plant roots. A typical
combination of all these factors produces less surface runoff with a dominating
component of subsurface stormflow under very high intensity storm events over these
hillslopes. Therefore, both the phenomena of shallow water overland flow and
subsurface stormflow through preferential pathways are considered to be predominant
and critical hydrological processes of the region. It is of prime importance to study the
hydrological response of natural hillslopes in order to identify and analyze the
controlling parameters of the most critical hydrological processes towards
understanding the behavior of hillslope hydrology at a large scale, which is a rather
complex phenomenon. Negi (2001) emphasized the need of micro-scale (plot scale)
and meso-scale (watershed scale) studies in the Himalayan mountainous regions for a

better understanding of the hydrological processes. But, no detailed hydrological
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Chapter 1 Introduction

studies have been undertaken in the Brahmaputra basin to address the

interdependence of overland flow, rainfall intensity, degree of vegetation, preferential

infiltration rate, and subsurface stormflow through soil macropores. Keeping these in

view, the present investigation has been taken up in the region to explore the

hydrological behavior of a preferential infiltration dominated natural hillslope by

combining in situ experiments with hydrological modeling.

1.2

TH-1047_06610405

Objectives

The specific objectives of the present investigation are listed as follows:

To study the infiltration behavior in a macropore dominated vegetated
hillslope soil and to assess the effect of scale on infiltration measurements by
conducting point scale and plot scale experiments.

To collect undisturbed soil columns from the hillslope plot for characterizing
soil macroporosity by conducting dye tracer infiltration tests and applying
subsequent image processing techniques.

To design a sheet flow generation system for the experimental hillslope plot to
study the overland flow and subsurface stormflow response under different
high intensity artificial runoff events.

To study the soil moisture storage, distribution, and movement in the
macropore dominated hillslope soil before, during, and after the artificial
runoff events.

To monitor the overland flow response of the hillslope plot under natural
storm events and to evaluate the validity of the experimentally developed
rainfall-runoff relationships for natural rainfall events.

To characterize overland flow behavior on the preferential infiltration

dominated hillslope by coupling experimental data with semi-distributed
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Chapter 1 Introduction

hydrological model and to study the nonlinear interdependence between
overland flow characteristics and its controlling parameters.

To develop a physically based hydrological model to simulate the subsurface
stormflow response from the hillslope plot and to establish the nonlinear
interdependency function of subsurface stormflow, lateral macroporosity, and
rainfall intensity in relation with changing soil macropore connectivity.

To study the effect of topographical shapes on the hydrological response of
theoretical hillslopes using the functional relationships established from the

field experiments and the semi-distributed hydrological modeling.



CHAPTER 2 REVIEW OF LITERATURE

During the past few decades a number of researchers have contributed towards
proper understanding of hillslope hydrology in different parts of the world. A number
of theoretical and modeling investigations as well as field and laboratory experiments
under either natural or artificial rainfall conditions have been carried out towards
proper conceptualization of the hydrological behavior of hillslopes. This chapter is
focused towards a brief discussion on the relevant research works carried out on
different aspects of hillslope hydrology like infiltration, overland flow, soil

macropores, preferential infiltation rate, and subsurface stormflow.
2.1  Infiltration

In hydrological modeling infiltration is considered to be an important factor as
it controls the spatial and temporal partitioning of rainfall into surface and subsurface
runoff and thus affects the subsequent movement in and between these two general
components of hydrologic cycle. Several infiltration models have been developed and
proposed for simulating infiltration under different conditions. A brief review of some
of the popular infiltration models are discussed here.

Green and Ampt (1911) developed an infiltration equation based on the
physical approximation that water infiltrates with a sharp wetting front and the soil

behind the wetting front is saturated. Thus, the infiltration rate (/) can be written as

I= K[W} 2.1

where [/ is the infiltration rate (m/s), L is the depth of the wetting front below the
ground surface (m), 4y is the depth of ponded water (m), v is the soil suction head at

the wetting front (m), and K is the vertical hydraulic conductivity (m/s) which is often
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Chapter 2 Review of Literature

taken to be half of the saturated value, for use in the Green-Ampt equation. The
wetting front suction is generally considered to be a constant for a given soil. Chow et
al. (1988) tabulated the values of typical Green-Ampt parameters (y, K) for different
soil textural classes.

Richards (1931) proposed a flow equation by combining mass balance on an
elemental volume of porous media with Darcy’s law. It is considered to be the
fundamental governing equation for subsurface flow. The Richards equation in three

dimensional form for homogeneous soil can be written as

22 Sk Lknd] e

o ox ox| oy oy | oz o
where 0 is the volumetric moisture content (cm’/cm?), / is the hydraulic head (cm), w
is the soil suction head (cm), and K(y) is the hydraulic conductivity (cm/s) function.
In unsaturated soil, both w and K are a function of 6. Defining specific moisture

capacity as C(y)=d6/dy, equation (2.2) can be written as

C(w)a—w—E[K(w)a—w}+ ¢ {K(V/)a—w}+ ¢ {K(w)(%—fﬂﬂ (2.3)

or  ox Ox 5 oy oz
The solution of this equation requires the functions K(y), C(y), and 6(y) to be known.
For saturated condition, C(y) is zero, and K(y) is constant and equal to saturated
hydraulic conductivity (K;). van Genuchten (1980) proposed the following two
relationships for computing the values of () and K(y), which are required to solve

the Richards equation

Oy)=6_+ 070, when y <0
1+ e
= b, when >0 (2.4)
1/ \" 2
K(t//)szS{l—(l—Sf") } 2.5)
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where m = (1 — 1/n) for n >1, S, = (6 — 6,)/(6; — 6,), O; is the saturated moisture content
(cm’/cm’), 6, is the residual moisture content (cm*/cm’), and & (1/cm), /, and n are the
van Genuchten model parameters. Using pedotransfer functions Schaap (1999)
developed a computer program Rosetta, for estimating the van Genuchten model
parameters. The program predicts the parameters based on different combinations of
soil textural classes; sand, silt, and clay percentages; bulk density; the value of 6 at
= 33 kPa; and/or the values of 8 at w = 33 kPa and 1500 kPa.

Kostiakov (1932) gave the following simple equation for determining the
infiltration rate

fO=at? (2.6)
where a and f are the constants to be derived from infiltration data. However, there is
no efficient way of determining the values of o and £ from basic soil properties.
Therefore, the equation is not used frequently.

Horton (1933) proposed the following empirical infiltration model

fO=fet (fo—fo) e (2.7)
where f is the initial infiltration capacity (m/s), f. is the final steady infiltration rate
(m/s), and f is a coefficient called the rate constant (s™). The main limitation of this
model is that all the three parameters of the equation are to be determined from
infiltration data. It also does not adequately represent the rapid decrease of infiltration
rate from its very high initial value.

Philip (1957) developed an equation based on an infinite series solution to the
Richards equation for ponded infiltration into a deep soil with uniform initial water
content. It can be written as

(=058t +K, (2.8)

where S is a parameter known as soil sorptivity (m/s’").
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Holtan (1961) suggested an empirical infiltration equation which is explicitly
dependent on soil water conditions in the form of available pore space for moisture

storage. The model can be given as

fO=ab@-D"+f (2.9)
where a is a constant related to the surface conditions (0.25-0.8), b is a scaling factor,
04 1s the initial moisture deficit or the pore space per unit area of cross section initially

available for water storage (cm), / is the cumulative infiltration (cm) at time ¢ (s).
2.1.1 Water infiltration and soil macroporosity

The infiltration equations mentioned in the previous section are either
empirical or derived from Darcy’s law (Green and Ampt, 1911; Richards, 1931;
Philip, 1957). Though some of these models have been popularly used, but their main
limitation is that they are conceptually valid for water flow through the soil matrix
only. When a significant amount of water flows through the preferential pathways
(macropores) of soil bypassing the soil matrix, the assumptions of homogeneity of the
soil hydraulic properties over some representative cross-sectional area is no longer
valid and thus the flow concept based on an average hydraulic gradient is expected to
fail (Beven and Germann, 1982). A number of studies have reported that the results
obtained from Darcy-type infiltration models failed to represent the irregular patterns
of infiltration observed in macropore dominated soils (Blake et al., 1973; DeVries and
Chow, 1978; Bouma et al., 1980; Rogowski and Weinrich, 1981). The presence of
macropores generally leads to heterogeneity of flow within the soil (Ligon et al.,
1977; Germann, 1981). The size of macropores as well as their connectivity, which

may change within a few centimeters as well, also influences the infiltration behavior
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of soil (Beven and Germann, 1982). Under such conditions a combined experimental
and modeling approach for predicting infiltration has been adopted by many
researchers (Hoogmoed and Bouma, 1980; Weiler, 2001; Ticehurst et al., 2003; Rajot
et al., 2004; Weiler, 2005). But the performance of the physical based infiltration
models largely depends on the accuracy of actual infiltration measured in the field.
Parr and Bertrand (1960) classified infiltration measurement procedures as: (a)
estimation of infiltration over a plot from runoff data obtained using rainfall
simulators; (b) point measurement of infiltration using infiltrometers; and (c)
estimation of infiltration from natural rainfall data. But the selection of a particular
method is critical as the error involved in the estimation largely depends on scale of
measurement (Dagan, 1986; Lauren et al., 1988; Lischeid et al., 1998; Wagenet,
1998) and also the physical conditions of the site which largely influence the
infiltration rate. Haws et al. (2004) studied the spatial variability of infiltration and
effect of measurement scale on steady state infiltration rate on an agricultural
landscape considering local scale, hillslope scale, and landscape scale measurements.
They had reported a representative measurement area (RMA) of about 400 cm’, above
which the scale effect of infiltration was not evident. Infiltration measurement
particularly on a steep hillslope is complex as the lateral gravity component influences
the soil wetting pattern considerably. The presence of macropores also significantly
influences the hydrological response of hillslopes (McDonnell, 1990; Smettem et al.,
1991; Navar et al., 1995; Bronstert, 1999). The preferential features are known to
strongly affect the watershed hydrology at different scales and practical measurement

of preferential infiltration is difficult. Therefore, in macropore dominated hillslopes
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the selection of a particular infiltration measurement technique and measurement
scale is critical. In macroporous soils plot scale measurements should be preferred
over point measurements (Sarkar et al., 2008a). van Schaik (2009) studied the spatial
variability of infiltration patterns related to the site characteristics at the catchment
scale. In addition to the dye-tracer experiments additional site measurements of soil
type, vegetation, and soil physical parameters were performed in a 1 km” catchment.
The spatial variability of infiltration was explained with the site characteristics and
sub-areas within the catchment were delineated to represent different infiltration

patterns.

2.2  Subsurface Water Flow through Soil Macropores

Macropore flow is defined as the rapid movement of water through soil
structural voids like plant root channels, wormholes, or cracks in soils. Actual
definition of macropores or soil macroporosity is rather difficult to specify. Table 2.1
enlists some of the definitions of macropores based on capillary potential or size of
the macropores. However, Beven and Germann (1982) stressed on the fact that size
alone is not a sufficient criterion for defining a pore as macropore. The hydraulic
effectiveness of the pore as influenced by its network connectivity and dynamics of

pore structures are crucial towards defining a pore as macropore.

The influence of soil macropores in hillslope hydrology has been studied in
detail (Kitahara et al., 1988; Jones, 1997; Jones and Connelly, 2002). Macropores in
soil can develop by the activities of soil fauna, pore formed by plant roots and
decayed root holes, cracks and fissures in the soil formations, and natural soil pipes

formed by the erosive action of subsurface flow. The macroporosity of a soil is a

-10 -
TH-1047_06610405



Chapter 2 Review of Literature

Table 2.1 Some definitions of soil macropores and macroporosity

Capillary Equivalent
References Potential Diameter
(kPa) (um)

Nelson and Baver (1940) >-3.0 -
Marshall (1959) >-10.0 >30
Brewer (1964) - 75 —5,000
McDonald (1967) >-6.0 -
Ranken (1974) >-1.0 -
Bullock and Thomasson (1979) >-5.0 >60
Reeves (1980) - 200-10,000
Luxmoore (1981) >-0.3 >1,000
Beven and Germann (1981) >-0.1 >3,000

dynamic property as it is influenced by existing soil-plant-animal community (Beven
and Germann, 1982). Seasonal or yearly variations in these conditions can
significantly influence the macropre flow characteristics. Hydrologically effective
macropores, developed by plant roots, soil fauna or piping, can be produced in 1 or 2
years time and in undisturbed conditions can last for considerable time periods (van

Schaik, 2010).

A number of studies have been conducted towards understanding the nature of
flow through soil macropores. Some of the studies related macropore flows based on
pore size alone (Wilkins et al., 1977; Hewitt and Dexter, 1980). But these are not
reliable as the concept of hydraulic effectiveness is an important factor as it has been
shown clearly that different numbers and sizes of macropores may be effective under
different conditions (Bouma et al., 1977). Dye and tracers experiments have popularly

been used for studying water flow through soil macropores (Kissel et al., 1973;
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Ehlers, 1975; Bouma and Dekker, 1978; Bouma and Wosten, 1979; Bouma et al.,
1979; Omoti and Wild, 1979; Flury et al., 1994; Weiler, 2001).

To address the heterogeneity in macroporous soils a domain concept is often
used to model macropore-matrix system (Muskat, 1946; Wakahama, 1974; Duguid
and Lee, 1977; Scotter, 1978). In these models the soil matrix is considered as one
domain and is described by hydraulic principles based on Darcy’s laws and the
macropores as the other domain. However the dual porosity models should consider
the nature of flows in matrix and macropore domains, spatial and temporal variation
of flow network, initiation of macropore flow, and interaction between the two
domains at different stages of flow. Incorporating all these complicated processes
accurately in a single model is difficult. Weiler (2001) developed a macropore
infiltration model called INfiltration-INitiation-INteraction Model (IN*M) using dye
tracer experiments for describing flow through a simple macropore pathway. The
model was tested for simulating observed dye patterns obtained from laboratory
experiments. Larsbo and Jarvis (2003) developed a physically-based, one-
dimensional, numerical model for water and solute transport in macroporous soils. In
this dual domain model Richards’ equation and the convection-dispersion equation
were used to model water and solute movement in soil matrix. A simple capacitance
type approach was used for macropore flow. Kroes et al. (2008) included a concept
for water and solute movement in cracked or macroporous soils in the SWAP (Soil
Water Atmosphere Plant) model. The model has a provision of defining advanced
macropore flow descriptions. The macropore geometry can be defined as a depth
dependent function of macropore volume. Using this function the fraction of
macropores ending in a soil layer can be calculated and the water entering those
macropores is infiltrated in that soil layer.
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2.3  Overland Flow on Hillslopes

Over the last four decades, several investigations have been conducted on
many aspects of overland flow on hillslopes, including field observations (Lima,
1989; Kadlec, 1990; Abrahams et al., 1992), experimental studies (Chen, 1975;
Hirsch, 1992), theoretical analyses and mathematical modeling (Govindaraju et al.,
1992; Chen et al., 2001; Wang et al., 2002). The investigations have primarily been
focused to differentiate between the overland flow characteristics of semiarid and
humid regions. In semiarid regions, overland flow occurs in less-vegetative hillslopes
with non-significant preferential flows. Based on soil type and surface roughness,
Huggins and Monke (1966) related overland flow behavior to a single parameter, i.e.,
Manning’s roughness coefficient. Emmett (1970) studied the hydraulics of overland
flow on hillslopes using rainfall simulators and computed the roughness coefficient
values. Chen (1975) studied the resistance coefficient for sheet flow on natural turf
surfaces in the laboratory. Wu et al. (1999) studied the variation of the vegetative
roughness coefficient with flow depth. Experiments were conducted with different
simulated vegetation conditions in the watercourse to study the variation of roughness
coefficient for unsubmerged and submerged overland flow. It was reported that the
roughness coefficient reduced with increasing depth under unsubmerged condition.
However, when fully submerged, the vegetative roughness coefficient tends to
increase at low depths but then decreased to an asymptotic constant as the water level
continued to rise. They developed a simple model based on force equilibrium to
predict the roughness coefficients corresponding to different flow depths. The
experimental data were in good agreement with the model predictions. Tsihrintzis
(2001) further concluded that the experimental roughness follows a power law

relationship with overland flow depth. Liu and Singh (2004) studied the effect of
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microtopography, slope length and gradient, and vegetative cover on overland flow.
They used a one-dimensional kinematic wave model in conjunction with a revised
form of the Green-Ampt infiltration equation to evaluate the effect of different surface
conditions on overland flow. The effect of microtopography and vegetation cover on
overland flow was treated through grain resistance, form resistance, and wave
resistance. The length and gradient of slope also affected the process of runoff
generation and other hydraulic characteristics of overland flow. It was also reported
that the microtopography has little effect on overland flow discharge at the outlet, but
affects other hydraulic characteristics like flow velocity, depth, and shear stress. The
vegetative cover slightly influences the outlet discharge, but has pronounced effect on
some other parameters. With increasing percentage of vegetation cover, the velocity
of overland flow decreases, but the water depth and flow shear stress increase. They
reported these influences to be nonlinear in nature. Liu et al. (2004) developed a two-
dimensional kinematic wave model for simulating runoff generation and flow
concentration on an experimental infiltrating hillslope receiving artificial rainfall.
Experimental observations of runoff generation and flow concentration on irregular
hillslopes showed that the topography of the sloping surface controlled the direction
and flow lines of overland flow. The model-simulated results satisfactorily compared
with the experimental observations. The erosive ability of the concentrated flow was
found to be mainly dependent on the ratio of the width and depth of confluent
grooves. Adams et al. (2005) used a system of large rainfall simulators to generate
runoff from a large hill pasture and determined the surface roughness coefficient by
simulating the observed conditions with the help of a fully distributed hydrologic
model, HILLS (Smith and Hebbert, 1983; Ticehurst et al., 2003). In one of the recent
studies, Jain ef al. (2005) used a depth-dependent roughness coefficient for simulating
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overland flow process in watershed modeling. Helmers and Eisenhauer (20006)
modeled overland flow in a vegetative filter considering non-planar topography and
spatial variability of soil hydraulic properties and vegetation density. They used the
physically based, distributed hydrological model MIKE SHE to develop a two-
dimensional overland flow model. They quantified the physical roughness of
vegetative cover based on the stem density over the plot. A good agreement between
field measured data and model predictions was found. They concluded that the non-
planar topography significantly affected the overland flow, but the spatially variable
roughness and variable soil hydraulic properties had a lesser impact on two-
dimensional overland flow. Scherrer et al. (2006) studied the process of runoff
generation at the hillslope scale under intense precipitation. They conducted a total of
48 high intensity sprinkling experiments on 60 m’ hillslope plots at 18 grassland
locations in Switzerland. The intensity of the applied rainfall was in the range of 50-
100 mm/hr with duration between 3 and 6 hr. Subsequent measurements of overland
flow and subsurface flow in 0.5-1.3 m below the surface were taken. They found that
the runoff coefficient varied in a wide range of 2 to 90%. It was reported that at the
majority of the sites, runoff was mainly in the form of overland flow, though in some

locations subsurface flow through macropores was dominant.
2.4 Subsurface Water Movement

Subsurface water movement is one of the key processes of hillslope
hydrology. The fate of infiltrated water in hillslope soil can be described by two main
processes: storage and redistribution of moisture in the soil matrix and quick vertical
and lateral movement of water through preferential pathways commonly known as

subsurface stormflow.
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2.4.1 Soil moisture storage and its distribution on hillslopes

The storage and redistribution of soil moisture on a hillslope is a dynamic
process and depends on several factors like topography (Burt and Butcher, 1985;
Petch, 1988; Moore et al., 1988; Nyberg, 1996), climate, vegetation (Lull and
Reinhart, 1955; Hawley et al., 1983; Francis et al., 1986), and soil properties (Helvey
et al., 1972; Afyuni et al., 1993). The top layer of the hillslope soil, which is also
termed as plant root zone, is the most dynamic part as it passes through seasonal
variations (Gomez-Plaza et al., 2001) due to activities of both plants and soil
organisms. Van’t Woudt (1955) reported increase in soil moisture from the top to the
base of a hillslope and the greater wetting depth at the bottom of the slope was
ascribed to surface and subsurface lateral flow, greater moisture retention, and lower
evaporation. Stoeckeler and Curtis (1960) showed that the moisture content of the
top 2 ft of the soil slope is inversely related to distance above the stream channel.
Helvey et al. (1972) studied the spatial and temporal variation of soil moisture on
hillslopes in greater detail. The dynamics of root zone soil moisture content was found
to be influenced by plant evapotranspiration losses and seepage of soil water through
the soil matrix. Therefore, seasonal variations of vegetation on hillslopes significantly
affect the process of moisture distribution. In soil water budgeting, the
evapotranspiration losses are often accounted for by incorporating a sink term (Jarvis,
1989). Yeakley et al. (1998) studied the effect of topography and soil properties on
soil moisture gradients along hillslopes in humid watersheds. It was reported that the
topographic factors assert more control over hillslope soil moisture during drier
periods as drainage progresses, while variations in soil water storage properties are
more important during wet periods. Hillslope soil moisture gradients in southern

Appalachian watersheds appeared to be restricted to upper soil layers, with deeper
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hillslope soil moisture gradients occurring only with sufficient drought. Famiglietti et
al. (1998) studied spatial and temporal variability in surface moisture content along a
hillslope transect. The study was aimed at characterizing variations in moisture
content in the 0—5 cm surface soil layer along a hillslope transect by means of
intensive sampling in both space and time; and to make inferences regarding the
environmental factors that influence this variability. It was concluded that while
topographic and soil attributes operate jointly to redistribute soil water following
storm events, under wet conditions, variability in surface moisture content is most
strongly influenced by porosity and hydraulic conductivity, and under dry conditions,
correlations are strongest to relative elevation, aspect, and clay content. Consequently,
the dominant influence on soil moisture variability gradually changes from soil
heterogeneity to joint control by topographic and soil properties as the transect dries
following significant rain events. Goémez-Plaza ef al. (2001) determined the factors
which controls soil moisture patterns in semiarid hillslopes. It was reported that
upslope contributing area, aspect, soil profile curvature, and soil depth best explained
the spatial variability of soil moisture in the vegetated zones. The influence of these
factors showed marked seasonal variations due to changes in the physiological
activities of the vegetal cover. New topographic indices considering the hillslope
aspect were proposed to improve Beven and Kirkby’s topographic index (Beven and
Kirkby, 1979) for the prediction of soil water content patterns in semiarid areas.
Rezzoug et al. (2005) investigated the effect of plane and profile curvatures on soil
moisture distributions and related fluxes by conducting experiments on a hillslope.
The soil moisture dynamics were simulated using a kinematic wave model in case of a
convergent hillslope. Venkatesh et al. (2011) analyzed the observed variability of soil
moisture contents under different land covers in the hilly tracts of Western Ghats,
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India. The results of this study indicated that the nature of land cover had an influence
on the spatio-temporal variability of soil moisture. The other variables related to

topography might also have a more dominant effect.
2.4.2 Characterization of soil macropores using dye and tracers

A major constraint in modeling the impacts of preferential flow is the
quantitative measurement of the indicators of preferential flow. Most of the methods
are labour intensive and destructive. The spatial and temporal scales of measurements
are often a serious disadvantage considering the wide spatio-temporal variability of
the preferential flow features. Therefore, a consistent measurement method is not yet
achieved (Droogers et al., 1998; Perret et al., 1999). In spite of their limitations dye
and tracer experiments have popularly been used to study infiltration and preferential
flow of water through soil macropores (Bouma and Dekker, 1978; Bouma and
Wosten, 1979; Bouma et al., 1979; Omoti and Wild, 1979; van Stiphout et al., 1987,
Ghodrati and Jury, 1990; Flury et al., 1994; Natsch et al., 1996; Forrer et al., 1999;
Perillo et al., 1999; Weiler, 2001; Weiler and Naef, 2003; Morris and Mooney, 2004;
Wang et al., 2006; Alaoui and Goetz, 2008; Anderson et al., 2008). This method can
be a reliable indicator of active continuous macropore flow pathways which can easily
be detected and quantified from laboratory experiments conducted with undisturbed
soil columns collected from the field. As these continuous macropore pathways are
essentially related to preferential flow, the degree of macroporosity obtained can be
used effectively as a descriptive tool for comparing the effects of soil management on
soil structure (Cattle et al., 1994). Several studies have suggested that, in addition to
surface connected macropores, subsurface macropores can also play an important role
in the preferential flow of water and solutes (Quisenberry and Phillips, 1976; Li and

Ghodrati, 1997). In one of the significant studies, van Stiphout ez al. (1987) used dye
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tracer and soil moisture measurements to study infiltration behaviour in macroporous
soil at the plot scale with both dry and wet initial soil moisture conditions. Droogers et
al. (1998) used dye staining technique with subsequent digital image processing to
quantify parameters for describing macroporosity in soils under different management
practices. It was reported that the number of pores, the average area per pore, and the
pore-shape were the most appropriate parameters to describe soil macroporosity.
Weiler et al. (1998) conducted artificial rainfall and tracer experiments on two
hillslope sites to identify runoff processes and to test a dual porosity physical based
numerical model (QSOIL). The results showed good agreement between the observed
and predicted runoff, water content, and matric potential. One of the two hillslopes
showed higher subsurface flow response due to the presence of soil micropores and
mesopores developed by plant roots. To understand the specific processes involved in
macropore flow Ghodrati ef al. (1999) conducted a dye tracer experiment with a Split
Macropore Column (SMC) in the laboratory. With a single macropore in a cylindrical
soil sample the effect of the physical parameters such as size, density, and continuity
of macropores were investigated and the results suggested that the macropore flow
was mostly influenced more by matrix-macropore size ratio than by the macropore
size alone. Ohrstrom et al. (2002) carried out a field investigation in semiarid Tunisia
to investigate spatial variability of preferential pathways in both hillslope and plot
scales. Analysis of dye distribution patterns indicated that the preferential pathways
were randomly distributed. The results also showed that the physiographic features of
the watersheds such as nose, slope, and hollow significantly influenced the dye
infiltration patterns. Wahl et al. (2003) conducted dye tracer experiments on confined
irrigation plots and the stained and unstained areas at different depths were analysed
using GIS-software to study the infiltration capacity and macroporosity of soil under
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different tillage systems. van Schaik et al. (2010) used dye tracer infiltration patterns
for physical based parameterization of macropore flow. A physically based macropore
concept was embedded in the SWAP model by using dye infiltration patterns to
parameterize macropore infiltration at three locations of a catchment. The model with
the calibrated parameters was validated under natural field conditions with measured
data. It was found that runoff production could be better simulated using the
macropore component of the model. Bachmair et al (2010) evaluated the
performance of two dual-permeability models under different land use and land cover
(LULC). Dye tracer sprinkling experiments were conducted in five sites with similar
soils but different LULC. Measurements of water contents were taken at different
depths using time domain reflectometers. The experimental data were compared with
model simulations to study water content changes, solute distribution profiles, and
maximum infiltration depths. The results suggested that LULC effects need to be
better incorporated into the conceptualization and parameterization of infiltration and
percolation in hydrologic models for better predictions regarding water quality and

quantity.

2.4.3 Subsurface stormflow

Subsurface stormflow is the quick interflow through the upper soil layer
mainly through the preferential pathways of soil. The lateral movement of water
through non-capillary pores and concentrated flow in soil pipes and fissures (Gregory
and Walling, 1973) has gained the attention of many researchers. Hursh and Brater
(1941) suggested that in small forested catchments subsurface stormflow along soil
layers together with groundwater movement near stream channels could account for a
major portion of the hydrograph peak. However, overland flow seemed of much less

importance in this regard. Roessel (1950) and Fletcher (1952) observed that
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subsurface stormflow through large non-capillary pores accounted for the major part
of storm runoff from undisturbed forested watersheds. Subsurface stormflow can be
significant under both saturated (Kirkby and Chorley, 1967; Kirkby, 1969; Kirkby,
1978; Calver et al., 1972) and unsaturated (Whipkey, 1969; Jones, 1971) conditions.
Subsurface stormflow response from hillslopes are influenced by several factors like
antecedent moisture condition, rainfall intensity, rainfall depth, topography, and the
physical characteristics of preferential flow network (Tsuboyama et al., 1994; Sidle et
al., 1995 and 2000; Uchida et al, 2005; Tromp-van Meerveld and McDonnell,
2006a). van Schaik ef al. (2008) studied the influence of preferential flow on hillslope
hydrology in semi-arid region. It was found that the hillslope hydrological system
consists of soil matrix and macropore domains, which can interact depending on
water contents. It was also reported that based on storm characteristics the
contribution of macropore flow in total subsurface runoff ranged from 13 to 80
percent.

Direct field measurements of subsurface stormflow by intercepting the flow
digging a trench or pit, have been reported by many researchers (Tsukamota, 1961;
Hewlett and Hibbert, 1963; Whipkey, 1965; Dunne and Black, 1970; Knapp, 1973).
However, excavation of such pits may distort the flow net upstream to the face of the
pit and thus the flow hydrograph may get affected (Knapp, 1973). Under extreme
magnitudes of lateral preferential flows, the stability of the face of the pit may also be
a matter of concern. In this regard, piezometers and soil profile moisture monitoring
systems may be a better alternative. Hydrometric studies using dye tracing and
subsurface flow measurements (Mosley, 1979 and 1982) concluded that rapid flow of
new water through soil macropores was capable of accounting for storm period
streamflow. However, some of the researchers have emphasized on the fact that the
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rapid discharge of water through the soil macropores is mainly the ‘old water” which
is stored in the soil from the antecedent storm events (Abdul and Gillham, 1984;
Stauffer and Dracos, 1986; McDonnell, 1990). Montgomery et al. (1997)
demonstrated the importance of flow through near-surface bedrock on runoff
generation and pore pressure development in shallow colluvial soil on a steep,
unchanneled zero-order catchment under natural rainfall and sprinkling experiments.
Freer et al. (1997) highlighted the importance of understanding the dominant
downslope hydraulic gradients at the hillslope scale, which may not necessarily be
represented by surface topography. This is important for the evaluation of spatial
model predictions where the underlying subsurface topography is significantly
different from that of the surface and, therefore, would significantly alter the spatial
pattern of any topographic indices derived from digital terrain models. It was
emphasized that if the surface and subsurface hydraulic gradients and dominant flow
paths are correlated then it is not necessary to document the subsurface topography.
Negishi et al. (2004) studied stormflow generation in a tropical headwater zero-order
basin characterized by steep slopes and shallow soils in peninsular Malaysia. Kienzler
and Naef (2006) investigated the interdependency of spatially and temporally variable

factors towards preferential subsurface stormflow generation in shallow soil layers.

Modeling subsurface flow in macroporous soils is a critical task as the flow
geometry through soil macropores can change even within very short distances
(Beven and Germann, 1982). Preferential flow models have been developed for a
single pipe (Tsutsumi et al., 2005), for hillslopes (Faeh ef al., 1997; Weiler and
McDonnell, 2007), and for watersheds (Beckers and Alila, 2004). Both analytical and
computational techniques have been adopted for modeling subsurface stormflow. For

modeling high velocity of flow through soil macropores Mosley (1979) used an
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effective hydraulic conductivity calculated based on tracer velocity, effective
porosity, and a hydraulic gradient equal to the bed slope. Sloan et al. (1983)
suggested the use of an effective hydraulic conductivity based on a baseline hydraulic
conductivity obtained from direct measurement of soil samples collected from
hillslopes. The lower limit of effective hydraulic conductivity is the baseline hydraulic
conductivity and higher order values as a multiple of this can be adopted to account
for higher flow rates owing to the effect of soil macropores. Smith and Hebbert
(1983) used mathematical simulation for interdependent surface and subsurface
hydrologic processes. Beven (1982) provided analytical solutions for some simple
cases of subsurface stormflow with simple kinematic theory for saturated and
unsaturated flows. Solutions for rising, falling, and partial equilibrium hydrographs
were given. Sloan and Moore (1984) evaluated five mathematical models for
predicting subsurface flow. The models included one- and two-dimensional finite
element models based on Richard’s equation, a kinematic wave model, and two
simple storage discharge models based on kinematic wave and Boussinesq
assumptions. They reported that the performance of simple storage-discharge models
were comparable to that of complex finite element models. Germann and Beven
(1985) approximated infiltration behavior into soils with sorbing macropores
considering a two-domain flow. The matrix domain, where the water is subjected to
capillarity, the infiltration was approximated by Philip’s sorptivity concept (Philip,
1957). In macropore domain water was assumed to move only under gravity and the
flow was approached by kinematic wave theory. A sink function was introduced to
account for water sorption by the soil matrix. The model was tested for infiltration
into an undisturbed block of soil containing macropores. Germann et al. (1986)
demonstrated the importance of saturated layers on the initiation of subsurface
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stormflow in a sloping forest soil. The kinematic wave theory was applied in the
model and the distribution of flow parameters (macropore conductance and sorbance),
that were used to represent macropore flow processes within a given soil, were
derived. The model successfully reproduced the hydrograph peaks for a number of
experiments. Germann and Beven (1986) used a distribution function approach to
model water flow in soil macropores based on kinematic wave theory. Fisher (1997)
developed a one-dimensional finite difference model for saturated subsurface flow
within a hillslope by solving Boussinesq equation. The model uses rainfall, elevation
data, a hydraulic conductivity, and a storage coefficient to predict the saturated
thickness in time and space. But the model was limited in its ability to reproduce
historical piezometric responses. Fan and Bras (1998) presented analytical solutions
to hillslope subsurface stormflow and saturation overland flow. Combining continuity
equation with a kinematic form of Darcy’s law, a quasi-linear wave equation was
obtained and it was solved applying the method of characteristics to develop a one-
dimensional model. Troch ef al. (2002) produced a more general analytical solution to
the hillslope-storage kinematic wave equation for subsurface flow. Weiler and
McDonnell (2004) studied in detail about the actual structures in the soil that promote
and conduct a lateral water transfer. They used a new virtual experiment approach to
identify the control of water flow and solute transport at the hillslope scale for two
hillslopes in New Zealand and Japan. Their investigations revealed threshold behavior

observed at these and other experimental hillslope sites around the world.

Some catchment scale models have also shown significant improvements
after incorporating rapid subsurface flow component into them. Vertessy and
Elsenbeer (1999) described a process-based distributed model (Topog SBM) for

storm flow generation consisting of a simple bucket model for soil water accounting,
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a one-dimensional kinematic wave overland flow scheme, and a contour-based
element network for routing surface and subsurface flows. Scanlon et al. (2000) used
a modified version of TOPMODEL to simulate the observed catchment dynamics.
The model considered macroporous subsurface stormflow zone as a hydrological
pathway for rapid runoff generation. Further, a generalized topographic index theory
was applied to the subsurface stormflow zone to account for logarithmic storm flow
recessions, indicative of linearly decreasing transmissivity with depth. Walter et al.
(2002) extended the TOPMODEL theory to develop a model (STOPMODEL) for
shallow-soil subsurface flow. The common TOPMODEL theory implicitly assumes a
water table below the entire watershed and this does not conceptually apply to
systems hydrologically controlled by shallow interflow of perched groundwater.
STOPMODEL provides an approach for extending TOPMODEL’s conceptualization
to apply to shallow, interflow-driven watersheds by using soil moisture deficit instead
of water table depth as the state variable. STOPMODEL equations are derived using a
hydraulic conductivity function that changes exponentially with soil moisture content.
Zhang et al. (2006) introduced the macropore domain in Representative Elementary
Watershed (REW) model for describing preferential flow of water in both vertical as
well as lateral directions. The lateral macropores were assumed parallel to the soil
surface and no exchange between macropores and matrix was considered. The mass
balance equation of the model had been reformulated to account for the quick
subsurface stormflow. It was clearly demonstrated that subsurface stormflow

contributed considerably to stream flow in the study area.

More recently, Tromp-van Meerveld and Weiler (2008) stressed on the need
of including bedrock leakage, variable soil depth, and preferential flow to model

subsurface flow response from the hillslopes. Graham et al. (2010) applied a forensic
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approach by combining irrigation and excavation experiments in the Maimai hillslope
to determine typology and morphology of lateral subsurface flowpaths. The controls
of topography and bedrock permeability on these flowpaths were also studied. The
experiments showed that downslope flow was concentrated at the soil bedrock
interface, with flowpath locations controlled by small features in the bedrock
topography. Lateral subsurface flow was characterized by high velocities, several
orders of magnitude greater than predicted by Darcy’s Law, using measured hydraulic
conductivities at the site. It was found that the bedrock was moderately permeable and
the vertical percolation of water into the bedrock was a potentially large component of
the hillslope water balance. The experimental findings were incorporated in a
conceptual model of hydrological processes to address the threshold response of
hillslopes to rainfall (Graham and McDonnell, 2010). Vogel et al. (2010a) reported
that the formation and intensity of preferential flow depends on the contrast between
the hydraulic properties of the two flow domains as well as the properties of their
interface. Physical coupling and numerical coupling of the respective governing
equations were targeted. The governing equations were solved using sequentially
coupled and fully coupled approaches. It was found that fully coupled approach was a
numerically more robust alternative. Vogel et al. (2010b) studied soil moisture
dynamics at an experimental hillslope site using a one-dimensional dual-continuum
model. The water present in soil matrix and the one flowing through the preferential
pathways were treated as two separate but mutually communicating soil water
continua. The '®O isotope was used as a natural tracer to study the role of preferential
flow in the formation of shallow subsurface runoff. It was found that the dual-
continuum model could explain the observed process of subsurface hillslope
discharge.
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2.4.4 Lateral preferential flow

At field scale or catchment scale the influences of preferential flow mainly
depend on the connection of vertical and lateral preferential flow paths (van Schaik,
2010). The process of vertical infiltration in macroporous soils has widely been
addressed by many researchers (Germann and Beven, 1985; Beven and Clarke, 1986;
Ruan and Illangasekare, 1998; Weiler and Naef, 2003; Weiler, 2005). But, in many
instances lateral preferential flow through the macropores as gravity flow or flow
through areas with higher permeability than the surrounding soil matrix, can become
significant (Weiler et al., 2005). Many studies have reported lateral preferential flow
to be an important component for soil water balance, mainly in forested hilly areas
(Jones, 1997; Uchida et al., 2005; Tromp-van Meerveld and McDonnell, 2006b;
Negishi et al., 2008). In humid forested hillslopes the preferential flow features can
be relatively short (Noguchi et al., 1999; Terajima et al., 2000). However, in some
steep forested hillslopes large preferential flow features have been reported (Roberge
and Plamondon, 1987; Kitahara, 1993; Uchida et al., 1999). Even if the preferential
pathways are short, due to their network and connectivity they can impart high
subsurface flow velocity to result in quick runoff response (Peters et al., 1995; Tani,
1997; Hutchinson and Moore, 2000). Saturated soils are also known to provide
connectivity between the preferential pathways (Steenhuis et al. 1988; Sidle et al.
2001). Therefore, in vegetated hillslopes of wet tropical and sub-tropical watersheds,
well connected macropore network is primarily responsible for generating rapid
lateral stormflow response during high intensity storm events.

The role of soil macropores in generating rapid subsurface flow in forested
hilly watersheds has been identified long back (Mosley, 1979) and a number of

investigations have reported on different aspects of preferential flow and their
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modeling (Beven, 1982; Germann et al., 1986; McDonnell, 1990; Faeh et al., 1997;
Bronstert, 1999; Beckers and Alila, 2004). Considering the wide spatial and temporal
variability of soil macropores and their functional behavior (Weiler and McDonnell,
2007), there are a number of areas to be addressed for better conceptualization of
lateral preferential flow at the hillslope scale. Therefore, in the recent trend of studies
on macropore dominated lateral flow generation in hillslopes, due importance has
been given on extensive field investigation for better understanding of the processes
and subsequent development of physical based models (Bronstert and Plate, 1997,
Faeh et al., 1997, Beven, 2000b; Weiler and McDonnell, 2007; Anderson et al.,
2008).

Some preferential flow models used at hillslope or catchment scale do not
actually include lateral preferential flow. The rapid subsurface stormflow is described
mainly with vertical preferential flow connected to shallow lateral groundwater flow
on the bedrock surface (Zehe et al., 2001; Christiansen et al., 2004; Beckers and
Alila, 2004). Sidle et al. (2000) reported that subsurface flow contributes more to
storm runoff than overland flow in steep forested catchments. However, the flow
domain in a forested hillslope soil can be subdivided in two different components viz.
matrix flow and preferential flow through well connected macropore network (Uchida
et al., 2002). The lateral flow velocity through the soil macropores is expected to be
very high as compared to that of the surrounding soil matrix. However, in the process
of rapid subsurface stormflow generation soil macropores are supposed to contribute
the major portion of subsurface runoff occurring within first few hours of high
intensity storm events (Sloan and Moore, 1984). To incorporate this behavior some
researchers introduced a dual-porosity concept (Gerke and van Genuchten, 1993; Ray
et al., 1997; Larsson and Jarvis, 1999) or considered different flow velocities in soil
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matrix and macropores (Beckers and Alila, 2004). However, some of the models
suggested the adoption of an effective lateral hydraulic conductivity, which can be
several times higher than the actual saturated hydraulic conductivity of the soil
matrix, to account for the higher subsurface flow rates (Sloan et al., 1983; Fan and
Bras, 1998; Troch et al., 2002; Rezzoug et al., 2005). Such approximations might
give a reasonable correlation with the total subsurface flow hydrograph, but the
bifurcation of runoff hydrograph into soil matrix and macropore flow is not addressed
thoroughly. The actual contribution of macropores in total subsurface stormflow can
be one of the important aspects that need to be evaluated. Beven and Germann (1982)
in their famous review paper suggested that the size of macropores and their numbers
do not necessarily indicate the generation of active preferential flow; but it is the
connectivity of the mocropores that imparts the hydraulic effectiveness. Different
number of macropores can be effective under different hydro-geologic conditions.
The process of water supply to macropores is a function of antecedent moisture
condition, rainfall intensity, rainfall amount, hydraulic conductivity of soil matrix, and
surface contributing area (Trojan and Linden, 1992; and Léonard ef al., 1999).
Bronstert and Plate (1997) proposed a comprehensive hillslope model
(Hillfflow 3D) to simulate the hydrological processes like interception,
evapotranspiration, infiltration into soil matrix and macropores, lateral and vertical
water flow in soil matrix and preferential flow paths, surface runoff, and channel
discharge. Jones and Connelly (2002) presented a semi-distributed physically based
pipe flow model to simulate ephemeral and permanent flow in soil pipes. The water
flow in pipes was calculated as a function of wetted perimeter of soil pipe, length of
pipe, and velocity at which water enters the pipe. The complexity of a branching
network was also taken into account. Herbst and Diekkruger (2003) developed a
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simplified finite element approach to model the spatial variability of soil moisture in a
micro-scale catchment. The surface runoff and macropore flow processes were
conceptualized in the model. The model performed reasonably well to predict the
measured hydrograph. But, the subsurface flow response was underestimated by the
model. Brooks (2003) reported that the bulk lateral hydraulic conductivity of a soil
greatly depends on depth of saturation. For macroporous soils the use of a double
exponential relationship between saturated hydraulic conductivity and depth was
suggested. This approach was similar to the dual porosity approach, where the lateral
saturated hydraulic conductivity is raised exponentially when the topsoil becomes
saturated. The model could account for rapid lateral flow under saturated soil
conditions, but the process of rapid subsurface flow in unsaturated conditions were
not addressed. In one of the recent studies Ticehurst ez al. (2003) used a physically
based model to conduct a sensitivity analysis of subsurface lateral flow in south-east
Australia. Uchida et al. (2005) reported that lateral preferential flow is highly
threshold dependent and a certain amount of rainfall threshold is required to activate
lateral preferential flow. Therefore, it seems to be more realistic to develop a model
which can compute the contribution of lateral subsurface flow through soil matrix and
macropores separately and also can indicate the number of macropores which are
hydraulically effective under different hydrologic conditions. Weiler and McDonnell
(2007) presented a new approach to formalize the qualitative explanation of complex
preferential flow into a numerical model structure. Field observations were used to
evaluate the model for its ability to capture flow and hydrograph composition. Model
outputs were generated with different pipe network geometries for its calibration and
validation. It was suggested that preferential flow can be parameterized within a
process-based model structure. Anderson et al. (2009) conducted tracer experiments
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in a preferential flow dominated hillslope to measure the subsurface flow velocities. It
was reported that the subsurface flow velocities were more closely related to the 1-h
rainfall intensity than to the antecedent moisture conditions. Very little water table
response of the plot indicated that preferential flow operated independently from soil
matrix and the majority of flow was carried through the preferential pathways during
the storms. It was also found that the subsurface flow velocities were more for shorter
length of slopes. It was concluded that the preferential flow network of the hillslope
was an important factor to control the subsurface flow velocity. Anderson et al.
(2010) characterized the subsurface flow processes in a watershed by monitoring
water table dynamics using piezometers. The study was focused to characterize water
table-runoff relationship, to identify the existence of preferential flow, and to test the
feasibility of identifying areas within the watershed that are dominated by lateral
preferential flow. Tang et al. (2011) studied lateral subsurface flow generation to
quantify its contribution in nutrient loading in streams. Hillslope hydrology and
stream hydrology were simultaneously monitored and the subsurface flow was
separated from observed storms by chemical mixing model. It was found that lateral
subsurface flow mainly delivered nitrates to the stream. Therefore, it was suggested to
put more attention on lateral subsurface flow generation processes of hillslopes to

control non-point source surface water pollution.

2.5 Conclusion

From the above discussions on the available literatures related to different
aspects of hillslope hydrology it was clear that the preferential pathways have
significant control on both surface and subsurface runoff generation processes in
hillslopes under different hydro-geologic conditions. Preferential flow is also known

to trigger the hydrological problems like occasional flash flood, accelerated soil
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erosion, slope failure and landslides, surface and groundwater pollution in many
watersheds around the world. For better assessment of the short and long term
hydrological impacts of these issues it is extremely important to identify the
dominating processes at the field level to have more clarity in understanding.
Considering the large spatial and temporal variability of the preferential flow features
and the extent of physical complexity of the controlling flow processes, it is difficult
to conceptualize and model preferential flow processes to full satisfaction. Most
importantly, from the studies conducted in different parts of the world for the past few
decades it has been quite clear that in general the dominance and extent of preferential
flow processes show wide variations. In a given region, not only the dynamic physical
structures of the macropores may be different, but also the degree of its influence on
the flow processes may vary widely. Therefore, in the present scenario before we
provide a generalized solution for preferential flow dominated hydrological response
of watersheds, it is important to have practical assessment of these flow processes in
different parts of the world. The reports and experimental evidences about preferential
flow from plot scale or catchment scale studies conducted in different watersheds
around the world should help to have a better insight to the problem in our hand.

In the above context, the Brahmaputra river basin of India, being one of the
largest river basins of the world, present a wide scope of hydrological assessment of
its dominating flow processes. The neighboring area of the basin is also known to
receive the largest depth of rainfall in the world. Under very high rainfall conditions
the vast undisturbed forested hillslopes of the river basin have significant hydrologic
impact on the region. The issues like devastating flash floods, accelerated soil erosion,
slope failure and landslides are very common in the river basin. But, the literature
survey shows that no detailed hydrological investigation has been carried out in the
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river basin to assess the role of preferential flow on the hydrological response of its
vegetated hillslopes. However, the outlook of the hydrologic condition prevailing in
the basin gives strong indications of the existence of extreme preferential flow
condition in the hillslopes. Therefore, the present study has been taken up in the
Brahmaputra river basin with the specific objectives mentioned in the previous
chapter to experimentally establish and model the hydrological response of a

vegetated hillslope plot in the river basin.
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This chapter presents a description of the study area and the selected
experimental hillslope plot in the Brahmaputra river basin. A detailed description of
the experimental setup and the methodologies for the in situ experiments are provided
herein. The typical characteristics of the hillslopes, climate, and hydro-geologic
conditions prevailing in northeast India have been elaborated in order to justify the
adoption of the experimental techniques. The descriptions of the laboratory setup and
the experimental procedures have been outlined. Detailed instrumentation used in the
hillslope plot and the data captured from natural and artificial storm events have been
presented. The observed field data and the results obtained from the experimental
investigations have been discussed in detail to draw suitable inferences about the

hydrological response of the hillslope plot.
3.1  Hillslope Experimental Site

An in situ field plot of 18 m X 6 m size on a natural hillslope, shown in Fig.
3.1, was selected in the Brahmaputra river basin (Singh et al., 2004). The geographic
location of the site is 26°12’ N latitude and 91°42’ E longitude with an elevation of
about 55 m above mean sea level. Fig. 3.2 shows the location of the experimental plot
in the Brahmaputra river basin. In order to quantify its topographic characteristics, a
detailed topographic survey was conducted with a uniform grid of 0.25 m, using a
total station of (£5 mm + 2 ppm) accuracy in all the directions. Fig. 3.3 shows the
digital elevation map of the experimental site. The average slope in the main sloping
direction is 20 percent whereas coefficient of variation of slope is 10.49% within the
plot. Therefore, the microtopographic variations within the plot can be considered

insignificant.
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Fig. 3.1 Hillslope experimental plot Fig. 3.2 Map of Brahmaputra River basin

Fig. 3.3 Digital elevation map of the experimental plot
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3.2  Soil, Vegetation, and Climate

The plot under study is reported to have deep, coarse loam soils, classed under
the hyperthermic family of Aquic Udifluvents (Vadivelu et al., 2004). The undisturbed
soil samples were collected from different locations of the plot. Five samples each
were collected from the top soil layer (0 — 40 cm) and the bottom soil layer (40 — 100
cm). Soil textural analyses were carried out using dry and wet sieving methods to
determine the sand, silt, and clay percentages. The bulk density, porosity, and
saturated hydraulic conductivity of the collected soil samples were also estimated. It
can be observed from the results (Table 3.1) that a coarse textured soil overlay a fine
textured soil layer in the subsurface profile. The upper soil layer with an organic top
layer of approximately 10 cm depth stores the soil moisture for the growth of
vegetation. The depth of the impermeable layer was about one meter below the
ground surface. Under saturated condition such a formation is known to be highly
conducive for rapid subsurface stormflow generation (Whipkey, 1965; Weyman,
1973; Kirkby, 1978). The range of bulk density was found to be 1.095 g/cc to 1.245
g/cc, whereas saturated hydraulic conductivity of the soil samples varied between 37
mm/hr and 70 mm/hr.

Sparse, moderate, and dense natural vegetation consisting of close growing
grasses and shrubs (Cynadon dactylon, Saccharum spontaneum, Mimosa pudica,
Ageratum conyzoides, Ageratum haustonianum, Lantana camara, Mikania micrantha,
Parthenium hysterophorus, etc.) covered the plot throughout the year. However,
degree of vegetation varied seasonally, depending upon climatic conditions. Table 3.2
lists different observed vegetation conditions of the hillslope plot.

The climate of the region may be divided into four primary seasons, namely,

winter (December - February), pre-monsoon (March — April), monsoon (May —
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September), and retreating monsoon (October — November). The average annual

rainfall of the study area is 1611.9 mm (Singh et al., 2004).
3.3  Design of the Experimental Setup

A hillslope experimental setup was designed for the study plot for conducting
plot scale runoff experiments. The setup was designed keeping in view the natural
hillslope conditions prevailing in northeast India, where very high intensity storm
events occur frequently. The main design criteria were as follows:

a)  The experimental setup should have proper size, so that the continuum

behavior of a hillslope can be studied.

b) It should be a mobile and flexible system so that it can be easily installed
on a natural hillslope.

c) The design should be simple and cost effective.

d) Unlike rainfall simulators, the installation of the setup should not be
affected by the presence of dense vegetation canopy and tree branches
that are quite common in the natural hillslopes of the region.

e) The setup should be able to produce high intensity storm events, which
frequently occur in the Brahmaputra river basin.

f)  The setup should be feasible to operate in steep hilly areas and should
have both surface and subsurface flow measurement systems with
minimum disturbance to the natural flow paths.

Keeping the above criterion in view, a sheet flow generation system has been
set up at the hillslope site (Fig. 3.1) to generate overland flow under various high-
intensity storm events. It consists of an upper channel on the upstream end of the
slope and one lower channel at the downstream end. Both the channels are of

rectangular cross section (Table 3.3). Fig. 3.4 shows the schematic diagram of the
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experimental set up. A centrifugal pump with a capacity of delivering about 40,000

I/hr at the required head of 28 m is used to feed water in the upper channel. Once the

channel is filled, water starts to spill from it and spreads over the entire plot in the

form of sheet flow. Two side plates were used to guide the overland water to the

lower channel where it was collected and discharged by another pump. Using

venturimeter as well as volumetric method, discharge measurement in both the

channels were carried out to obtain the inflow and outflow rates. Flow regulation

valves were used to regulate the inflow discharge.

Table 3.1 Soil profile data of the experimental plot

Saturated
. Hydraulic Average  Average  Average
Soil Layer Bull(( ]/Dce(::r)lsny Conductivity f"(;/reor:i%e Sand Silt Clay
. (K) YW (%) (%)
(mm/hr)
Range: 1.095-1.188  Range: 53 - 70
Top Layer 0.57 69.55 18.03 12.42
(0 - 40cm) Average: 1.139 Average: 62.48
Range: 1.212 - 1.245  Range: 37 - 46
Bottom Layer 0.53 59.08 29.83 11.09
(40100 cm)  Average: 1.240 Average: 42.43
Table 3.2 Different vegetation conditions of the study plot
Vesethtiod Stem Range of Maf{(;r;l;lm Ground
Month £ Density per ~ Plant Height Cover
Degree I (cm) Depth (%)
(cm)
August, 2005 Sparse <800 <15 44 <60
November, 2005  Moderate 800 - 2000 15-30 60 60-80
May, 2006 Dense > 2000 > 30 100 80-100
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Fig. 3.4 Schematic diagram of the experimental setup

Table 3.3 Design specifications of the experimental setup

Items Area (m?) Height (cm) Thickness of metal sheet
Upper channel 0.7x6 60 3 mm
Lower channel 0.5x6 40 3 mm

Side plate 15 cm depth; 15 cm height; 3 mm thickness
GI Pipe 100 mm diameter, length 43 m, each section of 2 m.
Pump 10 hp diesel engine centrifugal pump (Kirloskar)

TH-1047_06610405
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The main objective of this kind of setup was not to disturb the natural
conditions prevailing in the hillslope. Even the depths of side plates were kept only 15
cm, so that they should not affect the free lateral dispersion of infiltrated water
significantly. The inflow intensity (i) for the runoff events can be computed as

Inflow Intensity (i) = [Inflow Discharge / Area of the Plot]

The system was capable of simulating a wide range of extreme storm runoff
conditions. The setup was found to generate inflow intensities approximately in the
range of 50 mm/hr to 400 mm/hr. Steady overland flow conditions could be attained

with varying storm durations (15 — 120 minutes).
3.3.1 Limitations of the sheet flow generation system

As explained in the previous section, the designed experimental setup can be
used to generate controlled overland flow across a relatively less steep hillslope plot
having little micro-topographic variations. However, adopting such a system involves
some level of approximations. In case of the sheet flow generation system, inflow
enters the plot from the upslope part and gradually flows down the slope. As water
moves down the slope, it is slowly infiltrated into the soil below the overland flow
surface. As a result, the depth of flow should gradually decrease along the downslope
direction. However, in case of a natural rainfall event, the overland flow depth on a
hillslope increases in the downslope direction. Essentially there are some differences
between the reservoir based approach of controlling the flow over a hillslope and a
natural rainfall based event. But, it is obvious that a hillslope having high
macroporosity in the subsoil, generates very thin sheet of overland flow due to high
preferential infiltration. Practical measurement of such a low depth of overland flow,
on a hillslope, is difficult. In the present investigation, for the field observation of

overland flow depth wooden pegs painted with washable chalk were placed at
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different locations of the plot. At the end of the runoff experiments the approximate
maximum flow depths at those points were observed from the washed out paint of the
pegs. These observed flow depths over the plot were less than 10 mm for different
runoff events. Though, these can be considered as very coarse observations, they
indicate the generation of shallow overland flow on the experimental hillslope plot
which showed strong evidences of very high degree of active soil macroporosity.
Moreover, with such low depths of flow, the variation in overland flow depth over a
relatively small slope length of 18 m should not be significant. Apart from these, there
are strong evidences of frequent occurrence of extreme rainfall events in the
Brahmaputra river basin (Soja and Starkel, 2007), which generates large flood waves
in the main river and its tributaries (Karmaker and Dutta, 2010). Fig. 3.5 (a-b) shows
the Intensity-Frequency-Duration curves of two rainfall stations (Lakhimpur and
Guwabhati) of the region. These curves also depict that for durations 15-60 minutes,
high intensity storm events are quite frequent in Northeast India. It is important to
point out that the main target of the present study is to investigate surface and
subsurface flow generation processes under extreme rainfall events. Such high
intensity storm events are difficult to be generated on a plot size of 18 m x 6 m using
rainfall simulators. Due to very high rate of preferential infiltration of soil, rainfall
simulators may not generate any surface runoff from the plot. Not only the large
systems of rainfall simulators are costly, but also the installation of such a system on
the densely vegetated natural hillslopes of the region is difficult. On the other hand,
the sheet flow generation system, used in the present investigation, is capable of
producing extreme runoff conditions in such plots with reasonable flow depths and
their variations within the plot. The sheet flow generation system produces a spatially

averaged overland flow response of the hillslope plot, as the average inflow intensity
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is calculated based on the inflow discharge and the area over which the overland flow
spreads. The present investigation is focused on observing the lumped surface and
subsurface flow response of the hillslope plot under steady infiltration and wet
antecedent condition. Therefore, under the given circumstances the adoption of the

proposed sheet flow generation system seems to be technically acceptable.
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Fig. 3.5 Intensity-Frequency-Duration (IFD) curves of the stations
(a) Lakhimpur and (b) Guwahati
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3.4 Measurement of Infiltration

The phenomenon of entry of water into soil is known as infiltration. The
process of infiltration and the subsequent movement of water through the soil profile
play a significant role in the runoff generation process by affecting the timing,
distribution, and magnitude of surface and subsurface flow. Infiltration characteristics
of soil at a given location can be obtained by conducting controlled experiments on
small plots, whereas local scale or point measurement of infiltration can be done by

using an infiltrometer.
3.4.1 Double ring infiltrometer tests

Double ring infiltrometer is a simple and inexpensive method of determining
point infiltration in soils and its specifications are standardized by the Environmental
Protection Agency (EPA). Figs. 3.6 and 3.7 show a double ring infiltrometer and its
vertical wetting front movement, respectively. The instrument has two concentric
cylinders, which are filled with water during the experiment. The water in the outer
ring helps to maintain a vertical wetting front for the downward movement of water
below the inner cylinder. The measurement of infiltration is made in the inner
cylinder only. Fig. 3.8 shows the infiltration curve derived from double ring
infiltrometer test conducted on a plane agricultural land having nearly homogeneous
soil. However, this curve can significantly differ in case of infiltration measurements
using double ring infiltrometer on very steep vegetated hillslopes. In such cases, due
to the effect of gravity, the assumption of vertical movement of waterfront remains no
longer valid. Therefore, the subsurface flow pattern gets distorted and the infiltration
curve differs from the theoretical curve.

In the hillslope plot local scale infiltration measurements were carried out

using a double ring infiltrometer having an inner cylinder diameter of 30 cm. The
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diameter of the outer cylinder was 45 cm. To measure infiltration, the two cylinders
were inserted concentrically and a constant ponding depth of 15 cm was maintained in
both the cylinders while infiltration measurements were carried out in the inner
cylinder. This gives a measurement area of about 700 cm® for each set of experiment.
Infiltrations were measured in 10 locations of the plot (Fig. 3.9) under dry

(unsaturated) as well as wet (saturated or at field capacity) antecedent conditions

(Table 3.4). The infiltration tests under dry soil conditions showed no particular trends

Fig. 3.6 Double ring infiltrometer Fig. 3.7 Vertical wetting front movement
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Fig. 3.8 Infiltration curve obtained from a plane agricultural land having no
macroporosity in soil
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or patterns (Fig. 3.10). Moreover, even after more than 1.5 hrs since the start of the
experiment, the infiltration rate did not reach steady state condition for dry soil. These
behaviors are quite similar for infiltration in preferential flow dominated soils under
dry antecedent conditions (Blake et al., 1973; DeVries and Chow, 1978; Bouma et al.,
1980; Rogowski and Weinrich, 1981). The average infiltration rate varied within a
wide range of 18-256 mm/hr. However, under wet soil conditions the infiltration rate
tends to reach a near steady state condition after about one hour since the start of the
test (Fig. 3.11). The near steady state infiltration rate varied in the range of 42-130
mm/hr (Table 3.5). Macropore flow results in a large spatial variability of infiltration
and hydraulic conductivity within a soil profile (Zehe and Fliihler, 2001). The results
can be explained from the fact that under dry conditions soil suction pressure was
very high to result in higher rates of infiltration. The water flowing through the
macropores passed through different irregular paths of active soil macropore network
with significant interaction with the soil matrix. As a result, the irregular patterns of
infiltration were evident. But, under wet conditions soil suction was less and all the
macropores were primed for water flow and therefore, after sometime, a near steady
state infiltration condition was attained. However, from the wide range of infiltration
rates in both the cases it was clear that even within a small plot the effect of local
scale was dominating. Infiltration rates in the upslope locations were higher than the
downslope locations because of higher lateral gravity component at the upslope points
and probably also due to higher degree of active soil macroporosity.

It is worth mentioning here that the present investigation is focused on
studying hydrological response of the hillslope under high intensity storm events for

wet antecedent conditions only. Therefore, unsaturated flow behaviors were not
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Fig. 3.9 Infiltration measurement points in the hillslope plot
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Fig. 3.10 Double ring infiltrometer test for dry soil condition
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Fig. 3.11 Double ring infiltrometer test under wet antecedent condition

Table 3.4 Summary of the results of double ring infiltrometer tests

Antecedent Coefficient
! . Degree of Range of Mean ..
Location Moisture . : of Variation
Condition Vegetation Infiltration Rate (mm/hr) (%)
(mm/hr)
Locations 1-5 Dry Sparse 18-256 156 49
Locations 6-10 Wet Dense 42-130 85 37

Table 3.5 Measured steady infiltration rates in the plot for dense vegetation and wet
antecedent conditions

Infiltration Distance from Measured Steady Average Rate of
Measurement ~ Upstream End of the Infiltration Rate Infiltration, /4,
Point Plot (m) (mm/hr) (mm/hr)

6 3 130
7 2 97
8 8 86 85
9 10 68
10 16 42
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considered in this study for detailed analysis. Expectedly, the infiltration patterns
under dry soil conditions did not show any particular trend to indicate the presence of
high macroporosity in the hillslope soil. On the other hand, the local scale infiltration
data under wet antecedent conditions indicated that after some time a near steady
infiltration condition can be attained on the hillslope. Therefore, the steady infiltration
rate data for wet antecedent conditions were used to derive the functional relationship
to represent the spatial variation of steady infiltration rate over the plot. It was found
that the following linear function quite reasonably represented the variation of steady
infiltration rates along the length of the plot for wet antecedent conditions and dense

vegetation (Fig 3.12)

1) =1L [1.9—%} 3.1)

where L is the length of the plot (m), x is the distance from upstream end of

the plot (m) and f,,, is the average steady recharge rate (mm/hr) over the plot.

= 160 7 # Measured steady infiltration rate
<= X . . .
= ¥ X Steady infiltration rate from the function
g ]
=120
]
5
= .
2 80 x
s *
£
= 40 - *
g X
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Fig. 3.12 Spatial variation of recharge for dense vegetation and wet soil condition
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3.4.2 Estimation of infiltration from runoff plot experiments

As local scale measurements of infiltration showed wide range of variation,
spatially averaged infiltration rates over the hillslope plot were estimated by
conducting runoff experiments using a sheet flow generation system (Fig. 3.4).
Knowing the inflow and outflow hydrographs, the spatially averaged infiltration rate
over the plot was computed. The sheet flow generation system was preferred over
rainfall simulators as it was more suitable for simulating a wide range of high
intensity (50-400 mm/hr) storm events, which may be critical in terms surface and
subsurface hydrological response in macropore dominated hillslopes.

The runoff plot experiment results showed that steady state infiltration
conditions were attained much earlier (about 15 minutes) than the double ring
infiltrometer tests (Fig. 3.13). The results indicate (Table 3.6) lower average steady
infiltration rate values for sparse vegetation condition and higher values for dense
vegetation. This is in agreement with the fact that under dense vegetation higher root
density would enhance the macropore connectivity and thus result in higher
infiltration rate. However, double ring infiltrometer tests under dry condition
produced higher average infiltration rate (156 mm/hr) and under wet condition
produced much lower average infiltration rate (85 mm/hr). These can be attributed to
the local scale effects of measurement. It is also worth noting that Haws et al. (2004)
reported a Representative Measurement Area (RMA) of 400 cm?, above which the
scale effect on infiltration measurement was not significant. But, in the present
investigation even with a measurement area of about 700 cm?” the local scale effect
was clearly evident in double ring infiltrometer results. At smaller scales of
measurement such spatial variability of preferential infiltration is well reported in

literature (van Schaik, 2010).
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Table 3.6 Results of runoff plot experiments

Range of Range of Coefficient
Degree of  Antecedent Simulated Steady Mean of Variation
Vegetation Moisture  Inflow Intensity Infiltration Rate (mm/hr) (%)
Condition (mm/hr) (mm/hr) ’
Sparse Wet 59-361 33-139 62 45
Dense Wet 89-310 83-245 135 36
120 - A Rainfall Intensity - 89 mm/hr (Wet Soil, Dense Vegetation)
° e Rainfall Intensity - 115 mm/hr (Wet Soil, Sparse Vegetation)
100 - .
=
= 4
5 80- ot 4 4 4t TSN
o
]
S 40 -
=
=20
0 T T T T T T 1
0 5 10 15 20 25 30 35
Time (min)

Fig. 3.13 Infiltration rate from runoff plot experiments under different conditions

The infiltrations measured from runoff plots seems to be more accurate as they

represent infiltration rate spatially averaged over a larger area and thus considers the

soil continuum behavior by taking into account the macropore connectivity within the

soil (Sarkar et al., 2008a). Further, it can be noted that the saturated hydraulic

conductivity (Table 3.1) of soil matrix, as computed from soil textural data (Schaap et

al., 1998; Schaap, 1999), is much lower than the spatially averaged steady preferential

infiltration rate computed from runoff plot experiments. This clearly indicates the

high variability of infiltration rate due to the presence of macropores in the hillslope

soil.
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3.5  Characterization of Soil Macropores

The process of infiltration into macroporous soils is primarily controlled by
size, network, density, connectivity, depth-wise distribution of macropores, and
saturation of surrounding soil matrix. It is important to quantify soil macroporosity
and trace the dominating flow paths within continuous soil macropores to elucidate
the underlying flow mechanisms. To understand the flow behavior in active
macropore structures of saturated undisturbed soil columns, dye tracing experiments
and subsequent digital image processing techniques were employed. The method
provided quantitative information about number of macropores, average number of
macropores, maximum and minimum size of macropores, and volume density in
terms of stained path width with depth as an explanatory variable. These parameters
can be used to compare, evaluate, and quantify the differences in macroporosity under
different land use and land cover and management practices. The experimentally
derived quantitative data of soil macroporosity can have wide range of applications in
the region such as water quality monitoring and groundwater pollution assessment
due to preferential leaching of solutes and pesticides, study of soil structural
properties and infiltration behaviour of soils, investigation of flash floods in rivers,
and hydrological modelling of the watersheds (Shougrakpam ez al., 2010).

Similar to the present investigation, dye staining techniques have been used
widely by many researchers for characterizing soil macroporosity. It is worth
mentioning that for future studies the use of ion tracers for conducting infiltration
tests can be more useful, as in dye tests the soil columns are destroyed and no
information about the flow velocity through soil macropores can be obtained. Small
scale tracer experiments can be used to explore the preferential flow velocity

distribution (Weiler and Naef, 2003). Use of ion tracers can also provide spatial and
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temporal data on solute transport and their travel time. EI¢i and Molz (2009) used
bromide tracer to measure actual travel time of water flow in macroporous soils. They
found that the soil matrix permeability was much less than the measured soil matrix
plus macropore permeability. The use of the measured higher value of permeability
resulted in better simulation of their numerical subsurface flow model (MODFLOW).
Buttle and McDonald (2000) suggested that tension infiltrometry can be a rapid and
non-destructive method of assessing spatial variations in the relative contribution of
macropore flow to the infiltration process. For monitoring and understanding the soil
water processes, geophysical methods can also be helpful as they are non-invasive and
do not disturb either the structure or the water dynamics of the soil. Batlle-Aguilar et
al. (2009) used electrical resistivity tomography (ERT) for imaging water infiltration
dynamics in soil with a tension infiltrometer using Cl" and Br solution as tracer. The
method was used to determine soil hydraulic conductivity and sorptivity values. A
similar method of determining bulk density and macroporosity of soil is computer
tomography (CT). It is also a non-destructive method of obtaining spatial density
distribution of macropores and visualizing solute infiltration in soils (Olsen and
Borresen, 1997). Thus, the information about size and density distribution of soil
macropores, active flow network, flow velocity, and distribution of pore water
pressure can be used to better describe the infiltration process, which can help in the
process based modeling approach in hillslope hydrology (Weiler and McDonnell,
2004).
3.5.1 Experimental setup and methodology

In order to characterize the macropore structure of the hillslope soil, two
undisturbed soil columns were collected from the experimental plot. Each column

having a dimension of 25 x 25 x 50 cm, were carved from a pedestal of soil block. A
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rectangular chamber made of 6 mm thick Plexiglas sheet, was inserted from the top of
the soil column by careful trimming of the excess soil around the sides of the column
(Fig. 3.14). The samples were taken to the laboratory for the infiltration experiments.
The laboratory experimental setup consisted of a soil infiltrometer chamber, a square
overhead water tank, a square tray mounted on a stand, a hollow cylinder, and an
outlet for excess water flow (Fig. 3.15). The Plexiglas collection chamber was used as
infiltrometer chamber. The chamber containing the soil column was placed over the
tray and the tank was securely attached above the soil column with screws. Rubber
linings were used between the soil column and the Plexiglas chamber to minimize the
leakage of dyed water. A one meter long and 2.5 cm diameter profile probe soil
moisture meter (Delta T), equipped with a hand held data logger (Delta T), was
inserted through the middle of the soil column down to the bottom of the hollow
cylinder for monitoring the volumetric moisture content of soil. The instrument has
multiple sensors to capture, display, and store the moisture contents at different
depths. To minimize the damage to the soil column a sharp soil auger was used to
drill the 2.5 ecm diameter hole.

In order to establish a wet initial condition each soil column was subjected to
infiltration with clear water for a period of 3 hours with a ponding depth of 2 cm
maintained at the overhead water reservoir. By this time the profile probe readings
indicated a steady saturated condition of the soil column. Then the column was left
for 4-5 hours to allow the soil attain field capacity. Dye infiltration experiments were
then conducted. Brilliant Blue FCF (Cs;7H34N2Na,09S3) is commonly used as a dye
tracer and considered as one of the best available (Flury et al., 1994; German-Heins
and Flury, 2000). It has low toxicity, high mobility, and high visibility even after

dilution and adsorption (Weiler, 2001). In the present study, Brilliant Blue R250
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Fig. 3.14 Collection of soil columns from the plot
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Fig. 3.15 Laboratory setup for conducting dye infiltration experiments
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(C47H50N;307S,+; C.1. 42660) dye, which belongs to the same family of Brilliant dyes
and has similar staining characteristics like Brilliant Blue FCF, was used. Brilliant
Blue R250 is also known to have better resolution of the stained objects (Merril,
1990). The dye was applied at the rate of 4 g/l which was sufficient for clear visibility
of the stained macropore flow paths in soil.

Infiltration experiments were conducted with dye solution for each of the wet
soil sample by maintaining a ponding depth of 2 cm in the overhead tank. This
consideration is reasonable as the frequent high intensity storm events of the region
can result in such depth of ponded water on the soil surface. After 3 hours, supply of
dye solution was stopped and the soil was left for 4-5 hours for allowing proper
distribution of dye. Then the overhead tank and the Plexiglas chamber were removed
and the soil column was sliced horizontally by a sharp edged thin plate at 1 cm
intervals from the top to analyze the dye distribution patterns. The distortions in dye
patterns due to slicing were negligible as the soils were not cohesive and had low
water holding capacity. A graduated frame was placed on the soil surface to provide a
reference for the image analysis. Serial images of the horizontal slices were taken
using a digital SLR camera (Canon EOS 400D, 10 Mega Pixels resolution) for digital

image analysis of the dye patterns.
3.5.2 Image analyses

For accurate measurement of stained areas, the serial images were color
corrected, digitally rectified, and scaled (Fig. 3.16) to a resolution of one square
millimetre per pixel (Weiler and Fliihler, 2004). These corrected images were
analysed to determine the characteristics of macropore flow for the soil samples
collected from the hillslope plot. The stained paths indicated flow paths with

continuous macropore connectivity. The unstained pores that are visible on a
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horizontal slice are the macropores for which the connectivity has been disturbed.
Therefore, in relation to active macropore flow, the main area of interest was to
quantify the stained path width and their distribution in both horizontal and vertical
faces. Besides size of the stained paths, the distribution of these pores along different
sections has been described by means of spatial statistical parameters. The horizontal
and vertical dye patterns analyses of the images were conducted as follows (Weiler,

2001; Weiler and Fliihler, 2004).
3.5.2.1 Horizontal dye pattern analysis

Image analyses of the horizontal dye patterns were conducted to find the
percentage dye coverage of the stained patterns for each horizontal section. The
stained flow pathways obtained from dye tracer experiments were used to describe the
preferential flow behavior in soils. Quantitative parameters can be subdivided into
basic and morphometric parameters such as the total stained area or a geometric
description of stained objects and their spatial statistics. The objective of the
horizontal dye pattern analyses was to find out the depth function of the percentage
dye coverage area. The maximum likelihood algorithm available in Geomatica 10.0
software, was used to cluster the percentage dye coverage area of each horizontal
image. This algorithm is a probabilistic classification technique of the pixels into
different classes (Foody et al, 1992). A classification report after every image
analysis was generated as percentage coverage area of the identified objects. Finally,
classified images were compared with the original photographs to identify potential
errors. The results of the percentage dye coverage area were summarized to indicate
the percentage of stained flow path through each horizontal layer. Fig. 3.17 shows the
digitally processed horizontal dye patterns at various depths for a hillslope soil

column.
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Fig. 3.17 Digitally processed images of undisturbed hillslope soil at different depths
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Results of horizontal dye pattern analysis

The horizontal dye patterns provided detailed information about the maximum
depth of dye penetration and percentage dye coverage of the sections. For both the
soil columns percentage dye coverage versus depth was plotted. Fig. 3.18 shows the
depth wise distribution of percentage dye coverage for the two hillslope soil columns
(Column 1 and 2). Column 1 had maximum dye coverage of 9.91% at 5 cm depth and
an average of 3.71%, whereas Column 2 had maximum dye coverage of 7.42% at 9
cm depth and an average of 2.77%. In both the columns the color dye penetration was
clearly visible up to the last soil layer. This indicates the presence of continuous
macropores throughout the soil column. Such distribution of macropores can be
expected from densely vegetated undisturbed hillslope soils where growth of plant
roots provides connectivity to preferential pathways for water movement. The
occurrence of maximum dye coverage within 10 cm depth also represents higher root
density and activity of soil fauna and flora in the top soil layer. From the average dye

coverage, it can be noted that most of the flow pathways were concentrated to 3.71%

and 2.77% of total area in Column 1 and Column 2, respectively.
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Fig. 3.18 Depth wise dye coverage distribution of the two soil columns
3.5.2.2 Vertical dye pattern analysis

The percentage dye coverage areas of horizontal images were used to calculate

the statistical parameters of the vertical dye patterns. The vertical dye patterns provide
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a clear picture of the macropore flow processes at different depths. The basic
parameter called volume density has been frequently used by the researchers for
vertical dye pattern analyses (Weiler, 2001; Weiler and Fliihler, 2004; Bachmair, et
al., 2009). It is similar to the dye coverage area and can be derived by stereological
methods. Stereology is a mathematical procedure used for relating three-dimensional
parameters defining a structure to two-dimensional measurements obtained from the
sections of the structure (Weibel, 1979). The volume density (/v) can be derived from
one or two-dimensional information, as Vv can be related to the area density (44) and
length density (L;) as (Weiler, 2001)

Ww=A4=L (3.2)

The depth functions of the volume density with a vertical resolution of 1 cm were
derived from the observed dye patterns. Four transect lines were taken at each depth
to calculate volume density as the ratio of sum of the widths of intercepted stained
objects to the total transect length (Equation 3.3).

M (3.3)

L

Volume density =

where ZSP W = sum of the widths of intercepted stained objects, and

T, = total transect length

The other important parameter that can be useful to describe preferential flow
from vertical dye pattern analysis is the stained path width (SPW), which is the width
of the stained objects for each soil depth. The one-dimensional intercept length can
estimate the area of the object in two dimensions, if the object is isotropic (Weibel,
1979). Therefore, the object width for a given depth of the vertical dye pattern was
used as an indicator for the size of the object at that soil depth (Weiler, 2001). As it
may not be feasible to calculate the stained path widths for the entire horizontal slices
at each depth, it is done in four transect lines. The resulting SPW was also used to

derive statistical parameters such as maximum SPW and number of stained paths at
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each soil depth. Fig. 3.19 shows the concept of transect lines and stained path widths
taken on a horizontal surface and an arbitrary distribution of macropore pathways as
may be visible on a vertical section. Here the object widths are referred to as stained
path widths. After counting the number of stained paths they were grouped into five
SPW classes. Then the depth distribution of number of stained paths in each group
was taken to calculate the volume density. For a particular section, volume density
was calculated as the total number of stained paths divided by the width of the
section. Thus from the frequency distribution of the SPW at each section the volume
density related to the SPW classes were determined. The depth function of stained

path width was derived by combining all vertical dye patterns.

Stained objects

Transect Object width = Stained Path Width (SPW)

Fig. 3.19 Object width and stained path width (SPW) of dye patterns
Results of vertical dye pattern analysis

Vertical dye pattern analysis was carried out to derive the parameters volume

density, stained path width, depth wise distribution of SPW, and maximum SPW at
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the transects. These parameters were analyzed to interpret the soil macropore structure
and the process of water movement through the hillslope soil columns. A clear
indication of soil macroporosity in terms of their size and depth wise distribution
could be derived from the analysis.

The SPWs determined at each transect were classified into five groups based
on their size. Table 3.7 enumerates average volume densities of different SPW classes
at a particular transect for the two soil columns. The SPW classes 1-2 mm and 3-4
mm are clearly dominating, which indicates that most of the macropores present in the
soil have sizes in the range of 1-4 mm. Macropores greater than 4 mm in diameter are
comparatively much less in number.

Table 3.7 Distribution of average volume density with SPW at a particular transect

SPW Range

Column 1 Column 2

(mm)
1-2 0.027333 0.024015
3-4 0.020500 0.021913
5-7 0.010583 0.009371
8-10 0.004583 0.00172
> 10 0.001444 0.00049

Fig. 3.20 depicts the depth wise distribution of number of stained paths
encountered at a particular transect for the two soil columns. Column 1 had the
highest number of stained paths of 27 at 45 cm depth, whereas Column 2 had a
maximum of 24 stained paths at 25 cm depth. These clearly indicate the significant
number of the macropores present in the soil profile at the given vertical transects.
The maximum sizes of SPWs found at different depths were in the range of 2-23 mm.

Overall it was found that the 1-2 mm diameter macropores were present in maximum
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numbers throughout the soil profile of the hillslope plot. Such small diameter
macropores are mainly formed due to the growth of dense plant root network.

Fig. 3.21 shows that the volume density has a better correlation with the
number of stained paths than with the maximum width of the stained paths. This is
because the large diameter macropores are very few in numbers and therefore the
volume density is mostly influenced by the smaller macropores which are

significantly more in numbers.
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Fig. 3.20 Depth wise distribution of number of stained paths
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Fig. 3.21 Correlation of volume density with maximum SPW and number of
stained paths
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3.6  Subsurface Soil Moisture Monitoring System

As discussed in the previous sections, for conducting the in situ field
experiments in the hillslope plot, a wet antecedent soil moisture condition was
required to be established before the start of each experiment. To measure the spatio-
temporal variations of moisture content in the subsurface soil a reliable, quick, and
accurate soil moisture measurement device was required. Therefore, Delta-T soil
moisture profile probe (Fig. 3.22) was used for monitoring the soil moisture
conditions of the hillslope plot before, during, and after the experiments. The HH2
type moisture meter is a versatile unit for use with Delta—T moisture devices. The
instrument is especially designed for quick measurements in field. It can give
instantly the soil moisture data in volume basis (cm’/cm’) or millivolt (mV) and can
store up to 1100 readings with multiple user defined soil types. The accuracy of the
instrument is + 3%. This instrument is not only simple and versatile in operation, but
also permits up to 5 extra user defined soil calibrations to be characterized and stored
for later use. The active soil type can be switched at any time during the collection of
data, and can be specified separately for each sensor position on a single profile
probe. Moreover, it can automatically calculate the water deficit, based on data from
the individual sensors. Fig. 3.23 shows the detailed instrumentation of the
experimental hillslope plot. In the present investigations, soil moisture contents at
100, 200, 300, 400, and 1,000 mm from the ground surface were monitored at four

different locations (P1, P2, P3, and P4) of the plot (Fig. 3.23).

3.6.1 Calibration of the profile probe soil moisture meter

Before use, the profile probe soil moisture device was required to be calibrated
for the soil of the experimental hillslope plot. As the measurements were to be taken

at five different depths (100, 200, 300, 400, and 1,000 mm), at each depth the sensors
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Sensor Location

Fig. 3.22(a-c) Delta-T soil moisture meter (Type HH2)
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Fig. 3.23 Schematic diagram of the experimental setup and instrumentation in the
hillslope plot
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were calibrated. For this purpose undisturbed soil samples were collected from each
depth using soil core samplers. A simple calibration method (Miller and Gaskin,
1997) has been used for calibrating the instrument. The detailed calibration procedure
illustrated hereunder has also been used by Singh (2006).
Theory

The profile probe soil moisture device uses the concept of converting the
measured output of the sensor in millivolt (mV) to volumetric soil moisture content
(cm’/cm’). The measured sensor output (mV) can be directly related to the square root
of apparent dielectric constant (Ve) of the soil. If 7 is the measured sensor output then

it can be related to Ve by either of the following two equations:
Je=1.07+64V —64V> +47V°  with (R*=0.998) (3.4)
Je =1.1+4.44y with (R?=0.99) (3.5)
For soil specific calibration there is a simple linear relationship between the

complex refractive index (which is equivalent to V&) and volumetric water content (6)

given as (Whalley, 1993)

Je=a,+a,x0 (3.6)
where a_anda, are the coefficients required to be determined for a particular type of

soil.
Procedure

The collected undisturbed moist soil samples were immediately taken to the

laboratory and the sensor output (V,,) for all the soil samples were noted. Knowing the

value of V,, the value of /¢, was calculated from Equation 3.5. The moist weight

(W,, gm) and volume (¥, cm’) of the soil were noted before oven drying the samples.
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For oven dried samples (i.e. & = 0) the sensor outputs (7)) were observed and finally
the dry weight (W, gm) of the samples were taken. As V) is known, using Equation
3.5 the value of \/g were calculated for all the soil samples. For oven dried samples
moisture content () is zero. Thus, we get

ao= % (3.7

The volumetric water content of the samples can be determined from the following

equation:
0, = W, -W,) (3.8)
VV
Now from Equation 3.6 we get
AJE, —+E
a, = W—\/_O (3.9)

Finally, knowing the values of the two coefficients a, andq, for each sensor depth the

actual volumetric soil moisture content (6,) can be computed as

[1.1+4.44V]—a,

a,

0

a

(3.10)

where V' is the measured sensor output in mV at a particular sensor depth.

Following the above calibration procedure the sensors of the probe were
calibrated for the five different depths of soil (Fig. 3.24). The average values of the
coefficients a_ anda, determined for the hillslope experimental plot soil are 2.4 and
8.6, respectively. These values were used to convert the measured sensor output at a

particular depth to the actual volumetric soil water content.

3.6.2 Study of soil moisture profile in the hillslope plot
Spatial and temporal variations of soil moisture profile within the hillslope

plot before, during, and after the runoff experiments were precisely monitored using
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Fig. 3.24 Calibration of the profile probe sensors at different soil depths

the profile probe soil moisture sensor. Interesting observations could be made from
the soil moisture distribution patterns in the hillslope soil. After establishing a wet
antecedent moisture condition in the plot, runoff events were simulated using the
sheet flow generation system. Fig. 3.25 (a-d) shows the temporal variations of the
volumetric moisture contents of soil at different depths at the four selected locations
(P1, P2, P3, and P4) of the plot. With a wet antecedent condition, the plot was
subjected to a runoff event having inflow intensity 250 mm/hr for 30 minutes
duration. The graphs clearly show that once a wet antecedent moisture condition is
attained, the moisture content of soils at different depths remains almost constant
during the runoff events as well as after the cessation of surface runoff. It can be
observed that the constant soil moisture conditions over the plot have been attained
very quickly during the runoff event. It also indicates that under wet antecedent
condition, a steady infiltration/recharge condition has been attained in the hillslope

plot within a very short time. It is a very important finding related to the present
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Fig. 3.25(a-d) Temporal variations in soil moisture contents at different depths (b.g.1.)

in the hillslope plot during and immediately after runoff experiment
investigation. Here the main focus is to capture and understand the flow processes
under initially wet soil condition. The unsaturated flow processes related to the
buildup of soil moisture content from its initial dry condition is beyond the scope of
this study.

Soil moisture content measurements were also done for prolonged periods
after the runoff experiments. Fig. 3.26(a-d) shows the depth-wise variations of soil
moisture contents in the hillslope plot recorded for a long duration of about 35 hours
since the completion of runoff experiment. These figures also suggest that once a wet
antecedent moisture condition is attained, soil moisture contents remains almost stable
for a long duration. Therefore, once the soil was wetted, it remained at field capacity
for 2-3 days even if there was no artificial runoff or natural rainfall. This is a
significant finding, because from the early monsoon showers the topsoil of the
hillslopes is expected to be wet and then it remains at field capacity for a significant
period. Therefore, the subsequent storm events are extremely critical for the

generation of rapid subsurface stormflow from these hillslopes.
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Fig. 3.26(a-d) Temporal variations in soil moisture contents at different depths (b.g.1.)
in the hillslope plot for prolonged duration after runoff experiment

The spatio-temporal variations in the soil moisture profile along the centre line
of the hillslope plot can also be studied from the profile probe measurements taken
before, during, and after the runoff experiments. Fig. 3.27(a-h) shows the distribution
of soil moisture at different time steps along the central transect of the plot for a
simulated inflow intensity of 305 mm/hr continued for 40 minutes duration. The
figures clearly depict that after a wet antecedent condition has been established, the
moisture content in the top soil layer does not vary. The middle layer soil (300-400
mm) has relatively low but stable moisture content. Temporal variations of the soil
moisture profiles indicate that the infiltrated water bypasses this layer to reach the
bottom layer where the build up of water table takes place over the impermeable bed
and causes lateral diversion of water in the form of subsurface stormflow. Such
bypassing flow patterns within the soil combined with rapid buildup and recession of
water table in the hillslope soil profile strongly indicates the existence of highly active

lateral preferential pathways in the subsoil.
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Fig. 3.27(a-h) Measured subsurface soil moisture profiles of the hillslope plot at
different time steps

3.7  Observation of Overland Flow in the Hillslope Plot
3.7.1 Insitu overland flow experiments

To study the overland flow behavior on the experimental hillslope plot a
number of runoff experiments were conducted with a wide range of inflow intensity
and duration. From dye tracing experiments it has been identified that the hillslope
soil has a highly connected active preferential flow network. Furthermore, from the
previous experimental evidences it is well understood that in the process of
preferential flow generation, moisture content at the top-soil layer initially increases
from its antecedent condition to its field capacity, where it then remains fairly
constant. But, as another successive storm event follows, a saturated layer is
developed over the impermeable bed and then it gradually grows towards the top and
due to lateral preferential flow and gravity effect it tends to flow in the lateral
direction (Kirkby, 1978). A similar kind of initial wet antecedent conditions were

established before the start of the in situ experiments.
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The overland flow experiments were conducted in three different seasons
representing three distinct vegetation conditions to study the effect of change in
physical condition of the plot on infiltration and overland flow behavior. After
saturating the hillslope in order to establish a wet initial condition, a constant inflow
discharge from the upper channel was maintained to establish steady recharge
condition over the slope. Table 3.8 lists the summary of the runoff experiments
conducted.

Table 3.8 Summary of the in situ overland flow experiments conducted

Range of Average

Vegetation No. of Antecedent
» . Inflow Seasonal .
Condition  Experiments . Moisture
Month and Year Conducted Intensity ~ Temperature Condition
(mm/hr) (°O)
August, 2005 Sparse 10 59 to 361 28 Wet
November, 2005  Moderate 11 80 to 406 20 Wet
May, 2006 Dense 13 87to 310 26 Wet

3.7.1.1 Experimental results of overland flow

A total of 34 overland flow experiments were conducted on the hillslope plot
varying the inflow intensities in the range of 59 to 406 mm/hr. Out of these 10, 11,
and 13 experiments were conducted under sparse, moderate, and dense vegetation
conditions, respectively. Duration of the runoff events were between 15 and 120
minutes. Table 3.9 enumerates details of the overland flow experiments conducted
and the different estimated parameters. In each of the runoff events time of
concentration and the resulting outflow at the downstream channel were recorded.
Fig. 3.28(a-f) shows the typical nature of the outflow hydrographs obtained from the
experiments conducted under different conditions. The initial time lag in the

hydrographs represent the time of concentration (z.). Within a very short time the
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Table 3.9 Details of the overland flow experiments conducted

‘ ' Constant Runoff Steady‘
Experiment Vegetjclt'lon InﬂoW Duration Preferenftwl Runoff
No. Condition Intensity (min) Infiltration Coefficient
(mm/hr) Rate (mm/hr)
1 128 25 65 0.49
2 59 42 33 0.44
3 115 30 55 0.52
4 167 20 77 0.54
5 361 15 139 0.61
Sparse
6 85 32 43 0.49
7 136 25 67 0.51
8 72 45 37 0.49
9 158 35 74 0.53
10 79 60 36 0.54
11 121 25 62 0.49
12 406 19 177 0.56
13 298 30 130 0.56
14 276 60 135 0.51
15 103 30 48 0.53
16 Moderate 229 30 105 0.54
17 80 30 52 0.35
18 241 30 90 0.63
19 339 24 150 0.56
20 174 25 80 0.54
21 270 30 90 0.67
22 132 51 112 0.15
23 190 120 167 0.12
24 300 15 175 0.42
25 310 27 245 0.21
26 87 62 86 0.01
27 214 63 172 0.20
28 Dense 95 42 87 0.08
29 305 60 214 0.30
30 89 36 84 0.06
31 91 48 83 0.09
32 134 57 98 0.27
33 97 51 93 0.04
34 184 41 145 0.21
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Fig. 3.28(a-f) Outflow hydrographs from the hillslope plot for the overland flow
experiments conducted under different conditions
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outflow becomes almost steady, only with some minor fluctuations, which in general
occur in experimental observations. This phase represents a constant and steady
infiltration condition of the soil, referred as preferential infiltration rate (f,). The
steady discharge in the outflow hydrographs and constant soil moisture profile
conditions during this stage, measured by the profile probe sensor, also indicates the
attainment of steady recharge/infiltration condition over the hillslope plot. The values
of 1, have been computed from the in situ field experiments knowing the inflow and
outflow hydrographs (Table 3.9). This f, is basically the spatially averaged steady
infiltration rate over the hillslope plot.

Fig. 3.29 represents the relationship between 7. and inflow intensity (i) under
different degrees of vegetation in the experimental plot. It shows that 7. is dependent
on both inflow intensity and degree of vegetation. Vegetation roots are known to
create new preferential flow paths as well as establish connectivity between the
existing soil macropores to make them hydrologically active. Therefore, the rooting
characteristics of surface vegetation under different conditions are closely associated
with the seasonal dynamics of preferential pathways in soil (Beven and Germann,
1982; Ziegler et al., 2004; Scanlan and Hinz, 2007; Sarkar et al., 2008b;
Shougrakpam et al., 2010). It can be observed from the figure that the 7. curves
representing sparse and moderate vegetation conditions are close to each other but
under dense vegetation the curve is distinctly separated. As between different seasons
there were almost no apparent change in the physical conditions of the plot except
vegetation density, one possible reason can be that under sparse and moderate
vegetation densities the response of active macropore network in the subsoil, as
indicated by the preferential infiltration rates (Table 3.9), were similar. But, under

dense vegetation higher root density may have created more active preferential flow
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network within the subsoil. Lower values of runoff coefficients were also observed
under dense vegetation condition compared to sparse and moderate vegetations (Fig.
3.30). As a result, higher values of 7. were evident for dense vegetation with similar

power relation with inflow intensity.

6 -
@® Sparse

5 -
® Moderate
A Dense

Time of Concentration (min)
(98
L

0 100 200 300 400 500
Inflow Intensity (mm/hr)

Fig. 3.29 Variation of time of concentration (¢.) with inflow intensity (i)
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Fig. 3.30 Observed runoff coefficients for the overland flow experiments
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The experimental results revealed that in most of the cases the preferential
infiltration rate is higher than the average saturated hydraulic conductivity of the soil
matrix (50 mm/hr), which was approximated from the USDA (United States
Department of Agriculture) soil textural classes and bulk density of soil samples
collected from the plot (Schaap et al., 1998). This typical observation leads to the
conclusion that preferential infiltration was more dominating over matrix flow in the
hillslope plot. Fig. 3.31 depicts the relationships of f;, and i for different degrees of
vegetation. The relationships found are linear and vary with degree of vegetation.
Possibly, dense vegetation on the hillslope allowed a higher preferential infiltration
rate. This may be attributed mainly to the active macropore network, developed by
plant roots under high density of vegetation, which created a favorable hydraulic
condition for macropore flow by establishing their connectivity. It is also interesting
to observe that even under an extreme inflow intensity of 406 mm/hr; constant
maximum preferential infiltration rate was not attained. It is an indication of high
preferential infiltration characteristics of the plot. Tables 3.10-3.11 list the

relationships derived on the basis of in situ overland flow experiments.

300 ~

% @® Sparse

£ 250 - B Moderate A

= A Dense

& 200

o

.2

s 150

=

<100 -

=

S 50

&

o

a5 0 T T T T 1
0 100 200 300 400 500

Inflow Intensity (mm/hr)

Fig. 3.31 Variation of preferential infiltration rate (f;) with inflow intensity (i)
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Table 3.10 Relationships of 7. with inflow intensity (7)

Vegetation Range of ¢, RelaFlonshlp of £ 2
Condition (min) with Inflow R
Intensity, (7)
Sparse 1.08 —2.33 t.=12.679 i 4% 0.93
Moderate 0.73 - 2.68 t.=36.668 i "% 0.61
Dense 2.15-5.38 f.=60.713 ;i 7" 0.85

Table 3.11 Relationships of f, with inflow intensity (7)

Vegetgt.ion Range of £, Relationship of f» with R
Condition (mm/hr) Inflow Intensity, (7)
Sparse 33-139 fo=0.3574i+ 14 0.98
Moderate 48 - 177 f=0.3924i+11.216 0.92
Dense 83 - 245 fo=0.6052 i+ 31.737 0.92

3.7.2 Observation of overland flow under natural storm events
3.7.2.1 Observational setup and instruments

Overland flow responses of the hillslope plot under natural storm events were
monitored using an automatic rainfall recorder and a digital water level recorder.
These instruments were installed at the hillslope plot in June, 2008. The rainfall
recorder has a rainfall sensor (Tipping Bucket Type; Accuracy: 0.025 mm), in-built
data logger, solar panel, and power supply unit. The instrument also has a pocket-size
device for easy download and transport of data to computers. The digital water level

recorder has a weatherproof enclosure which contains a data logger and power supply.
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An integral solar panel can keep the battery charged throughout the year. A shaft
encoder type water level sensor measures and stores the data in the system memory
with date and time record, as per user defined logging period. The overland flow
produced from the hillslope plot is collected in the lower channel (Fig. 3.23) and
diverted to a collection pit of 0.62 m width and 0.72 m length, through a pipe. To
measure the water level in the pit the pressure transducer was installed and
synchronized with the time setting of the rainfall recorder unit. The measurements
were stored in a data logger with the observation time interval of 5 minutes. Every
month the recorded readings from the data logger were downloaded and analyzed to

study the runoff generation patterns of the hillslope plot under natural storm events.
3.7.2.2 Runoff generation from the hillslope plot

In Northeast India high intensity storm events occur mainly during the period
April to October. The three year (2008-2010) observations of rainfall and the resulting
runoff generated from the experimental plot are given in Tables 3.12, 3.13, and 3.14.
Compared to the typical pattern of monsoon rainfall in Northeast India, relatively dry
monsoons were observed during the years 2008 and 2009. In the year 2008 there were
a total of 12 major storm events. Out of these only four storm events generated
surface runoff from the hillslope plot (Table 3.12). It may be noted that the maximum
rainfall intensity of these runoff generating events were in the range of 21-85 mm/hr.
But, the common feature among these events was that they continued for prolonged
durations (175-220 minutes). From April to October, 2009 there were only two runoff
generating events out of 12 observed storm events (Table 3.13). The year 2010 was
the wettest of the three years for which rainfall-runoff observations were made. It
produced 24 storm events of varying durations and intensities (Table 3.14). Out of

these, only five events generated overland flow from the plot. The two high runoff
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Table 3.12 Description of the observed storm events for the year 2008

Total Event Storm Magimum
Date Rainfall Evept Ramfa}ll 7 Days API Runoff
(mm) Durafuon Intensity (mm) Coefficient
(min) (mm/hr)
02-06-2008 28.19 66 85.34 8.38 0
09-08-2008 32.25 90 60.96 32.26 0
11-08-2008 37.08 220 21.34 46.99 0.75
15-08-2008 22.86 15 25.63 105.92 0
18-08-2008 12.15 20 79.25 144.51 0
21-08-2008 12.95 65 67.06 32.26 0
27-08-2008 533 40 21.34 39.37 0
28-08-2008 37.59 175 60.96 21.08 0.05
30-08-2008 533 15 27.43 46.48 0
31-08-2008 9.90 30 21.32 1.27 0
31-08-2008 46.48 175 57.91 29.21 0.22
09-09-2008 25.90 180 85.34 50.04 0.27

Table 3.13 Description of the observed storm events for the year 2009

Total Event g0 Ma’?im“m
Date Rainfall Evept Ralnfa}ll 7 Days API Runoff
) Durqtlon Intensity (mm) Coefficient
(min) (mm/hr)
20-04-2009 19.56 10 188.98 0.00 0.22
09-05-2009 35.05 35 146.30 37.34 0
03-06-2009 20.32 50 57.91 3.81 0
02-07-2009 9.14 140 6.10 18.26 0
28-07-2009 15.26 95 27.43 26.16 0
29-07-2009 4.06 70 6.10 46.99 0
30-07-2009 19.56 55 42.67 65.28 0
04-08-2009 63.75 60 149.35 42.42 0.70
16-08-2009 6.10 45 24.38 32.26 0
17-08-2009 16.51 70 27.43 40.89 0
07-10-2009 4.57 55 9.14 16.26 0
08-10-2009 20.57 85 12.19 43.94 0
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Table 3.14 Description of the observed storm events for the year 2010

Total Event Storm Magimum
Date Rainfall Evept Ramfa}ll 7 Days API Runoff
(mm) Durafuon Intensity (mm) Coefficient
(min) (mm/hr)
05-04-2010 3.05 20 12.19 0 0.00
12-04-2010 9.90 15 5791 6.85 0.00
17-04-2010 12.70 55 42.67 127.20 0.00
19-04-2010 6.35 35 21.34 164.08 0.00
09-05-2010 14.00 65 12.19 16.00 0.00
16-05-2010 21.08 65 48.77 80.77 0.00
31-05-2010 3.56 80 6.10 16.26 0.00
01-06-2010 7.34 55 18.29 25.90 0.00
02-06-2010 4.83 75 15.24 58.15 0.00
04-06-2010 18.03 55 39.62 79.50 0.00
26-06-2010 10.41 75 24.38 29.97 0.00
28-06-2010 35.31 130 51.82 57.15 0.00
01-07-2010 5.08 100 4.57 98.04 0.00
04-07-2010 43.18 450 73.15 77.72 0.05
10-07-2010 25.15 130 79.25 48.76 0.00
11-07-2010 17.53 50 2591 37.59 0.00
12-07-2010 30.48 60 57.91 55.12 0.20
12-07-2010 28.19 90 5791 81.28 0.10
19-07-2010 45.21 120 80.77 38.61 0.04
20-07-2010 36.83 160 67.06 52.83 0.07
29-07-2010 6.10 80 10.67 15.49 0.00
13-08-2010 14.73 70 2591 2.54 0.00
15-08-2010 5.08 80 6.10 17.78 0.00
18-08-2010 24.38 120 47.24 27.68 0.00

generating events occurred on 12th July 2010, had moderate intensity, high rainfall
depth, and wet antecedent conditions.

From the natural observations it can be said that a favorable combination of
rainfall depth, storm duration, maximum intensity, and antecedent moisture condition

primarily controlled the runoff generation process from the hillslope plot. To
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understand the major controlling parameters for runoff generations at the plot scale,
three variables namely, 7 days Antecedent Precipitation Index (API), total event
rainfall depth, and maximum rainfall intensity were considered. For the storm events
in the year 2010, a scatter plot between storm event rainfall depth and 7 days API was
prepared (Fig. 3.32). All the runoff generating events had total event rainfall depth
more than 28 mm, 7 days API greater than 38 mm, and maximum rainfall intensity
more than 57 mm/hr. It can be observed from the figure that the runoff generating
events cluster in the upper region of the plot. Non-runoff generating storm events are
well separated in the scatter plot from the runoff producing events. This indicates that
higher 7 days API and higher total event rainfall depths provided more favorable
conditions for surface runoff generation from the hillslope plot.

Similar scatter plots between total event rainfall depth and 7 days API for the
years 2009 and 2008 are shown in Figs. 3.33 and 3.34, respectively. In the year 2009,
for an exceptional event (Date: 20-04-2009) it can be observed that a very intense
precipitation (about 189 mm/hr) occurring for a small duration (10 minutes) generated
surface runoff from the plot even under dry antecedent condition and lower depth of
event rainfall. The other runoff producing event had the highest rainfall depth (64
mm) and 7 days API value (42 mm). In the year 2008, all the four runoff producing
events showed total rainfall depths more than 25 mm and 7 days API values greater
than 20 mm.

To study the effect of maximum rainfall intensity on runoff generation, the
scatter plots between maximum rainfall intensity and 7 days API were prepared.
These plots for the years 2010, 2009 and 2008 are shown in Figs. 3.35, 3.36 and 3.37,
respectively. These figures reveal that in 2010 the runoff generating events are

clustered in the plot. Comparatively higher intensity storms produced surface runoff.
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Fig. 3.34 Scatter plot of total rainfall depth and 7 days API for the year 2008

TH-1047_06610405 -85-



Chapter 3 Experimental Investigations

Similarly, in the year 2009 only high intensity storm events produced runoff. But, for
the year 2008, the runoff generating and non runoff generating events are scattered
together. Some of the high intensity storm events did not produce any surface runoff
in spite of having similar 7 days API values. It can be observed that only high
intensity events continuing for prolonged durations and having a threshold 7 days API
value (Table 3.12) produced overland flow. Therefore, the runoff generation process
from the hillslope plot under natural rainfall events showed threshold behavior
depending on rainfall depth, duration, intensity, and antecedent moisture condition. In
general it has been observed that most of the runoff producing events have total
rainfall depths more than 25 mm and 7 days API values higher than 30 mm. Short
duration cloudburst events as well as low intensity events continuing for prolonged

durations can also produce surface runoff.
3.7.2.3 Evaluation of the inflow intensity-infiltration rate relationship

The relationships between inflow intensity (i) and lumped steady preferential
infiltration rate (f;) developed from the overland flow experiments (Table 3.11) have
also been evaluated for the natural events recorded over the hillslope plot. These
relationships are valid for wet antecedent conditions only. As the years 2008 and 2009
had relatively dry monsoons, the observed runoff producing events of 2010, having
wet antecedent moisture conditions were considered. The two highest runoff
producing events occurring on 12-07-2010 have been selected for evaluation.
Moderate to sparse vegetation condition was evident in the plot during those rainfall
events. Knowing the rainfall intensity values for every 5 minutes time interval, the
infiltration rates have been computed using the relationships for both sparse and
moderate vegetation conditions (Table 3.11). After satisfying infiltration the excess

precipitation generates the surface runoff. Thus, the overland flow generated from the
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plot has been estimated. The estimated discharge is plotted with the observed
hydrograph (Figs. 3.38 and 3.39) for the two selected events under both sparse and
moderate vegetation conditions. The hyetograph of the storm events are also shown in
the graphs. It can be observed that for the first event the total runoff volumes
estimated from the experimentally developed relationships are in close agreement
with the observed runoff volume (Fig. 3.38). For the second storm event (Fig. 3.39)
the runoff volumes estimated from the experimental relationships are found to be over
predicted. However, the peak runoff rate is captured quite reasonably. Thus, the
experimentally derived relationships were found to be approximately valid for the
observed natural storm events under wet antecedent moisture conditions of the plot.
The observed deviations may be due to the differences in antecedent moisture
conditions and varying rainfall intensities for natural storm events. Moreover, the
experimental relations are valid for high intensity events which produce significant
durations of overland flow. For shorter durations, overland flow process should be
controlled primarily by the preferential flow network within the soil. The long
duration (20 to 30 minutes or more) overland flow processes might follow the
hydrological behavior obtained from the artificial runoff experiments more closely.
Such long duration runoff events with significant surface and subsurface stormflow
generations are more critical and thus require detailed analysis by the hydrologists for
predicting flash floods, soil erosion, and assessing their long term eco-hydrological

impacts.
3.8  Experimental Evidences of Lateral Subsurface Flow

The plot was instrumented with 25 piezometers to keep track of temporary
water table buildup and recession above the impermeable layer. The piezometers were

installed along five transects of the plot (Fig. 3.40). The depth of the piezometers
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Fig. 3.39 Observed and estimated hydrographs for the 2" storm event of 12-07-2010

extended up to the impermeable layer (i.e. 1 m) from the ground surface. The
piezometers were installed inside as well as outside of the plot (e.g. piezometer nos. 1,
5,6,10, 11, 15, 16, 20, 21 and 25) to capture the subsurface flux of water in lateral as
well as along the major surface gradient of the plot. A float was used to measure the
depth of water above the impermeable bed in each piezometer tube. Additional fifteen

runoff experiments were conducted to study the lateral subsurface flow generated
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from the hillslope plot (Table 3.15). Measurements of water table in all the
piezometers were taken before, during, and after the completion of the runoff
experiments. Fig. 3.41 depicts the temporal patterns of water table build up and
recession at different piezometer locations for the experiment E-12. From the
observations it is clear that there was no lateral flux to the left side of the plot. Very
little lateral dispersion of water was evident to the right side of the plot. The
subsurface flux of water mainly followed the direction of major surface gradient of
the hillslope plot. All the experiments conducted on the hillslope plot showed similar
patterns of water table rise and fall. In no case saturation excess overland flow was
evident. The quick buildup and recession of water table above the impermeable bed
also indicates the existence of highly active lateral preferential flow from the hillslope
plot. Because, with a very slow matrix flow velocity (K; = 50 mm/hr) through the
hillslope soil, such rapid buildup and recession of water table can not be expected
(Singh, 2006).

Table 3.15 Experiments conducted for capturing lateral subsurface flow from the
hillslope plot (April-May, 2007)

Stead
Experiment  Vegetation e I'nﬂow Ruanf Preferen}‘;ial Runoff

- Intensity Duration . :

No. Condition - (hr) Infiltration Rate  Coefficient
(mm/hr)

E-1 245 1.50 184 0.25
E-2 94 1.08 79 0.16
E-3 408 0.75 257 0.37
E-4 121 0.83 71 0.41
E-5 181 0.78 90 0.50
E-6 193 1.57 109 0.43
E-7 337 1.03 195 0.42
E-8 Modgerately 143 1.03 76 0.47
E-9 217 1.00 135 0.38
E-10 216 0.75 123 0.43
E-11 249 1.00 126 0.49
E-12 252 0.80 139 0.45
E-13 296 1.00 176 0.41
E-14 185 0.92 110 0.40
E-15 188 0.85 106 0.44
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Summary of the Chapter

The experiments conducted on the hillslope plot revealed some of its typical

hydrological behaviors. On the basis of the experimental evidences the following

important findings can be summarized.

TH-1047_06610405

The hillslope plot selected for the present investigation has natural
vegetation, mainly consisting of close growing grasses and shrubs. The
degree of vegetation showed significant seasonal variations viz. sparse,
moderate, and dense, depending on climatic conditions.

The soil profile of the plot showed a two layer formation with a coarse soil
layer overlaying a fine textured soil layer. An impermeable bed has been
found at about 1 m depth below ground level. The analysis of the collected
soil samples revealed that the average saturated hydraulic conductivity of the
soil 1s 50 mm/hr for water movement through the soil matrix.

Keeping in view the rainfall patterns and physical conditions of the
hillslopes in northeast India, a simple sheet flow generation system has been
designed for studying the hydrological behavior of the hillslope plot under
extreme runoff events for prolonged durations.

Infiltration behavior of the plot has been studied by conducting point scale
double ring infiltrometer tests. The results showed wide range of variation in
infiltration rate. For dry soils the irregular patterns of infiltration rate
indicated existence of preferential flow network in the soil. Under wet
antecedent conditions, a near steady infiltration condition could be attained
after a long time. In general, the point scale measurements of infiltration
clearly showed the effect of scale. Using the measured steady infiltration

rate data for the plot under wet antecedent conditions, a simple linear
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function has been developed to represent the spatial variation of infiltration
along the length of the plot.

Runoff experiments were conducted at the plot scale using the sheet flow
generation system to compute the spatially averaged lumped infiltration rate
over the hillslope plot. The infiltration rate data indicated the attainment of a
steady infiltration condition over the plot after some time.

To characterize the macroporosity of the hillslope soil, dye infiltration tests
and subsequent image processing techniques were employed with the
undisturbed soil columns collected from the plot. The analysis of the
observed dye patterns revealed the existence of highly connected
macropores throughout the soil profile. The small diameter macropores (1-2
mm), developed mainly by the plant roots, were dominating.

Spatial and temporal variations in soil moisture distribution in the hillslope
plot were monitored using a profile probe soil moisture meter. The analysis
of the data revealed that the moisture content in the hillslope soil at different
depths remained fairly constant during, as well as for a prolonged period
after the runoff events, if a wet soil moisture condition was established
initially. For such antecedent conditions, the moisture content in the top soil
layer remained almost constant. Such steady nature of soil moisture profile
indicated the steady infiltration/recharge condition of the hillslope plot.
Spatial distribution of moisture content at the bottom layer also indicated
rapid buildup and recession of water table above the impermeable layer.

To study the overland flow behavior on the hillslope plot under intense
storm events, 34 runoff experiments were conducted with varying intensities

and durations for sparse, moderate and dense vegetation conditions of the
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plot. Under wet antecedent moisture conditions, within a very short time the
observed outflow hydrographs measured at the downstream end of the plot
attained a constant discharge. Such patterns of the outflow hydrographs and
the constant soil moisture profiles observed during this stage, represents a
near steady infiltration condition over the plot. From the dye tracing
investigations it was evident that the macroporosity of the hillslope soil was
mainly due to the growth of the plant roots. Thus, vegetation density was
found to be closely related to the infiltration-runoff relationships of the
hillslope plot. On the basis of the experimental results functional
relationships of inflow intensity (i) with steady preferential infiltration rate
(f»), and time of concentration (¢z.) were developed for the three vegetation
conditions of the plot. These relationships are valid for wet antecedent
condition of the plot under high intensity storm events occurring for long
durations.

The overland flow responses of the hillslope plot were also observed for
natural storm events for three years using automatic rainfall recorder and
digital water level recorder. Analysis of the measured data revealed that
overland flow generation from the hillslope plot is a threshold dependent
process. Runoff generation process was found to be primarily controlled by
total event rainfall, maximum rainfall intensity, storm duration, and 7 days
API. The evaluation of the experimentally established rainfall-runoff
relationship for the hillslope plot also showed reasonable agreement for
natural storm events.

To capture the lateral subsurface flow from the hillslope plot, 25

piezometers was installed along five transects. The buildup and recession of
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water table in these piezometers were recorded during and after the artificial
runoff events. Rapid rise and fall of water table were observed from the
piezometer readings. With a very slow matrix flow rate, such rapid response
of water table is difficult to describe. The water table response in the
piezometers installed along the two sides of the runoff plot was negligible.
The movement of water was predominantly along the major surface gradient
of the plot. These evidences indicate that the hillslope plot generated rapid
subsurface stormflow through its lateral preferential pathways along the

direction of the slope with very little sideways dispersion of water flux.
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This chapter presents simple conceptual modeling approaches for overland
flow and subsurface stormflow in a preferential infiltration dominated natural
hillslope under high intensity storm events with wet antecedent soil moisture
conditions. The main controlling parameters affecting the hydrological response of
the hillslope have been identified from the experimental investigations discussed in
the previous chapter. The functional relationships developed from the experimental
evidences have been used in the modeling concept. Some of the physical parameters,
measured from the in situ experiments conducted on the hillslope plot, have been used
to calibrate the models. The models were parameterized to reproduce the observed
surface and subsurface flow behaviors revealed from the field experiments. This
provided a basis for characterizing the surface and subsurface hydrological response

of the hillslope plot under high intensity storm events.

4.1 Overland Flow Modeling

4.1.1 Description of the model

As mentioned in the previous chapter, accurate practical measurement
of overland flow depth on a natural hillslope is difficult. Therefore, mathematical
approximation of the overland flow governing equations is considered here to
characterize overland flow behavior on the hillslope. The process of overland flow
can be defined by approximation of the St. Venant equations of continuity and
momentum (Chaudhry, 1993). In the present study, one-dimensional shallow water

overland flow equations with diffusive wave approximation were solved using a finite
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volume technique (Jain et al., 2005). Neglecting the inertia term, the one-dimensional

shallow water flow equations in non-conservation form can be written in vector form

as
Q+ﬁ:G (4.1)
ot Ox
in which
o
U=
0
uhj
F =
h
(_fb) J
G= 4.2
{(So _Sf) *2)

where /4 is the flow depth (m); u is the depth averaged flow velocity (m/s); x is the
distance along flow direction (m); f; is the steady preferential infiltration rate (m/s); Sy
is the ground slope; and Sy is the friction slope. Sy can be computed from Manning’s
equation (Chow, 1959). For shallow water overland flow, the Manning’s equation can

be written as (Chaudhry, 1993)

S, = (4.3)

where n is the Manning’s roughness coefficient ( m 3s) representing hydraulic
resistance to flow.

Before solving equations 4.1-4.3, the two-dimensional flow domain was
divided into number of computation cells. Based on elevation and flow depth, one
dimensional flow network was established. The finite volume approximation of
equations (4.1-4.3) was applied at each computational cell (Jain et al., 2005). The
initial condition is A(x,#=0) = 0 and the boundary condition at the upstream end is

h(0,f) = h,, where h, is equivalent flow depth (m), which can be computed for a given
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inflow discharge, applying Manning’s equation for the upstream boundary
computational cells.

The overland flow experiments conducted on the hillslope plot revealed that
the steady preferential infiltration rate (f), is dependent on inflow intensity (i) and
degree of vegetation. As the macroporosity of the hillslope was mainly due to the
growth of plant roots, change in vegetation density and the resulting changes in root
network were closely related to the preferential infiltration rate into the soil. The
functional relationships between the preferential infiltration rate and inflow intensity
(7) for the site was experimentally established for different vegetation conditions of
the plot (Table 3.11).

To simulate the overland flow behavior on the hillslope plot for a particular
runoff experiment, the measured inflow intensity and steady preferential infiltration
rate have been given as model inputs. The overland flow model computed flow depth
and friction slope at each computational cell and the outflow hydrograph at the
downstream end of the slope. The value of Manning’s roughness coefficient (n) for a
particular experiment was approximated by matching the model simulated outflow
hydrograph with the outflow hydrograph measured at the downstream end of the
slope. The observed and simulated runoff coefficients were also compared (Table
4.1). Initially, starting with an assumed value of n, simulations were carried out to
compute the outflow hydrographs. This trial procedure was repeated till the observed
and simulated hydrographs were almost identical for a given set of experiment. The
least-deviation simulation having similar values of observed and predicted runoff
coefficients provided the approximate value of n for the experiment. Similar
procedure was followed for all the in situ experiments to compute the Manning’s

roughness coefficients (Fig. 4.1). It is worth noting that the estimated » represents a
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Fig. 4.1 Estimation of Manning’s roughness coefficient from model simulations
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lumped value of surface roughness for a steady overland flow condition over the

hillslope plot.

4.1.2 Overland flow model simulations

The simulated and observed outflow hydrographs obtained for some of the
overland flow experiments are shown in Fig. 4.2. The comparison seems to be good
and the behavior is similar to the one reported by Lima (1989) and Liu and Singh
(2004), which also compared simulated runoff hydrographs with experimental results
obtained on a permeable slope. The simulated overland flow depths at various
computational time steps were also analyzed. Fig. 4.3(a-c) shows the two dimensional
color contour plots of some of the model simulated overland flow depths under steady
infiltration conditions of the plot. The simulations showed that the average overland
flow depth varied in the range of 3-10 mm with maximum coefficient of variation of
about 200% and over 80 percent area of the hillslope, the flow depth was less than 5
mm. These simulated flow depths were also found to be in close agreement with the
depths observed during the field experiments. Fig. 4.4 shows the two dimensional plot
of flow accumulation over the hillslope plot. The high spatial variation of the overland
flow depth was due to the effect of microtopography of the plot, which generally does
not have significant effect on the lumped hydrological response from the hillslope
(Liu and Singh, 2004).

The values of the Manning’s roughness coefficient (n) obtained from model
simulations are enumerated in Table 4.1. The variation of » with inflow intensity is
shown in Fig. 4.5. It can be observed that Manning’s roughness coefficient has a
power relation with inflow intensity (Table 4.2). Similar relationship was also
reported by Wu et al. (1999) on the basis of laboratory experiments. The deviation of

the three curves predominantly represents the effect of degree of vegetation in three
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Fig. 4.2(a-f) Observed and overland flow model simulated outflow hydrographs from
the hillslope plot for some of the experiemnts
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Table 4.1 Simulations of the overland flow model for the hillslope plot

Simulated

Experiment Vegetc.lt'ion IZZI OS;VW g;i;i{v Runoff Coefficient zAng’l}iZisi
No. Condition (mm/hr) Rate Cocorved Simatared Coej;jz)czent
(mm/hr)
1 128 62 0.49 0.48 0.051
2 59 22 0.44 0.37 0.071
3 115 59 0.52 0.51 0.049
4 167 89 0.54 0.53 0.045
5 361 238 0.61 0.66 0.032
Sparse
6 85 35 0.49 0.41 0.061
7 136 71 0.51 0.52 0.048
8 72 33 0.49 0.46 0.058
9 158 85 0.53 0.54 0.050
10 79 40 0.54 0.51 0.052
11 121 47 0.49 0.39 0.060
12 406 190 0.56 0.47 0.043
13 298 132 0.56 0.44 0.049
14 276 115 0.51 0.42 0.053
15 103 35 0.53 0.34 0.070
16 Moderate 229 84 0.54 0.37 0.062
17 80 23 0.35 0.29 0.085
18 241 141 0.63 0.59 0.041
19 339 187 0.56 0.55 0.039
20 174 93 0.54 0.53 0.049
21 270 152 0.67 0.56 0.041
22 132 34 0.15 0.26 0.079
23 190 50 0.12 0.26 0.075
24 300 149 0.42 0.50 0.044
25 310 104 0.21 0.34 0.058
26 87 15 0.01 0.17 0.110
27 214 72 0.20 0.34 0.065
28 Dense 95 20 0.08 0.25 0.099
29 305 127 0.30 0.42 0.050
30 89 19 0.06 0.21 0.099
31 91 21 0.09 0.23 0.094
32 134 53 0.27 0.40 0.058
33 97 20 0.04 0.21 0.099
34 184 60 0.21 0.33 0.066
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Fig. 4.5 Variation of Manning’s roughness coefficient (r) with inflow
intensity (7)

Table 4.2 Relationships of # with inflow intensity (i)

Vegetation Range of n Relationship of n with R’
Density Inflow Intensity, i
Sparse 0.032 - 0.071 n=1.1348 %% 0.83
Moderate 0.039 — 0.085 n=0.3064 ;" 0.89
Dense 0.044 —0.11 n=0.4579; "7 0.73

different seasons. The resulting higher n for dense vegetation indicates more surface
roughness to overland flow. With increasing inflow intensity for a particular type of
vegetation degree, Manning’s roughness coefficient decreases. These results show
that the surface roughness to overland flow decreases with increasing ponding depth,
due to increase in flow velocity. However, this decreasing rate of the surface
roughness is high at low ponding depth. The surface roughness mentioned here
represents a lumped resistance to overland flow caused by soil surface,

microtopography, vegetation, etc. From the relationships shown in Figs. 3.29 and
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3.31, it can be observed that the curves representing sparse and moderate vegetation
are close to each other. But in Fig. 4.5, they are separated from each other.
Preferential infiltration rate into the soil is primarily controlled by active macropore
network and ponding depth, which is a function of inflow intensity. As preferential
infiltration trends for sparse and moderate vegetation are similar, the active macropore
flow structure in both the conditions might be of same order. The field measured ¢,
representing the travel time of the overland flow during macropore flow initiation,
obviously follow the same trend as that of preferential infiltration rate. However,
Manning’s roughness coefficient depends on the surface roughness and ponding depth
under steady preferential infiltration rate. For low overland flow depth, variation of
the surface roughness on a vegetated hillslope is mainly characterized by degree of
vegetation. Thus, the curves in Fig. 4.5 are well separated for sparse, moderate, and

dense vegetation conditions of the plot.

4.2  Modeling Lateral Subsurface Stormflow

To model subsurface stormflow evident in the hillslope, the recent progress in
the concept of subsurface flow modeling at the hillslope scale introduced by Fan and
Bras (1998), which has been subsequently adopted by some researchers with good
success (Troch et al., 2002; Rezzoug, et al., 2005), has been used. Instead of adopting
an effective lateral saturated hydraulic conductivity, actual saturated hydraulic
conductivity for soil matrix flow was considered and one new sink term to account for
quick lateral macropore flow has been introduced. A physical based numerical
solution of the subsurface flow equations was provided to simulate the in situ plot
scale runoff experiments conducted in the experimental hillslope plot. The proposed
model was used (i) to capture the rapid subsurface stormflow evident in the hillslope,

(i1) to reflect the contributions of soil matrix and macropores in prompt interflow
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occurring immediately after high intensity storm events, and (iii) to provide a
surrogate indicator of hydraulically effective or hydrologically active lateral
macroporosity of the hillslope. Apart from these, the dependency of effective lateral
macroporosity, matrix, and macropore flow rates under varying recharge conditions

were also evaluated.
4.2.1 Physical concept of the model

Three characteristic hillslope types: divergent, convergent, and uniform, are
commonly used for modeling hillslope flow behavior (Fan and Bras, 1998; Troch et
al., 2002; Rezzoug et al., 2005). In the present investigation the case of a uniform
hillslope facet used for in situ field experiments was considered for the modeling of
rapid subsurface stormflow. The elegant method of converting a three-dimensional
hillslope soil mantle into a two-dimensional soil profile proposed by Fan and Bras
(1998) has been followed. Fig. 4.6 shows the definition sketch of soil profile and
macropore dominated subsurface flow concept of a uniform hillslope facet. The
impermeable layer was at some depth below the soil mantle which consists of soil
matrix and a population of lateral macropores. The hydraulically effective soil
macropores, which gets connectivity throughout the entire length of the slope, were
assumed to be distributed in different layers of the soil profile. These lateral
macropores were considered as circular pipes of small uniform diameter. From the
piezometer and profile probe measurements taken during the field experiments it was
evident that, due to high preferential infiltration during extreme rainfall events a
temporary water table is formed over the impermeable layer and starts contributing to
lateral subsurface stormflow. Apart from the saturated matrix flow, the lateral
macropores present below the temporary water table actively contributes to quick
interflow mechanism from the hillslope. These macropores were termed as

‘hydrologically active macropores’.
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Fig. 4.6 (a-b) Definition sketch of a uniform hillslope and its soil moisture

capacity; (c) Section A-A' and (d) section B-B' showing the
subsurface formations of the hillslope soil
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The amount of water which seeps into the macropores was assumed to be
discharged laterally with very high velocity without any interaction with the
surrounding soil matrix. This consideration is quite practical as similar flow behavior
has been reported by Anderson et al. (2008) from the experimental evidence of lateral
preferential flow in hillslopes. Thus, the temporary water table buildup and its
recession were controlled by recharge as well as the hydraulic conductivity of soil
matrix and number and diameter of hydrologically active macropores present within

the saturated soil strata.
4.2.2 Mathematical formulation of subsurface stormflow

Soil moisture storage capacity function (Fan and Bras, 1998), S.(x) for a
uniform hillslope facet (Fig. 4.6) can be defined as
Scx)=wde (4.4)
where w 1s the width of the hillslope (m), d is the uniform soil depth (m), and ¢ is the
drainable porosity. S.(x) defines the storage capacity of the hillslope in terms of its
drainable pore space.

If S(x,f) is the soil moisture storage at a given flow distance x at any time ¢,
then it can be expressed in the form of continuity equation and Darcy’s law. The
continuity equation for hillslope subsurface flow considering both soil matrix and
macropore flow can be written as

e o0

Py E = f(x,t)w—q(x,t) (4.5)

where f(x,t) is the rate of recharge to the saturated layer (m/hr), Q is the subsurface

discharge rate through soil matrix (m’/hr), and g(x,?) is the total discharge rate through

the soil macropores per unit length of the hillslope (m*/hr). Clearly, when the soil is
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completely saturated S(x,f) > S.(x). The matrix flow rate Q can be related to the
storage S(x,7) through a kinematic form of Darcy’s equation given as

0=k, Soz (4.6)
TEoOx

where k; is the saturated hydraulic conductivity of the soil matrix (m/hr), and z is the

bedrock elevation above a datum. Combining equation (4.6) with the continuity

equation for a known spatially varying steady recharge rate [f(x)] and assuming no

spatial variation of k; and ¢, yields a quasi-linear wave equation

a(x)Z—i+Z—f =c(x,S,?) (4.7)
kg
where a(x)=——z'(x) (4.8)
£
kS
and c(x,S,t)= f(x)w+——z"(x)—q(x,1) (4.9)
£

Here, z'(x) and z"(x) are first and second derivatives of the bedrock profile curvature

function.

4.2.3 Computation of macropore flow

Assuming soil macropores as small diameter circular pipes, the rate of steady
groundwater ingression into the macropores can be approximated (Kolymbas and
Wagner, 2007) as

2rck h

log| —
r

where ¢ is the steady rate of water ingression into the macropore per unit length

(4.10)

(m*/hr), r is the radius of the macropore (m), and 4 is the saturated head over the
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macropore (m). As the velocity of water flow through the macropores is expected to
be very high, it was assumed that under wet antecedent conditions the water seeping
into the macropores are readily discharged laterally without any interaction with the
surrounding soil matrix which was either saturated or at its field capacity. Now, let us
consider that in a soil profile depth d there are m no. of soil layers of equal thickness
with the /™ layer containing n; no. of hydraulically effective connected macropores
per unit width of the slope (where i =1, 2, 3, ...... m) located at the bottom of the
layer and spaced equally along the width (Fig. 4.6). If at any given time the saturated
depth above the impermeable layer is /Ay (x) then the saturated head over the
macropores can be computed as
hix)= hyx)—i(d/ m)+(d/ m) 4.11)
When the hydraulically effective macropores are below the saturated depth,
they are termed as ‘hydrologically active macropores’ as they actively contribute to
prompt lateral subsurface storm runoff from the hillslope. Clearly, when #Z;(x) is
negative, macropores are above the saturated zone and they are not hydrologically
active. Thus, the total lateral flow per unit length of the hydrologically active

macropores at a given time can be computed as

2rck h(x,t)
"log(2h,(x.1)/7,, )

q(x,1) = f‘,n (4.12)

where 7,4 15 the average radius of the soil macropores (m).
4.2.4 Numerical solution of subsurface stormflow

The numerical solution of equation (4.7) was obtained using a finite
difference method considering Warming-Beam upwind scheme (Niyogi ef al., 2005).

The following initial and boundary conditions were invoked.
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Initial conditions:
Whent=0,atz=z(x),S=0
Boundary conditions:

When ¢ >0, at x =0, ﬁ=0
x

Fan and Bras (1998) reported that the use of a second-order polynomial
bedrock profile function was not suitable to capture the local variations and thus
stressed on the necessity of numerical solutions to capture such variations. Therefore,
instead of adopting a bedrock profile function, digital elevation data obtained from
fine grid topographic survey conducted by a total station were used. However, the
bedrock slope along the centroid profile was approximated as that of the surface
topography assuming a uniform soil depth. The model computes subsurface storage at
different time steps in each grid cell and also gives subsurface lateral flow response at
the bottom of the hillslope as saturated matrix flow and lateral preferential flow. At a
particular time step the storage within the hillslope can be used to calculate the
saturated depth or water table depth over the impermeable layer.

Before conducting the experiments a wet antecedent condition was established
in the hillslope soil. Such wet initial condition primed the macropores for rapid
initiation of lateral subsurface stormflow. Fifteen runoff experiments (Table 4.6) were
conducted which showed the range of average rate of recharge (f,,,) from 0.071 —
0.257 m/hr for varying inflow intensities and durations. During all the experiments the
water table depth at the piezometers were monitored at regular intervals to capture the
buildup and recession of saturated zone above the impermeable layer. The responses
of the piezometers located at the two sides of the plot were negligible as the
subsurface flow along the length of the slope was dominating. The average saturated
depths at five points along the centroid of the plot was approximated by averaging the
piezometer readings at a particular transect (Table 4.3). These average depths at

different time steps were compared with the model simulated saturated depths.
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Table 4.3 Computation of average saturated depth in the piezometers at different transects (Fig. 3.40) for the experiment E-12

Water Table Depth in Piezometers of Transect 1

Water Table Depth in Piezometers of Transect 2

Water Table Depth in Piezometers of Transect 3

Time (em) (cm) (cm)
(hr)

1 2 3 4 S  Average | 6 7 8 9 10 Average | 11 12 13 14 15  Average
0.00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.28 1.0 10.0 155 0.0 0.0 5.3 1.0 125 345 16.0 0.0 12.8 2.5 31.5 47.0 23.0 0.0 20.8
0.45 2.5 195 28.0 12.0 0.0 12.4 15 33.0 54.0 28.0 0.0 23.3 3.0 43.0 67.5 33.5 0.0 294
0.70 3.0 255 430 180 0.0 17.9 2.0 350 56.0 29.0 0.0 24.4 3.0 56.0 73.0 40.0 0.0 34.4
0.95 25 225 370 16.0 0.0 15.6 1.0 340 555 295 0.0 24.0 2.0 50.0 57.5 31.0 0.0 28.1
1.20 0.0 185 29.0 135 0.0 12.2 0.0 31.0 45.0 250 0.0 20.2 0.0 48.0 53.0 27.0 0.0 25.6
1.45 0.0 13.0 245 7.0 0.0 8.9 0.0 255 350 17.0 0.0 15.5 0.0 27.0 38.0 20.0 0.0 17.0
1.70 0.0 9.5 19.0 5.0 0.0 6.7 0.0 205 31.0 140 0.0 13.1 0.0 23.5 34.0 18.0 0.0 15.1
1.95 0.0 1.0 25 0.0 0.0 0.7 0.0 2.0 4.0 0.5 0.0 1.3 0.0 2.5 4.0 0.0 0.0 1.3
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Water Table Depth in Piezometers of Transect 4

Water Table Depth in Piezometers of Transect 5

Time (cm) (cm)
(hr)
16 17 18 19 20  Average | 21 22 23 24 25  Average

0.00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.28 4.0 41.5 63.5 235 0.0 26.5 5.0 535 71.0 41.0 0.0 34.1
0.45 6.0 51.5 71.5 44.5 0.0 34.7 55 61.0 79.0 51.5 0.0 39.4
0.70 6.0 72.5 87.5 59.0 0.0 45.0 6.0 92.0 94.5 85.0 0.0 55.5
0.95 3.0 53.5 73.5 42.5 0.0 34.5 4.0 72.0 75.5 57.0 0.0 41.7
1.20 2.5 41.0 60.5 31.0 0.0 27.0 2.0 49.5 62.5 38.5 0.0 30.5
1.45 0.0 35.0 43.5 24.0 0.0 20.5 2.0 345 49.0 27.0 0.0 225
1.70 0.0 27.0 37.5 15.0 0.0 15.9 1.0 315 420 22.0 0.0 19.3
1.95 0.0 0.5 1.0 0.0 0.5 04 0.5 4.5 4.0 0.0 0.0 1.8
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4.2.5 Simulations of the subsurface stormflow model

The subsurface stormflow model has been simulated for the experimental
hillslope plot using the field data obtained from the runoff experiments. It has been
considered that there was a uniform soil depth with d =1 m, w =6 m, L = 18 m,
average k; = 0.05 m/hr, and ¢ = 0.3. From visual observations and the dye tracing
experiments conducted with the hillslope soil columns, the presence of dense
macropore network throughout the soil profile was evident and the macropores having
diameter of 1-2 mm were found to be dominating. Larger diameter macropores were
very less in number. These data were used to define a suitable size of soil macropores
in the model setup. For numerical solutions the adoption of a uniform grid size of 0.25
m along the longitudinal direction and a time step of 0.05 hour was sufficient to avoid
any numerical instability or oscillation. The vertical grid depends on the number of
layers defined in the soil profile. The 1 m deep soil profile of the hillslope plot has
been subdivided into m no. of vertical layers. The macropores were assumed to be
uniformly distributed in these soil layers. With different rates of recharge the number
of hydraulically effective macropores in each layer was varied to match the observed
and simulated temporal variations of water table in the experimental plot. To obtain a
good matching between observed and predicted saturated profiles, a statistical
parameter called Performance Index (PI) was used. This index has been given by Lin

and Cunningham III (1995) as

n

2(0,-R)
i=1
S

where O = observed value, P = predicted value, and n = total number of data samples.

Performance Index (PI) = (4.13)

The lower the value of PI, the better is the prediction. For each experiment the values
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of PI were calculated for different time steps and the matching was considered to be
acceptable, if the PI for all the time steps were less than 0.1.
4.2.5.1 Design of soil macropore structure through simulations

For each of the fifteen runoff experiments the possible active soil macropore
structures were optimized through simulations of the subsurface stormflow model.
The procedure has been illustrated here as an example for the experiment E-12.
Similar method has been adopted for all the fifteen experiments. Different structures
of soil macropores were defined by assuming various combinations of the parameters
viz. no. of soil layers (m), no. of hydraulically active connected macropores per unit
width of the slope in each layer (), and average radius of macropores (7). These
arbitrary structures of soil macropores are shown in Table 4.4. Initially, the
simulations were run assuming there are 10 layers in the 1 m deep soil profile (Set I,
Set II, Set III, and Set IV). In all these cases the average diameter of macropores were
taken as 1.5 mm, which corresponds to the average diameter of the dominating soil
macropore size class (1-2 mm). The results of the simulations were analyzed to
compare the observed and predicted saturation profile buildup and recession above
the impermeable layer. The values of PI were computed for each computational time
steps. Table 4.5 shows the values of PI obtained for different soil macropore
structures. From these values it is clear that the macropore structure defined in Set 111
produced the best prediction overall, compared to the other structures. Fig. 4.7 shows
the observed and simulated profiles of saturated depth over the impermeable layer at
different time steps for the experiment E-12 adopting the macropore structure defined
in Set III. The figure depicts that the consideration of 13 hydraulically effective
macropores per unit width of the slope in each soil layer was sufficient to capture the

observed temporal variations of saturated profile during water table buildup as well as
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recession. The predictions were not acceptable if the number of macropores were
increased or decreased (Table 4.5). From the simulations it was also possible to
compute the no. of hydrologically active macropores at different time steps during the
experiment. These are the macropores present below the saturated soil zone and thus
actively contribute to lateral subsurface stormflow. Fig. 4.8 shows how the number of
hydrologically active macropores varied with time for the experiment E-12,

depending on the saturated depth and soil macropore structure. With the increase of

Table 4.4 Random soil macropore structures assumed for the experiment E-12

No. of Connected
Macropores per  Average Radius of

Macropore No.of Soil Layers unit Width of the  Soil Macropores

Structure (m) Slope in Each Soil (Yavg), mm
Layer (N)

Set I 10 05 "
Set 11 10 02 &
Set II1 10 > 'K
Set IV 10 2 '
Set V 20 06 0.75
Set VI 30 3 OQ
Set VII 10 13 1.20
Set VIII 10 13 390

Table 4.5 Values of computed performance index at various time steps for different
macropore structures

Time Performance Index (PI)

Step
(hr) Setl | SetIl | SetIll | SetIV | SetV | Set VI | Set VII | Set VIII

0.30 0.041 | 0.052 | 0.065 | 0.088 | 0.055 | 0.054 0.071 0.090
0.45 0.052 | 0.039 | 0.045 | 0.076 | 0.036 | 0.035 0.052 0.077
0.70 0.088 | 0.034 | 0.034 | 0.091 | 0.026 | 0.028 0.047 0.088
0.95 0.232 | 0.113 | 0.031 | 0.083 | 0.071 | 0.079 0.021 0.078
1.20 0.294 | 0.119 | 0.023 | 0.130 | 0.064 | 0.076 0.044 0.128
1.45 0.434 | 0.184 | 0.033 | 0.131 | 0.115 | 0.132 0.024 0.131
1.70 0.487 | 0.188 | 0.036 | 0.167 | 0.117 | 0.138 0.054 0.166

TH-1047_06610405 - 118 -



0.6
s /= 028 hr — simulated
E ® observed
o 04 -
8 "
© ]
g .
< 0.2
=
©
n
0 T T T 1
o 5 10 15 20
Distance from Downstream End (m)
(a)
0.6 -
£ t=10.70 hr
ey
204 -
a
-O -
% 0.2 1 — simulated
% m obsened
(n 0 T T T 1
0 5 10 15 20
Distance from Downstream End (m)
(c)
06
kS t=1.45hr —— simulated
204 - m obsened
g .
3
B 0.2
>
5
O T T T 1
0 5 10 15 20

Distance from Downstream End (m)

(e)

Chapter 4 Mathematical Modeling

0.6 -
E
= t=0.45 hr
5 0.4 -
[}
a
©
Qe
g 0.2 1 — simulated
g m obsered
0 T T T 1
0 5 10 15 20
Distance from Downstrem End (m)
(b)
0.6 -
E
- t=12hr
B 0.4 A
[}
a
©
(&) .
g 0.2 4 —— simulated
% m obsened
n
0 T T T 1
0 5 10 15 20
Distance from Downstream End (m)
(d)
E 0.6 1 Lon — simulated
P t=1.70 hr
2 04 m obsened
a
3
§ 0.2 -
=]
©
m 0 T T T

o

5 10 15
Distance from Downstream End (m)

20

®

Fig. 4.7(a-f) Observed and simulated temporal variations of saturated depth for Set I1I
of the experiment E-12 with f;,,~= 0.139 m/hr continued for 0.8 hr
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Fig. 4.8 Temporal variations in no. of hydrologically active macropores with
different macropore structures for the experiment E-12
macropore density in the soil layers, no. of hydrologically active macropores present
below the water table were also increased. This resulted in quick drainage of
subsurface water from the hillslope due to higher lateral preferential flow. It is also
worth noting that during saturation buildup the water table profile was predominantly
controlled by the rate of recharge (up to 0.80 hr for the experiment E-12). During this
stage macropore structures did not exhibit significant control over the shape of water
table profile. But, during recession phase the water table was lowered primarily due to
lateral preferential flow through the hydrologically active macropores. For higher
density of connected macropores below the saturated zone, the recession was faster as
more macropores were hydrologically active (Fig. 4.8). The PI values in Table 4.5
also reflect that during buildup the predictions for all the macropore structures were
acceptable. But, except Set III all other structures failed to capture the recession phase
properly. Therefore, the water table recession in the hillslope was critically controlled

by the soil macropore structure.
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To study the effect of increasing number of layers in the soil profile the
macropore structures in Set V and Set VI were defined with 20 and 30 layers,
respectively, in the 1 m deep soil profile. The macropore diameter was kept as 1.5
mm. The model simulations showed that in order to have a reasonable comparison
with the observed data, the no. of hydraulically effective connected macropores per
unit width of the slope in each layer (V) were required to be reduced. In Set III it was
necessary to assume 13 macropores in each soil layer. But, with the increase of soil
layers in Set V and Set VI, only 6 and 4 macropores in each layer, respectively, were
required to have a comparable prediction. Fig. 4.9 depicts the variation in no. of
hydrologically active macropores at different time steps for the macropore structures
Set III, Set V, and Set VI. From the figure it is clear that regardless of the number of
soil layers, the temporal variations in water table profile largely depended on the
hydrologically active macroporosity of soil. The distribution of the macropores in a
layer did not seem to have a significant effect. Rather, the density of actively flowing
macropores present below the saturated zone primarily controlled the subsurface
stormflow response from the hillslope.

To study the effect of variation in macropore diameter, macropore structures
Set VII and Set VIII were defined. Except the macropore diameters, these structures
were exactly similar to Set III, which provided the best predictions. Average
macropore diameter of 3 mm and 6 mm were considered for Set VII and Set VIII,
respectively. Fig. 4.10 shows the comparison of hydrologically active macroporosity
of Set VII and Set VIII with Set III. It can be observed that with the increase of
macropore diameter the number of hydrologically active macropores reduced.
Considering 13 connected macropores in each soil layer, adoption of 1.5 mm as

macropore diameter gave the best results. It can also be noticed that even with 3 mm
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Fig. 4.9 Hydrologically active macropores at different time steps with the
macropore structures Set III, Set V, and Set VI for the experiment E-12
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Fig. 4.10 Variation in hydrologically active macropores with time due to
change in macropore diameter for the experiment E-12

diameter of macropores (Set VII) the predictions were acceptable (Table 4.5).

However, with 6 mm macropore diameter (Set VIII) the predictions were not so good.

Clearly, the subsurface stormflow generated from the hillslope depended on

macropore diameter. But, it was not a very critical parameter in terms of model

predictions. In general, the macropore density in the soil profile was found to be a
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more critical parameter compared to the macropore diameter to control the subsurface
stormflow generation from the hillslope.

Similar results were obtained from the simulations of the runoff experiments
conducted on the hillslope plot. Table 4.6 shows the ranges of PI obtained with the
best adopted soil macropore structures defined for the fifteen experiments. The
detailed observed and simulated water table depths and the estimated PI values are
given in Appendix 1. Another important observation could be made from the model
simulations. It was found that all the experiments showed a common trend of
increasing the number of hydraulically effective and hydrologically active macropores
in soil with the increasing rate of recharge (Table 4.6). This can be attributed to the
threshold behavior of preferential flow generation as mentioned by Uchida et al.
(2005). Water can flow into a macropore if its water entry pressure is exceeded (Ela et
al., 1992; Li and Ghodrati, 1997; and Weiler and Naef, 2003). Therefore, with lower
rates of recharge some of the macropores present in soil might not get
sufficient connectivity to become hydraulically effective. But, under high recharge
rates the connectivity between those inactive macropores were established to make
them hydraulically effective and potentially active for rapid preferential flow
generation. Therefore, the experiments showed a good correlation between average
rate of recharge (f,,,) and maximum number of hydrologically active macropores (V)
with a logarithmic functional relationship (Fig. 4.11). The field observations clearly
showed very fast buildup and recession of saturated zone above the impermeable
layer indicating the occurrence of rapid subsurface stormflow from the hillslope. In
most of the cases major portion of subsurface runoff occurred within 2-3 hours from
the cessation of recharge. With a very slow matrix flow rate such quick response was
not possible and thus it is clear that the lateral preferential flow dominated the storm

hydrograph. This typical subsurface runoff pattern seems to be captured properly in
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Table 4.6 The details of the subsurface runoff experiments conducted on the hillslope

Average No. of Optimized

. Rate Duration Hydraulically Effective
Experiment of :
No of Recharge Recharee Macropores per unit Range of PI
’ (fave) (hr) & Width of the Slope in each
(m/hr) of the 10 Soil Layers
E-1 0.184 1.50 15 0.030 — 0.069
E-2 0.079 1.08 06 0.018 — 0.080
E-3 0.257 0.75 20 0.017 —0.049
E-4 0.071 0.83 05 0.036 — 0.081
E-5 0.090 0.78 08 0.039 —0.080
E-6 0.109 1.57 10 0.022 - 0.057
E-7 0.195 1.03 18 0.022 - 0.046
E-8 0.076 1.03 05 0.026 — 0.051
E-9 0.135 1.00 12 0.030 — 0.049
E-10 0.123 0.75 11 0.029 — 0.064
E-11 0.126 1.00 11 0.026 — 0.054
E-12 0.139 0.80 13 0.023 — 0.065
E-13 0.176 1.00 16 0.019 -0.039
E-14 0.110 0.92 10 0.016 —0.031
E-15 0.106 0.85 09 0.018 —0.037
200 -
£
;; 160 - °
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Fig. 4.11 Maximum no. of hydrologically active macropores for different rates of
recharge
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the model simulations. Fig. 4.12 shows the computed subsurface flow hydrographs of
matrix and macropore flow for the experiment E-12. The peak of both the
hydrographs occurred immediately after the cessation of recharge. Similar to the other
experiments it clearly shows that matrix flow was almost negligible compared to the
amount and rate of lateral preferential flow (Sarkar and Dutta, 2009; Sarkar and
Dutta, 2011). van Schaik et al. (2008) also reported a maximum macropore flow
contribution of 80% in total subsurface runoff in semi-arid hillslopes. Fig. 4.13 clearly
depicts that preferential flow contributed the major part of prompt interflow occurring
immediately after the storm events (within first two hours). With increasing rate of
recharge, contribution of macropore flow also increased as a polynomial function.
Analysis of the computed subsurface flow hydrographs clearly showed that the peak
rate of macropore flow has a good linear correlation with recharge (Fig. 4.14).
However, Fig. 4.15 indicates that the peak matrix flow rate has a power relationship
with recharge showing comparatively poor correlation. This may be due to the
significant domination of preferential flow over matrix flow in the storm hydrograph

generated from the hillslope plot.

12 - 0.0016
m‘é 10 - Macropore Flow Rate =
e | /v Matrix Flow Rate -+ 0.0012 <=
(0] 8 - M é
S v
x IS
3 6 1 0.0008 £
T S
S T
S 41 - 1%
& +0.0004
g 2 =
E "

O [ T T T T T T 0

0 0.5 1 15 2 2.5 3 3.5

Time (hr)

Fig. 4.12 Computed subsurface flow hydrographs through soil matrix and
macropores for the experiment E-12
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Fig. 4.13 Contribution of preferential flow in subsurface stormflow hydrograph for
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Fig. 4.14 Peak rate of macropore flow as a function of average rate of recharge
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Fig. 4.15 Peak rate of soil matrix flow as a function of average rate of recharge

4.3

Summary of the Chapter

The results obtained from the simulations of the overland flow and subsurface

stormflow models can be summarized as follows.

TH-1047_06610405

This chapter presents a physical based conceptual modeling approach for
overland flow and subsurface stormflow generation from an initially wet
experimental hillslope plot under high intensity artificial runoff events. The
functional relationships developed from the in sifu experimental investigations
have been used to calibrate the model parameters.

The overland flow process on the hillslope plot has been defined by
approximating the St. Venant equations of continuity and momentum. The
resulting one-dimensional shallow water overland flow equations with
diffusive wave approximation were solved using a finite volume technique by
defining suitable initial and boundary conditions. Prior to this, from the two-

dimensional flow domain one-dimensional flow network was established
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based on cell elevation and flow depth. The model computed flow depth and
friction slope at each computational cell and the hydrograph at the

downstream end of the slope.

The two most important input parameters of the overland flow model are
steady preferential infiltration rate (f,) and inflow intensity (7). These two
parameters were measured from the field experiments conducted on the
hillslope plot. For a particular experiment knowing the value of these
parameters and the equivalent flow depth (4.) in the upstream boundary
computational cells, the overland flow model was simulated with an assumed
value of Manning’s roughness coefficient (7). The model simulated outflow
hydrograph was then compared with the measured hydrograph at the
downstream end of the plot. Using a trial and error method the value of n was
varied till the observed flow hydrograph matched with the model simulated
hydrograph. This estimated value of »n represented a lumped value of surface
roughness of soil, vegetation, and microtopography under a steady overland

flow condition over the plot.

The model simulated overland flow behavior on the hillslope was in good
agreement with those reported in literature under similar conditions. From
model simulations it was found that the average overland flow depth varied in
the range of 3-10 mm with maximum coefficient of variation of about 200
percent. Over 80 percent area of the hillslope plot, the flow depth was less
than 5 mm. These simulated flow depths reasonably complemented the
roughly measured flow depths during the field experiments. The spatial

variations in overland flow depth were mainly due to the micro-topographic
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variations, which do not have significant effect on the lumped overland flow

response from the hillslope.

The estimated Manning’s roughness coefficients were found to be a depth
dependent parameter. Manning’s n had a power relationship with inflow
intensity (7). Similar relationships are also well reported in literature.
Manning’s n was also found to be closely related to degree of vegetation.
Denser vegetation imparted higher surface resistance to result in higher values
of n. The estimated n values distinctly represented three vegetation conditions
of the plot viz. sparse, moderate, and dense. For shallow overland flow depth,
variation of the surface roughness on a vegetated hillslope was mainly

characterized by degree of vegetation.

To model subsurface stormflow from the experimental hillslope plot, the
modeling concept of Fan and Bras (1998) has been adopted with some
modifications. The present model does not use an effective lateral hydraulic
conductivity to represent combined effect of soil matrix and macropore flow.
It considers actual saturated hydraulic conductivity for water flow through soil
matrix and a new sink term to account for rapid lateral water movement

through soil macropores.

A physical based numerical solution of the subsurface flow equations was
provided to capture the rapid subsurface stormflow evident in the hillslope, to
reflect the contributions of soil matrix and macropores in prompt interflow
occurring immediately after high intensity runoff events, and to provide a
surrogate indicator of hydraulically effective or hydrologically active lateral

macroporosity of the hillslope. The dependency of effective lateral
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macroporosity, matrix, and macropore flow rates under varying recharge

conditions were also evaluated.

Considering the extent of complexity in defining the soil macropore structures
and the intricacy of macrpore flow through soil, a number of assumptions
were taken to simplify the macropore flow processes. The hydraulically active
macropores were assumed to be straight and continuous small pipes of
uniform diameter, which are distributed in different soil layers. When these
macropores are present below the saturated soil, water seeps into these pores.
These macropores were termed as hydrologically active. The water, which
seeps into these macropores, has been assumed to be discharged laterally at a
very high velocity without any interaction with the surrounding soil matrix.
Considering the saturated condition of the surrounding soil matrix this

approximation is quite practical.

For the uniform hillslope experimental plot the three-dimensional soil mantle
was converted to a two-dimensional soil profile by defining the storage
capacity of the hillslope in terms of its drainable pore space. Instead of
adopting a polynomial function to define the bedrock profile, digital elevation
data of the experimental plot were used. The bedrock slope along the centroid
profile was approximated as that of the surface topography assuming a
uniform soil depth of 1 m. Defining proper initial and boundary conditions the
numerical solution of the subsurface stromflow equation was obtained using a
finite difference method with the Warming-Beam upwind scheme. The model
computed subsurface storage at different time steps in each grid cell and also
quantified subsurface lateral flow response at the bottom of the hillslope as

saturated matrix flow and lateral preferential flow. At a particular time step the
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storage within the hillslope can be used to calculate the saturated depth or

water table depth over the impermeable layer.

Fifteen runoff experiments were conducted in the hillslope plot with varying
inflow intensities and durations to compute the average rate of recharge (fu.).
During these experiments the water table depth in the piezometers were
monitored at regular intervals to capture the buildup and recession of saturated
zone above the impermeable layer. The responses of the piezometers located
at the two sides of the plot were found to be negligible as the subsurface flow
along the length of the slope was dominating. The average saturated depths at
five points along the cetroid of the plot were approximated by averaging the
piezometer readings at the five transects. These average depths at different

time steps were compared with the model simulated saturated depths.

In order to calibrate the model for the experimental hillslope plot simulations
were run with different arbitrary structures of soil macropores. For different
rates of recharge the number of hydraulically effective macropores in each
layer was varied to match the observed and model simulated temporal
variations of water table profile in the experimental plot. To ensure a good
matching between the observed and predicted saturated profiles, a statistical
parameter called Performance Index (PI) was used. Lower value of PI
indicated better prediction of the model. For all the experiments the values of
PI were calculated at different time steps and if the PI for all the time steps

were less than 0.1, the predictions were considered acceptable.

For all the experiments the soil macropore structures were optimized through
simulations of the model with number of arbitrary macropore structures

defined by assuming various combinations of the parameters viz. no. of soil
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layers (m), no. of hydraulically active connected macropores per unit width of
the slope in each layer (N), and average radius of macropores (74g). The
structure, which produced the lowest values of PI for all the computational
time steps, was selected as the best possible structure to define soil

macroporosity under those specific conditions of the experiment.

It was observed that the water table recession in the hillslope was critically
controlled by the soil macropore structure. During saturation buildup the water
table profile was predominantly controlled by the rate of recharge. During this
stage macropore structures did not exhibit significant control over the shape
and position of the water table. But, once the recharge stopped, the water table
was lowered primarily due to lateral preferential flow through the
hydrologically active macropores present below the water table. For higher
density of macropores below the saturated zone, the recession was faster as

more macropores were hydrologically active.

The distribution of the macropores in different soil layers did not seem to have
significant effect. Rather, the density or number of actively flowing
macropores present below the saturated zone primarily controlled the
subsurface stormflow response from the hillslope. Therefore, increasing the
number of soil layers and increasing the number of hydraulically effective
macropores per layer without changing the number of soil layers, had similar

impacts on model performance.

Change in macropore diameter was found to have some effect on subsurface
stormflow response from the hillslope plot. But, instead of increasing

macropore diameter, increasing the number of macropores in the soil layers
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showed more prominent effect on subsurface water profile. Therefore,
compared to macropore diameter, active macropore density of soil is a more

critical parameter for subsurface stormflow generation from the hillslope.

All the experiments showed a common trend of increasing the number of
hydraulically effective and hydrologically active macropores in the soil with
increasing rate of recharge. This can be attributed to the threshold behavior of
preferential flow generation which states that water can flow into a macropore
only if its water entry pressure is exceeded. With lower rates of recharge some
of the macropores present in soil might not get sufficient connectivity to
become hydraulically effective. But, under higher recharge rates the
connectivity between those inactive macropores were established to make
them hydraulically effective and potentially active for rapid preferential flow
generation. Therefore, a good correlation between average rate of recharge
(favg) and maximum number of hydrologically active macropores (Nuq.) was

observed.

The subsurface model could capture the rapid buildup and recession of
saturated zone above the impermeable layer due to the occurrence of
subsurface stormflow from the hillslope. In most of the cases major portion of
subsurface runoff occurred within 2-3 hours from the cessation of recharge.
With a very slow matrix flow rate such quick response was not possible and
thus it was clear that the lateral preferential flow dominated the storm
hydrograph. The computed subsurface flow hydrographs of matrix and
macropore flow showed that the peak of both the hydrographs occurred
immediately after the cessation of recharge. The matrix flow was almost

negligible compared to the amount and rate of lateral preferential flow from
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the experimental hillslope plot. Lateral preferential flow contributed major
part of prompt interflow occurring immediately after the storm events. Here it
is important to mention that this particular subsurface flow behavior was a
specific case for a particular hillslope plot, which had extreme degree of active
soil macroporosity. Therefore, the results can not be generalized for all cases
of lateral preferential flow generation. Under certain circumstances soil matrix

flow may dominate over preferential flow.

It was also found that with the increasing rate of recharge, contribution of
macropore flow increased as a polynomial function. Computed subsurface
flow hydrographs showed that the peak rate of macropore flow has a good
linear correlation with recharge. However, the peak matrix flow rate has a
power relationship with recharge showing comparatively poor correlation.
This may be due to the significant domination of preferential flow over matrix
flow in the subsurface runoff hydrograph, which was evident in the hillslope

plot under investigation.
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CHAPTER 5 MODEL APPLICATIONS IN
DIFFERENT HILLSLOPE TYPES

This chapter presents a parametric study of the overland flow and subsurface
stormflow models. The hydrological responses of different characteristic hillslope
types under varying conditions of macropore diameter, rainfall intensity, rainfall
duration, sealing of macropores, hillslope profile curvature, relief etc. are analyzed.

The sensitivity of some basic controlling parameters of the models has been studied.
5.1 Different Types of Hillslopes

The topographic surface of a hillslope can be approximately defined by a
continuous function. Evans (1980) proposed such a bivariate quadratic function,
which is the general equation of conic shape given as

z=ax’ +by’ +exy+dx+ey+ f (5.1
where z is the elevation (m), x is the horizontal distance along the length direction
(m), y is the horizontal distance in the direction perpendicular to the length direction
(m), and q, b, ¢, d, e, f are the constants. Following the methods suggested by Evans
(1980), hillslope topography can be characterized by the combined curvature in the
gradient direction and the width direction, which is perpendicular to the gradient. The
curvature in the gradient direction is known as profile curvature and the same in the
width direction is known as plan curvature. The profile curvature defines the change
in slope angle and thereby controls the change of velocity of water flowing down
along the slope curve, whereas the plan curvature reflects the change in aspect angle
to influence the divergence or convergence of water flow. Troch et al. (2002) used the
following form of bivariate quadratic function for defining plan and profile curvatures

of the hillslopes
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z(x)=E+H(1-x/L)* +wy’ (5.2)
where z(x) is the surface topography curvature function, £ is the elevation of reference
datum (m), H is the relief of the hillslope (m), L is the corresponding slope length (m),
o 1s the exponent which defines profile curvature, w is the plan curvature parameter,
and y is the distance in the width direction from the centre of the slope (m). If o > 1, it
is a concave profile, @ < 1 defines a convex profile, and for a = 1, the profile is
straight. Similarly, when @ > 0, plan curvature is concave, for o < 0, plan curvature is
convex, and for w = 0, plan curvature becomes straight. Considering different
combinations of a and w, it is possible to define nine possible geometric shapes

(Table 5.1) of hillslope topography (Dikau, 1989).

Table 5.1 Different combinations of possible hillslope types

a ) Profile Curvature  Plan Curvature
>1 >0 Concave Concave
>1 0 Concave Straight
>1 <0 Concave Convex

1 >0 Straight Concave
1 0 Straight Straight
1 <0 Straight Convex
<1 >0 Convex Concave
<1 0 Convex Straight
<1 <0 Convex Convex

To study the effect of topographical shape on the hydrographs generated at the
bottom of the slope, three basic hillslope types, as shown in Table 5.2, were

considered. The length of the hillslope plot (L) was taken as 100 m with a uniform
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width (w) of 22 m. Total relief between the upslope and downslope points (H) was 20
m. Considering a reference datum of 100 m, uniform grids (2 m x 2 m) were
generated for the three selected types of hillslopes (Fig. 5.1). A constant soil depth of
1 m was taken by assuming that the surface profile curvature of the terrain was
parallel to the bedrock profile. It is a usual practice to have such an assumption in
case the soil depth function is unknown (Troch et al., 2002). It was further assumed
that the hydrological behavior of the hillslope was identical to that of the experimental
hillslope plot and therefore, the relationships derived from the in situ experiments on
the plot were valid for the new theoretical hillslopes.

Table 5.2 Three selected hillslope types and their plan and profile parameters

Jil'slogk a ) Profile Curvature Plan Curvature
Type
Type 1 )/ 0 Concave Straight
Type 2 1 0 Straight Straight
Type 3 0.5 0 Convex Straight

5.2  Overland Flow Behavior on Hillslopes

For simulating the overland flow behavior on the three hillslope types defined
in Fig. 5.1 and Table 5.2 it was considered that the theoretical hillslopes have dense
vegetation cover and a highly macroporous soil as similar to the experimental plot.
Overland flow hydrographs were simulated for five different rainfall intensities: 100
mm/hr, 125 mm/hr, 150 mm/hr, 200 mm/hr, and 300 mm/hr. For all these intensities
average preferential infiltration rates (f,) were calculated from the functional
relationship for dense vegetation condition (Table 5.3), which was derived from the in
situ experiments conducted on the hillslope plot. For the five rainfall intensities the

computed values of f, are given in Table 5.3. The rainfall intensity in excess of the
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(c) Type 3

Fig. 5.1 (a-c) Three different types of hillslope profiles
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Table 5.3 Average preferential infiltration rates for different rainfall intensities

Vegetation Relationship of f, with Ii ?enti?tlil f
Condition Rainfall Intensity (7) (mm/hr) (mm/hr)
100 92
125 107
Dense fo=0.6052 i+ 31.737
150 123
200 153
300 213

value of f;, generated overland flow from the hillslope and the infiltration excess flow
was routed to the outlet of the slope with an average n value of 0.04. The infiltrated
water was assumed to be percolated rapidly through the vertical macropores of soil to
recharge the saturated zone (i.e. f5 = fug), Which was present at some depth below the
ground surface. In all the simulations the duration of rainfall was taken as 30 minutes.
Figs. 5.2, 5.3, and 5.4 show the simulated hydrographs for the Type 1, Type 2, and
Type 3 hillslopes, respectively. All the three hillslopes showed the similar shapes of
the hydrographs. Discharge at the outlet of the slope gradually increased from zero as
contributions from upslope points started reaching the outlet. After some time the
discharge reached a maximum value and became constant till the rainfall continued.
This was due to the assumed steady rainfall and constant recharge condition of the
plot. After the cessation of rainfall, discharge gradually reduced with the reduction of
storage within the hillslopes. For all the hilslopes, with increase in rainfall intensity,
peak rate of discharge (Q,) increased and time to peak (z,) decreased. A relative
comparison of the hydrographs generated from the three hillslopes (Table 5.4) clearly
shows the effects of profile curvature on the overland flow hydrographs. The peak

rate of discharge for a given particular rainfall intensity remained the same for all the
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Fig. 5.2 Overland flow hydrographs for the Type 1 hillslope at different intensities
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Fig. 5.3 Overland flow hydrographs for the Type 2 hillslope at different intensities
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Fig. 5.4 Overland flow hydrographs for the Type 3 hillslope at different intensities
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Table 5.4 Comparison of overland flow hydrographs for different hillslope types

Hillslope Rainfall _ Peak Time to Peak, ¢, Time of
Tvoe Intensity ~ Discharge, O, (s) Recession, 7,
yp (mm/hr) (m’/s) (s)
100 0.00473 778 217
Type 1
125 0.01056 623 315
150 0.01639 558 351
200 0.02794 437 394
300 0.05115 367 428
Type 2 100 0.00473 737 136
125 0.01056 583 198
150 0.01639 535 233
200 0.02794 415 273
300 0.05115 351 310
100 0.00473 820 116
Type 3
125 0.01056 653 179
150 0.01639 603 217
200 0.02794 466 261
300 0.05115 395 303

three selected hillslopes. This was expected as a steady rainfall and recharge condition
continued for an extended duration over the plot. However, different profile
curvatures showed significant effect on time to peak (z,) and time of recession (7).
Least values of ¢, were obtained for the Type 2 hillslope as in this case the continuous
straight slope profile resulted in increasing flow velocity and lower time of
concentration. Comparatively higher values of #, were evident in the Type 1 hillslope.

It is because the slope profile was steeper at some of the upslope grids, but after some
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distance the steepness of slope was reduced considerably towards the outlet. This
resulted in reduction of flow velocity and consequently higher travel time was
observed. Type 3 hillslope showed maximum values of ¢, as except some grids near
the outlet, the elevation difference between most of the upslope grids was very less
which resulted in a flatter profile curvature. Similarly, the time of recession (¢,) was
also controlled by the hillslope profile curvatures. As recession of flow started after
the cessation of rainfall, the storage of water at that particular instant primarily
controlled the time of recession. Clearly, Type 3 hillslope has least surface storage
due to its convex profile and Type 1 hillslope has maximum storage capacity owing to
its concave profile. Therefore, #. values were least for the Type 3 hillslope and it was
maximum for the Type 1 hillslope. Type 2 hillslope exhibited intermediate values of ¢,

due to its moderate surface storage property.
5.2.1 Effect of relief on overland flow

To study the effect of relief on overland flow hydrographs, keeping the other
conditions same the relief of the three types of hillslopes were changed from 20 m to
10 m and the resulting Digital Elevation Models (DEM) were generated. Considering
a rainfall intensity of 150 mm/hr overland flow hydrographs were simulated (Fig.
5.5). Comparison between the runoff hydrographs revealed (Table 5.5) that in all
three types of hillslopes steady peak outflow conditions was attained. Both #, and ¢,
followed the same previous trend for different profiles of the hillslopes. However, due

to flattening of the slope the values of £, and ¢. were increased.

5.2.2 Overland flow in non-macroporous soil

To study the effect of soil macroporosity on surface runoff hydrographs, the

overland flow model has been simulated for the hillslopes with and without
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Table 5.5 Effect of change in relief on overland flow hydrographs for i = 150 mm/hr

Hillslope H=20m H=10m
Type
P O ms) L) 4 | Q@) 1,(s) £ (5)
Type 1 0.01639 558 351 0.01639 682 437
Type 2 0.01639 535 233 0.01639 657 287
Type 3 0.01639 653 179 0.01639 743 267
0.02 -
0.016 - — Type 1
mg — Type 2
= 0.012 - — Type 3
a0
3
fn) 0.008 -
Z
0.004 -
0 T T T T 1
0 500 1000 1500 2000 2500
Time (s)

Fig. 5.5 Overland flow hydrographs for # =10 m and i = 150 mm/hr

preferential pathways. In non-macroporous hillslopes the process of infiltration into
the soil matrix, which is governed by the Darcy’s law, was approximated by the
Green-Ampt equation (Chow et al., 1988). For sandy loam soil of the hillslope,
Green-Ampt infiltration parameters were taken as: wetting front soil suction head ()
= 0.1101 m, saturated hydraulic conductivity (K;) = 50 mm/hr, and effective porosity
(6.) = 0.3. The infiltration excess runoff hydrographs for different rainfall intensities
were generated. Figs. 5.6 and 5.7 show some of the simulated hydrographs for the

Type 2 and Type 3 hillslopes, respectively. Unlike preferential infiltration dominated
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hillslopes, here the build up was slower and steady peak discharge conditions were
not attained quickly. Perhaps it was going to take a much longer duration to attain a
steady infiltration condition due to a very slow rate of soil matrix flow. Expectedly,
the magnitude of peak discharge was much higher (Table 5.6) than that of the
preferential infiltration dominated hillslopes. Therefore, non-macroporous or
hillslopes with disturbed macropore structures are known to have very high value of
runoff coefficients than natural vegetated hillslopes, where high preferential
infiltration rates are expected. Most significantly, from the maximum depth of
saturated water front propagation below the ground surface (Table 5.6) it was evident
that in no case the water front reached up to the impermeable layer to initiate any
active subsurface stormflow. Whereas, in macroporous soils the vertical macropores
rapidly conveyed the infiltrated water towards the impermeable layer, where a
temporary water table build up took place to initiate rapid lateral preferential flow

through well connected network of soil macropores.
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Fig. 5.6 Overland flow hydrographs for non-macroporous soil (Type 2 hillslope)
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Fig. 5.7 Overland flow hydrographs for non-macroporous soil (Type 3 hillslope)

Table 5.6 Peak discharge and saturated depth for non-macroporous hillslope soils

Rainfall Peak Discharge, Depth of Saturated
Hillslope Type Intensity Q3p Wetting Front, d
(mm/hr) (m’/s) (m)

100 0.01177 0.2079
Typel 125 0.02684 0.2114

150 0.04158 0.2132

200 0.07106 0.2152

300 0.12950 0.2171

100 0.01210 0.2022
Type 2

125 0.02739 0.2054

150 0.04224 0.2071

200 0.07139 0.2091

300 0.01310 0.2108

100 0.01200 0.2012
Type 3

125 0.02739 0.2044

150 0.04235 0.2063

200 0.07205 0.2085

300 0.01312 0.2105
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5.3  Subsurface Stormflow from Hillslopes

The subsurface stormflow model was used to study the response of different
hillslope types under varying intensities of simulated rainfall. The average rate of
recharge to the saturated layer was obtained from the same functional relationship
used in overland flow simulations assuming f... = f5. It was evident from the
discussions in the previous chapter that hydraulically effective macroporosity of the
hillslope soil was strongly dependent on rainfall intensity or the rate of recharge.
Knowing the values of f,,¢, the number of hydraulically effective macropores per unit
width of the slope (N) that might be present in different soil layers was approximately
defined. The experimental based and model calibrated values of N were defined for
different rainfall intensities (Table 5.7) assuming that the theoretical hillslope soil has
the same order of macroporosity as that of the experimental plot. For simplification in
macropore flow routing it was assumed that the macropores have infinite carrying
capacity and the water seeping into a macropore is discharged instantaneously to the
bottom of the hillslope. This consideration involves some approximation. But, in steep
hillslopes the resident time of water in the macropore domain is expected to be very
less due to high gradient and piston effect like movement of water through
preferential pathways. Figs. 5.8-5.10 depict the hydrographs for macropore flow and
Figs. 5.11-5.13 show the matrix flow hydrographs for different types of hillslopes.
With increasing intensities of rainfall the contributions of both soil macropores and
matrix in subsurface stormflow also increased. In both the cases the peak flow
occurred after the cessation of recharge as at this point the saturated depth above the
impermeable layer was maximum. However, the magnitude of macropore flow was
much higher than the matrix flow rate. The peak discharge through the soil

macropores was quite comparable with the peak rate of overland flow. It was also
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observed that the bedrock profile curvature did not have significant effect on the
macropore flow rate. Macropore flow strongly depended on the number of active
connected macropores in soil. Therefore, minor variations in saturated depth owing to
different curvatures of bedrock profile were insignificant. However, matrix flow rates
were affected by different profile curvatures due to the differences in hydraulic
gradient.

An interesting observation can be made from Table 5.8 which enumerates the
variations in the build up of saturated profile above the impermeable layer. If the
saturated depth becomes more than the depth of soil, saturation excess overland flow
will occur. In all the cases it could be observed that the depth of saturated profile were
less than the soil depth. Even under the simulated extreme rainfall conditions,
saturation excess overland flow was not evident. Therefore, in hillslopes where high
macroporosity results in quick vertical as well as lateral transmission of infiltrated
water, the process of saturation excess overland flow might not occur in spite of
having the saturated soil conditions and high rainfall intensity. However, it is also

worth mentioning that saturation excess overland flow was evident for simulations

Table 5.7 Hydraulically effective soil macroporosity for different rainfall intensities

Number of Hydrulically Effective

Ram(fiijgrgnsﬂy (m]ri;:/ghr) Macropores per unit Width of Slope
in a given Soil Layer (N)
100 92 8
125 107 9
150 123 11
200 153 13
300 213 18
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Fig. 5.8 Macropore flow hydrographs for the Type 1 hillslope
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Fig. 5.9 Macropore flow hydrographs for the Type 2 hillslope
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Fig. 5.10 Macropore flow hydrographs for the Type 3 hillslope
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Fig. 5.11 Matrix flow hydrographs for the Type 1 hillslope
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Fig. 5.13 Matrix flow hydrographs for the Type 3 hillslope
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with no lateral macroporosity (i.e. N = 0) under the influence of prolonged recharge
and similar high vertical preferential infiltration rate (Table 5.9). Thus, if the lateral
macroporosity of a hillslope is disturbed due to the loss of connectivity, but the
vertical macropores are still active to rapidly convey the infiltrated water towards the

impermeable layer, saturation excess overland flow might occur.

5.3.1 Effect of relief on subsurface stormflow

To study the effect of relief on subsurface stormflow, the relief of hillslopes
along the bedrock profile was changed from 20 m to 15 m. In the present modeling
concept as macropore flow is incorporated as a sink term, it is not going to be affected
by the variations in relief. However, peak matrix flow rate was found to be decreased
with the reduction of relief (Table 5.10).

Table 5.8 Maximum depth of water table above the impermeable bed

Maximum Depth of

Rainfalliintensity Saturated Profile above the

Hillslope Type

(mm/hr) Impermeable Bed , £y, (m)
100 04182
Type 1 125 04817
150 0.5443
200 0.6609
300 0.8627
o 04182
Type 2 125 0.4817
150 0.5443
200 0.6609
300 0.8627
100 04182
Type 3 125 0.4817
150 0.5443
200 0.6609
300 0.8627
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Table 5.9 Occurrence of saturation excess overland flow with no lateral macropores

Time at which saturation excess overland flow initiated (hr)

Hillslope ~ Rainfall
T p Intensity Duration of Duration of Duration of

ype (mm/hr) Rainfall Rainfall Rainfall
(0.75 hr) (1 hr) (1.25 hr)

100 No flow No flow 1.15

Type 2

125 No flow 1.00 1.00

150 No flow 0.90 0.90

200 0.70 0.70 0.70

300 0.50 0.50 0.50

Table 5.10 Effect of change in relief on matrix flow hydrographs for i = 150 mm/hr

Fiitlsioe H=20m H= e
Type ngmat) ngmat)
(m’/s) (m’/s)
Type 1 3.58 x 10 2.67x107
Type 2 1.79 x 10 1.34 x 107
Type 3 124 x107% 1.00 x 107

5.3.2 Effects of changing lateral macroporosity on subsurface stormflow

The effects of change in macropore diameter (r.,) and number of
hydraulically effective macropores per unit width of slope (N) were evaluated. First,
keeping the same values of N, the diameters of macropores were doubled. It can be
observed from Table 5.11 that doubling the macropore diameter did not change the
maximum saturated depth above the impermeable layer (%) significantly.

Consequently, the increase in macropore flow rate was small. However, keeping
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macropore diameter same, if the values of N were increased, the saturated depth
changed considerably resulting in higher macropore flow. It is an important
observation that macropore diameter is not a critical parameter of the model. In the
process of characterization of soil macroporosity, macropore diameter of 1.5 mm was
selected for model simulations from the dominating macropore size groups 1-2 mm
and 3-4 mm. Here, the selection of 2 mm or 3 mm diameter would not have changed
the macropore flow rate significantly. But, the selection of N is much more critical as
it can have pronounced effect on macropore flow. For different soil and hydro-
geologic conditions the value of N can change for different land use or land cover and
management practices as well as for varying rainfall intensities. Therefore,
experimental data should be analyzed carefully in order to define the lateral
macroporosity of soil under different physical and hydro-geologic conditions of

hillslopes.

Table 5.11 Effect of change in soil macroporosity on subsurface flow

Hillslope Rainfall 7, =0.00075m | 7,g=0.0015m | rue=0.00075m
Type Intensity
m/h
- N, hm) | N, h(m) | N, hy (m)
100 8 0418229 8  0.416035 12 0.409466
Type 2
125 9 0481692 9 0.47858 14 0.468101
150 11 0544342 11 0.539856 17 0.524805
200 13 0.660877 13 0.653944 20  0.630256
300 18 0.862673 18  0.848814 27  0.804413

54  Summary of the Chapter

This chapter outlined a parametric study of the overland flow and subsurface

stormflow models for theoretical hillslopes having lateral and vertical macroporosity
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similar to the experimental hillslope plot. Some important findings of this chapter can

be summarized as follows:

TH-1047_06610405

The plan and profile curvatures of a hillslope facet can be defined by a
bivariate quadratic function. With different combinations of plan and profile
curvature parameters it is possible to define nine geometric shapes of
hillslope topography. To study the effect of topographical shape on the
hydrographs generated at the bottom of the slope, three basic hillslope types,
all having straight plan curvatures and with concave (Type 1), straight (Type
2), and convex (Type 3) profile curvatures, were considered.

The length and width of the theoretical hillslopes were taken as 100 m and 22
m, respectively. Assuming a total relief of 20 m, uniform grids (2 m x 2 m)
were generated for the three selected types of hillslopes with a datum of 100
m. A constant soil depth of 1 m was taken by assuming the surface profile
curvature parallel to the bedrock profile. It was further assumed that the soil
macropore structure of the hillslope was identical to that of the experimental
hillslope plot and therefore, the relationships derived from the in situ
experiments on the hillslope plot were valid for the theoretical hillslopes. A
dense vegetation condition over the hillslopes was assumed.

Overland flow hydrographs were simulated for five different rainfall
intensities: 100 mm/hr, 125 mm/hr, 150 mm/hr, 200 mm/hr, and 300 mm/hr.
Average preferential infiltration rates (f,) were calculated from the
experimentally derived functional relationship for dense vegetation condition
of the hillslope plot.

The overland flow hydrographs for all the three hillslopes had similar shapes.

Discharge at the outlet of the slope gradually increased from zero to reach a
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maximum value and remained constant till the rainfall continued. This was
due to the assumed steady rainfall and constant recharge condition of the
plot. Gradual recession of flow occurred after the cessation of rainfall.
Higher rainfall intensities produced greater peak with lesser time to peak.
Comparison of the overland flow hydrographs showed the effects of profile
curvature on time to peak (#,) and time of recession (). Least values of ¢,
were evident for the Type 2 hillslope. Comparatively higher values of 7, were
observed in the Type 1 hillslope, whereas in Type 3 hillslope maximum
values of #, were evident. After cessation of rainfall the surface storage of
water at a particular instant primarily controlled the time of recession. Type 3
hillslope had least surface storage due to its convex profile and Type 1
hillslope had maximum storage due to its concave profile. Therefore, ¢,
values were least for the Type 3 hillslope and it was maximum for the Type 1
hillslope. Type 2 hillslope showed intermediate values of #. due to its
moderate surface storage capacity.

To study the effect of relief on overland flow hydrographs, keeping the other
prameters same the total relief of the three theoretical hillslopes were reduced
by 50% and the resulting DEMs were generated. Similar natures of overland
flow hydrographs were evident for all three types of hillslopes. However, due
to flattening of the slope the values of time to peak and time of recession
were increased.

The effect of soil macroporosity on overland flow was studied by comparing
the simulated surface runoff hydrographs from macroporous and non-
macroporous hillslope soils. In non-macroporous hillslope soils Green-Ampt

equation was used to describe the process of infiltration of water into the
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homogeneous soil matrix, which follows the Darcy’s principle. Assuming a
sandy loam soil, the Green-Ampt infiltration parameters were defined. For
non-macroporous hillslope soils the steady peak discharge conditions were
not attained quickly due to a very slow rate of soil matrix flow. The
magnitude of peak discharge was much higher than that of the preferential
infiltration dominated hillslopes. Therefore, non-macroporous soils or
hillslopes with disturbed macropore structures produce higher runoff
coefficients than undisturbed vegetated hillslopes. It was also observed that
in non-macroporous soils the saturated water front never reached the
impermeable layer to initiate any water table buildup for lateral subsurface
stormflow generation. Whereas, in macroporous soils the vertical macropores
rapidly conveyed the infiltrated water towards the impermeable layer, where
a temporary water table build up took place to initiate rapid lateral
preferential flow through well connected network of lateral soil macropores.

The subsurface stormflow response of the three theoretical hillslopes was
analyzed from the model simulations. For different rainfall intensities the
average rate of recharge to the saturated layer was approximated as f,,, = f5
and based on recharge the number of hydraulically effective macropores per
unit width of the slope in each soil layer was defined assuming that the
theoretical hillslopes had similar macroporosity as that of the experimental
hillslope plot. The macropores were assumed to have infinite conductance
and thus the resident time of water in the macropore domain was negligible.

The matrix and macropore flow hydrographs showed that with increasing
rainfall intensities the contributions of both matrix and macropore flows in

subsurface stormflow increased. The peak of both the hydrographs occurred
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immediately after the cessation of recharge. The macropore flow rates were
much higher than soil matrix flow rates. Macropore flow rates were
comparable with the overland flow rates from the hillslopes.

The macropore flow rates were not affected significantly by the bedrock
profile curvatures. But, the soil matrix flow rates were influenced by profile
curvatures due to changes in hydraulic gradient. In highly macroporous
hillslopes even under extreme recharge conditions saturation excess overland
flow was not evident due to rapid vertical and lateral transmission of
infiltrated water. Saturation excess overland flow occurred only under the
conditions of prolonged recharge with very high rates of vertical water
movement with no active lateral macroporosity of soils. Therefore, hillslopes
with disturbed lateral macroporosity might generate saturation excess
overland flow. Soil macropore flow was unaffected by the change of
hillslope relief, but the matrix flow rates were found to be decreased due to
reduction in relief.

Doubling the macropore diameter did not affect the saturated depth of water
above the impermeable layer and the macropore flow rates significantly.
However, keeping the diameter same any change in the number of
hydraulically active macropores showed considerable influence on
macropore flow rates. Therefore, compared to macropore diameter the
number of connected soil macropores was a more sensitive parameter of the

subsurface stormflow model.
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6.1 Summary

The present research work was undertaken in the Brahmaputra river basin of
India to understand and conceptualize the hydrological response of a typical hillslope
plot having extremely high degree of active soil macroporosity. On the hillslope plot
more than 50 experiments were conducted over the years with artificial runoff events
as well as by monitoring natural storm events. With the help of detailed
instrumentation in the plot the surface and subsurface hydrological behaviors of the
hillslope were captured. The analysis of the detailed experimental data led to some
understanding of the critical hydrological processes prevailing in the hillslope. In fact,
the experimental results showed some extreme flow conditions which are very rare
and therefore, are not frequently reported in literature. The experimental
understandings were extended to develop physical based numerical models to
conceptualize the surface and subsurface flow processes of the hillslope plot.
The field experimental data were used in semi-distributed hydrological models to

characterize overland flow and subsurface stormflow.

The hillslope plot (18 m x 6 m) selected for the study had undisturbed natural
vegetation consisting of close growing grasses and shrubs. The vegetation showed
seasonal dynamics with sparse, moderate, and dense conditions. A detailed
topographic survey was conducted on the hillslope with a uniform grid of 0.25 m, by
a total station of (+5 mm +2 ppm) accuracy to generate the Digital Elevation Model
(DEM) of the hillslope plot. The average slope in the main sloping direction was 20
percent. The analysis of soil samples collected from the hillslope plot revealed a two

layer soil formation with a coarse soil layer overlaying a fine textured soil layer. An
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impermeable layer was found at about 1 m depth below the ground level. The average
saturated hydraulic conductivity of the soil matrix was 50 mm/hr. Considering the
rainfall patterns and physical conditions of the hillslopes of northeast India, a sheet
flow generation system was designed for the hillslope plot to capture the overland
flow and subsurface stormflow characteristics. Using the sheet flow generation
system steady overland flow conditions could be generated with varying storm
durations (15 -120 minutes) and wide range of inflow intensities (50-406 mm/hr). The
plot was instrumented with profile probe soil moisture meter and 25 piezometers
installed along five transects of the plot to keep track of subsurface moisture
conditions and temporary water table buildup and recession above the impermeable
layer. The depth of the piezometers was extended up to the impermeable layer (1 m)
from the ground surface. Measurements of water table in all the piezometers and
profile probe locations were taken before, during, and after the runoff

experiments.

Double ring infiltrometer tests conducted at different locations of the hillslope
plot showed significant effect of scale on infiltration. The irregular patterns of
infiltration in dry soils indicated the presence of highly active macropores in the
hillslope soil. Under wet soil conditions, a near steady infiltration condition could be
attained. The point infiltration data of the plot, measured under wet antecedent
conditions, were used to define a linear function to represent the spatial variation of
infiltration along the length of the hillslope plot. Plot scale runoff experiments
conducted with the sheet flow generation system provided a spatially averaged steady
preferential infiltration rate for the hillslope plot. The runoff plot experimental data
also indicated that under initially wet soil conditions a steady infiltration condition

could be attained over the hillslope plot after some time.
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To characterize macroporosity of the hillslope soil, undisturbed soil columns
were collected from the plot. Dye tracing experiments were conducted in the
laboratory with the soil columns. Subsequent digital image processing techniques
were used to derive quantitative information about total number of macropores, depth
distribution of macropores, maximum and minimum size of macropores, and volume
density in terms of stained path width with depth as an explanatory variable. The
presence of high macroporosity throughout the soil profile was clearly evident. The 1-
4 mm diameter macropores were found to be dominating. More precisely, the 1-2 mm
diameter macropores, mostly developed by the plant roots, dominated the soil profile.

Using the profile probe soil moisture sensor, spatial and temporal variations in
soil moisture distribution in the hillslope plot were monitored. It was found that
during and after the runoff events, soil moisture contents at different depths remained
fairly constant. The constant moisture profile of the hillslope soil indicated the
attainment of steady infiltration/recharge condition over the plot. It was also observed
that once wetted, the topsoil remained at field capacity for the next 2-3 days. Thus,
from early monsoon storms the hillslope soil becomes saturated and then remains at
field capacity for a prolonged period. This creates a favorable condition for triggering
subsurface stormflow under subsequent storm events. Soil moisture content readings
in the lower soil layer also showed rapid buildup and recession of saturated zone
above the impermeable bed to indicate the occurrence of subsurface stormflow from
the hillslope.

On the hillslope plot 34 artificial runoff experiments were conducted in three
different seasons to study the effect of natural vegetation (sparse, moderate, and
dense) on overland flow behavior. Under wet antecedent moisture conditions, the

outflow hydrographs measured at the downstream end of the slope attained a constant
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discharge within a very short time. This represented a steady infiltration condition of
the plot. The steady preferential infiltration rate (f,), was found to be dependent on
inflow intensity (i) and degree of vegetation. The values of f, were computed from the
in situ field experiments knowing the inflow and outflow hydrographs. All the
experimental studies revealed that the preferential infiltration rate (50-250 mm/hr)
was much higher than the average saturated hydraulic conductivity of the soil matrix
(50 mm/hr). As the macroporosity of the hillslope soil was mainly due to the growth
of plant roots, vegetation density was found to be closely related to preferential
infiltration rate. Dense vegetation on the hillslope allowed higher preferential
infiltration due to active macropore network developed by the plant roots. The
functional relationships between i and f, for the plot were experimentally established
for the three vegetation conditions. Time of concentration (t;) of the plot was also
expressed as a function of inflow intensity. These experimentally developed
functional relationships are valid for wet antecedent soil moisture conditions and high

intensity storm events occurring for a prolonged period.

The overland flow response of the hillslope under natural sotrm events were
also monitored using an automatic rainfall recorder and a digital water level recorder.
The measurements were stored in a data logger with an observation time interval of 5
minutes. The three year (2008-2010) rainfall-runoff data for the plot were analyzed.
The observations revealed that the overland flow generation from the hillslope plot
was a threshold dependent process. A favorable combination of rainfall depth, storm
duration, maximum intensity, and 7 days Antecedent Precipitation Index (API)
primarily controlled the runoff generation process from the hillslope. The relationship
between inflow intensity (i) and preferential infiltration rate (f,), which was developed

from the artificial runoff experiments, was also evaluated for the runoff generating
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natural storm events. It was found that the relationship could capture the observed

peak of the hydrographs and total runoff volume reasonably well.

The piezometer readings taken during and after the artificial runoff
experiments were analyzed to study the process of water table buildup and recession
above the impermeable layer. The water table depths measured in the piezometers
installed along the two sides of the plot were negligible. The subsurface water
movement was predominantly along the major surface gradient of the plot. Very rapid
fluctuation of water table during buildup and recession was evident. The hillslope soil
matrix with a very slow hydraulic conductivity (50 mm/hr) was not capable of
producing such sharp fluctuations of saturate profile. These evidences clearly
indicated the presence of highly active lateral preferential pathways in the hillslope

soil which generated rapid lateral subsurface stormflow from the plot.

The physical understandings of the surface and subsurface flow processes of
the hillslope plot evident from the in Situ experimental results were extended to
develop conceptual models for overland flow and subsurface stormflow. The
functional relationships derived form the field experiments were used to calibrate the
model parameters. The basic input data for the models were also measured from the in

situ experiments.

The process of overland flow was defined by approximation of the St. Venant
equations of continuity and momentum. One-dimensional shallow water overland
flow equations with diffusive wave approximation were solved using a finite volume
technique. The two-dimensional flow domain was divided into number of
computational cells. Based on elevation and flow depth, one dimensional flow
network was established. The model was used to compute flow depth and friction

slope at each computational cell and the overland flow hydrograph at the downstream
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end of the slope. The main input parameters of the model were inflow intensity,
preferential infiltration rate, and equivalent depth at the upstream boundary
computational cells. The first two parameters were measured from field experiments
and the equivalent depth was computed from the known inflow intensity applying the
Manning’s equation. The model was simulated with an assumed value of Manning’s
roughness coefficient (n) and the resulting outflow hydrograph was compared with
the measured outflow hydrograph. Using a hit and trial method the value of n was
varied till a best matching between the observed and simulated hydrographs were
obtained. The estimated n represented a lumped surface resistance to flow due to soil
roughness, vegetation, and microtopography. The Manning’s n was was found to be a
depth dependent parameter. The variation of n with inflow intensity clearly showed
that Manning’s roughness coefficient has a power relation with inflow intensity.
Manning’s n was also dependent on vegetation density. Higher vegetation density
yielded higher values of n. For shallow overland flow on hillslopes the surface
roughness was mainly characterized by degree of vegetation. The analysis of the
simulated overland flow depths at various computational time steps showed that the
average overland flow depth varied in the range of 3-10 mm with maximum
coefficient of variation of 200 percent. Over 80 percent area of the plot the flow depth

was less than 5 mm.

Subsurface stormflow from the hillslope plot was modeled using the basic
concept introduced by Fan and Bras (1998). The model considered actual saturated
hydraulic conductivity of soil for matrix flow and a new sink term to account for rapid
macropore flow. A number of assumptions were taken to simplify the rather complex
soil macropore structures. In the model, the hydraulically effective connected lateral

macropores were defined as small diameter straight pipes of uniform diameter. These
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macropores were assumed to be distributed evenly in different soil layers. If these
macropores are present below the saturated soil, water seeps into these pores and
macropore flow initiates. The water flowing through the macropore domain was
assumed to be discharged to the bottom of the slope at a very high velocity without
any interaction with the surrounding saturated soil matrix. The actively flowing
connected macropores present below the saturated soil were termed as ‘hydrologically
active macropores’.

The uniform hillslope plot used for the in situ field experiments was
considered for the modeling of subsurface stormflow. The three-dimensional hillslope
soil mantle was converted to a two-dimensional soil profile consisting of its drainable
pore spaces. The bedrock slope along the centroid profile was approximated from the
surface topography assuming a uniform soil depth of 1 m. A kinematic form of
Darcy’s equation was combined with the continuity equation for hillslope subsurface
flow considering both soil matrix and macropore flow. The resulting quasi-linear
wave equation was solved using a finite difference method considering the Warming-
Beam upwind scheme. The physical based numerical solution of the subsurface flow
equations was used to capture the rapid buildup and recession of the water table
observed from the runoff experiments. The model was used (1) to capture the rapid
subsurface stormflow evident in the hillslope, (2) to reflect the contributions of soil
matrix and macropores in prompt interflow occurring immediately after the high
intensity runoff events, and (3) to provide a surrogate indicator of hydraulically
effective lateral macroporosity of the hillslope. Apart from these, the dependency of
effective lateral macroporosity, matrix, and macropore flow rates under varying

recharge conditions were also analyzed.
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Additional fifteen runoff experiments were conducted in the hillslope plot with
varying intensities and durations to study the subsurface stormflow behavior. The
average rate of recharge was computed from these experiments. Due to high
preferential infiltration during the runoff events a temporary water table was formed
over the impermeable layer. The piezometer readings were used to capture the water
table fluctuations. The average saturated depths at five points along the centroid of the
plot were approximated from the piezometer readings along the five transects.

To calibrate the model for the hillslope plot, simulations were run with
different macropore structures defined by number of soil layers (m), number of
hydraulically active connected macropores per unit width of the slope in each layer
(N), and average radius of macropores (layg). The model computed subsurface water
storage within the hillslope soil and the saturated depths above the impermeable layer
at different time steps. For a particular experiment the observed and model simulated
water table profiles were compared for different macropore structures. A statistical
parameter called Performance Index (PI) was used to ensure good comparison
between the observed and simulated data. The macropore structure, which produced
PI values less than 0.1 for all the computational time steps, was considered to be the
most suitable one to describe the macroporosity of the hillslope soil.

The model simulations showed that the water table buildup in the hillslope
was mainly controlled by the rate of recharge. However, the recession phase was
critically controlled by the soil macropore structure. The distribution of macropores in
different soil layers did not have significant effect on subsurface stormflow. The
density of macropores in soil had prominent effect on the recession pattern of water
table. At any given instant, the number of actively flowing macropores present below

the saturated soil primarily controlled the spatial and temporal variations of water
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table. Higher density of macropores below the saturated zone resulted in faster
recession of water table. Change in macropore diameter did not have significant effect
on subsurface stormflow. Therefore, macropore density was clearly a more critical
parameter than macropore diameter.

All the simulated experiments showed the common trend of increasing the
number of hydraulically effective and hydrologically active macropores in soil with
increasing rate of recharge. This can be attributed to the threshold behavior of
preferential flow generation. Water can flow into a macropore if its water entry
pressure is exceeded. Therefore, with lower rates of recharge some of the macropores
present in soil might not get sufficient connectivity to become hydraulically effective.
But, under higher recharge rates the connectivity between those inactive macropores
was established to make them hydraulically effective and potentially active for rapid
preferential flow generation. Therefore, the experiments showed a good correlation
between average rate of recharge (fag) and maximum number of hydrologically active
macropores (Nmax)-

The simulated hydrographs of soil matrix flow and macropore flow were
compared. The peak of the hydrographs occurred immediately after the cessation of
recharge. The matrix flow was almost negligible compared to the amount and rate of
lateral preferential flow from the experimental hillslope plot. Lateral preferential flow
contributed major part of prompt interflow occurring immediately after the storm
events. The subsurface flow behavior evident in the hillslope under investigation was
a specific case of extreme degree of active soil macroporosity. Therefore, the results
should not be generalized for all conditions of lateral preferential flow generation.
Under certain circumstances soil matrix flow may dominate over preferential flow. It

was also found that with the increasing rate of recharge, contribution of macropore
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flow increased as a polynomial function. Computed subsurface flow hydrographs
showed that the peak rate of macropore flow has a good linear correlation with

recharge.

To study the effect of topographical shape on the runoff hydrographs, three
basic hillslope types (Type 1, Type 2, and Type 3) were considered. The length of the
theoretical hillslope plot (L) was taken as 100 m with a uniform width (w) of 22 m.
Total relief between the upslope and downslope points (H) was 20 m. Uniform grids
(2 m x 2 m) were generated for the three types of hillslopes. A constant soil depth of 1
m was taken by assuming that the surface profile curvature of the terrain was parallel
to the bedrock profile. It was further assumed that the hydrological behavior of
macropores in the theoretical hillslopes was identical to that of the experimental plot
and therefore, the relationships derived from the in Situ experiments were also valid

for the theoretical hillslopes.

Overland flow hydrographs were simulated for five different rainfall
intensities: 100 mm/h, 125 mm/h, 150 mm/h, 200 mm/h, and 300 mm/h. For all these
intensities average preferential infiltration rate (fp) was calculated from the functional
relationship for dense vegetation condition, which was derived from the hillslope plot
experiments. The infiltrated water was assumed to be rapidly conveyed through the
vertical macropores of soil to recharge the saturated zone (i.e. f, = fayg), which
gradually builds up above the impermeable layer. In all the simulations the duration of
the storm events was taken as 30 minutes. Comparison of the resulting overland flow
hydrographs revealed the following facts:

e For all the hilslopes, with increasing rainfall intensity, peak rate of discharge

(Qp) increased and time to peak (t,) decreased.
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Different profile curvatures showed significant effect on t, and time of
recession (t;). Least values of t, were obtained for the Type 2 hillslope.
Comparatively higher values of t, were evident in Type 1 hillslope and Type 3
hillslope showed maximum values of tj.

The time of recession was mainly controlled by the storage property of the
hillslope profile curvatures. The values of t, were least for Type 3 hillslope
and it was maximum for Type 1 hillslope. Type 2 hillslope exhibited
intermediate values of t; due to its moderate surface storage capacity.

To study the effect of relief on overland flow hydrographs, keeping the other
conditions same the reliefs of the three hillslopes were reduced from 20 m to
10 m. Though all three types of hillslopes showed similar steady peak outflow
conditions, but the values of t, and t; were increased due to flattening of the
slope.

To study the effect of macroporosity on overland flow hydrographs, the
overland flow model was simulated for the hillslopes without any preferential
pathways. In non-macroporous hillslopes the process of infiltration into the
soil matrix, which is governed by the Darcy’s law, was approximated by the
Green-Ampt equation. The magnitude of peak overland flow discharge was
found to be much higher than that of the preferential infiltration dominated
hillslopes. Therefore, if the macroporosity of a natural hillslope soil is
disturbed, the overland flow rate should increase considerably. Most
significantly, from the maximum depth of saturated water front propagation in
soil it was evident that in no case the water front reached up to the
impermeable layer to start the water table buildup for the initiation of

subsurface stormflow from the hillslope.
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The subsurface stormflow model was used to study the response of different

hillslope types under varying rainfall intensities. Knowing the values of fay, the

number of hydraulically effective macropores per unit width (N) that might be present

in different soil layers was defined. The simulated subsurface flow hydrographs lead

to the following observations:
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With increasing intensities of rainfall the contributions to subsurface
stormflow through soil macropores and matrix increased. In both the cases the
peak flow occurred after the cessation of recharge as at this point the saturated
depth above the impermeable layer was maximum. The magnitude of
macropore flow was much higher than the matrix flow rate. Under high
intensity storm events the peak rate of discharge through the soil macropores
was quite comparable with that of the overland flow rate.

In all the cases it was observed that the depths of saturated profile above the
impermeable layer were less than the soil depth. Even under the simulated
extreme rainfall conditions, saturation excess overland flow was not evident.
Therefore, in hillslopes where high macroporosity results in quick vertical as
well as lateral transmission of infiltrated water, the process of saturation
excess overland flow might not occur in spite of having high intensity rainfall
under saturated soil conditions.

The change in macropore diameter did not have significant effect on
macropore flow rate. But keeping macropore diameter same if the values of N
were increased, the saturated depth changed considerably resulting in higher
macropore flow. For different soil and hydro-geologic conditions the value of
N can change for different land use, land cover, and management practices as

well as under different rainfall intensities. Saturation excess overland flow was
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found to occur when the process of vertical preferential infiltration remained
unaffected, but the connectivity of the lateral macropores was lost (i.e. N = 0).
Thus, in case of high vertical macroporosity and comparatively less active
lateral preferential flow, saturation excess overland flow may occur.
Therefore, the parameter N was found to be very critical and it should be
defined in the model with careful analysis and interpretation of experimental

data on soil macroporosity.
Major Conclusions

The following major conclusions were drawn from the present investigation:
The dye infiltration tests revealed that the hillslope had very high degree of
macroporosity in the soil profile. In the vegetated hillslope plot, soil
macropores of 1-2 mm diameter, developed mainly by the plant roots were
dominating.

Due to the presence of high macroporosity in the soil, point measurements of
infiltration showed wide spatial variations within the hillslope plot. Steady
infiltration condition could only be attained after a long time. The plot scale
measurements of infiltration using a sheet flow generation system could
capture the steady infiltration behavior of the plot within a relatively shorter
time. This can be attributed to the effect of scale on infiltration in a
macroporous hillslope soil.

The spatio-temporal variations of soil moisture profile in the hillslope plot
showed that after being wetted the moisture content in the topsoil (up to 40 cm
depth) remained fairly constant for a prolonged duration.

The artificial runoff experiments conducted on the hillslope plot under wet

antecedent conditions showed steadiness in outflow rates and topsoil moisture
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contents. These observations indicated the attainment of steady preferential
infiltration conditions over the macropore dominated hillslope plot.

Artificial runoff experiments conducted on the hillslope plot showed that at
the hillslope scale, the relationships between inflow intensity and preferential
infiltration rate was almost linear. However, the relationships varied for
different degrees of vegetation.

Observation of overland flow response under natural storm events revealed
that overland flow generation from the hillslope plot was a threshold
dependent process. Runoff generation process was primarily controlled by
total event rainfall, maximum rainfall intensity, storm duration, and 7 days
APIL. The evaluation of the experimentally established relationship between
preferential infiltration rate and rainfall intensity for the hillslope plot showed
reasonable agreement with the infiltration behavior under natural storm events.
The measurement of water table depths in the piezometers installed at the
hillslope plot showed rapid buildup and recession of water table over the
impermeable layer. The subsurface water flux dominated along the major
surface gradient of the plot with insignificant lateral flux component.

The simulation of overland flow model for the hillslope plot showed that the
average flow depth varied in the range of 3-10 mm and over 80% area of the
plot the flow depth was less than 5 mm. The spatial variations in overland
flow depth were mainly due to the micro-topographic variations.

The Manning’s roughness coefficients estimated from the model simulations
showed a power relation with inflow intensity. Manning’s n also varied with

degree of vegetation. In a preferential infiltration dominated hillslope, for
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shallow overland flow depths, variation of surface roughness was mainly
characterized by the degree of vegetation.

The subsurface stormflow model was simulated to optimize the active soil
macropore structures of the hillslope plot under different rates of recharge.

It was found that the rapid buildup and recession behavior of the water table
was primarily controlled by the active lateral preferential flow pathways.

The hydraulically effective or hydrologically active lateral macroporosity and
peak rates of matrix and macropore flow were found to be controlled primarily
by the rate of recharge. Maximum number of hydrologically active
macropores had a logarithmic functional relationship with the rate of recharge.
In the experimental hillslope plot the contribution of macropore flow in total
subsurface stormflow was significantly high.

Effects of different topographical shapes and bedrock profiles on surface and
subsurface flow hydrographs were significant.

In non-macroporous soils subsurface stormflow is expected to be very slow
and in case of medium and low permeability soils it may not occur at all.

Even under wet antecedent conditions hillslope soils having very high lateral
macroporosity, may not produce any saturation excess overland flow under
high intensity storm events.

The impact of change in lateral macroporosity owing to different land use and
management practices may be significant. It was found that if the connectivity
of the lateral macropores is disturbed, saturation excess overland flow might
be evident, if the vertical soil macropores remain active under extreme storm

events.
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e The present investigation provides an insight to the dominating hydrological
processes, their interdependence, and their extremities in a hillslope through in

situ experiments and physical based hydrological modeling approach.
6.3  Scopes for Future Research

The present investigation outlined an experimental and physically based semi-
distributed hydrological modeling approach for evaluating the hydrological response
of a macropore dominated natural hillslope. Some approximations and assumptions
taken in this study simplified the complexity of the problem. Even with such
simplifications the results obtained from this study were encouraging. In Brahmaputra
river basin, where the hillslopes are characterized by high degree of soil
macroporosity and the area receives extreme rainfall events frequently during the
monsoon season, rapid lateral preferential flow is the major source of storm runoff.
Therefore, flash floods in rivers are a common problem encountered in the
Brahmaputra river basin. Till date very few experimental data are available to
investigate such critical hydrological events of the region at the process level.
Especially, the remote areas of northeast India are still not well developed from the
socio-economic point of view. The process of acquiring data from these regions by
installing state of art instruments still remains as a great challenge to the hydrologists
and researchers working in the area. In such situations, the simplified experimental
techniques illustrated in this study should be useful for collecting hydrological
information, identification of the critical hydrological processes, and their modeling.
Obviously, the research work presented in this thesis is not exhaustive. An effort has
been made to identify and bring out the critical hydrological processes, prevailing in
the vast hillslopes of northeast India, in front of the scientific community. Several

hydrological issues of the region are still left to be addressed. There are vast scopes
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for future work in the present field of research, which will improve and enhance our

understanding and conceptualization of this complex hydrological problem. Some

specific aspects that can be targeted for future research are:

TH-1047_06610405

Similar plot scale field experiments conducted in different hillslopes of the
region should give better insight to the extremities of the hydrological
processes. The present study can be used to compare the results obtained
from other locations and thus the extent of validity of the present
experimental relationships can be further established with more
confidence.

Incorporating the component of vertical macropore flow the overland flow
and subsurface stormflow model can be coupled.

In macropore domain flow routing concept can be improved by
considering the effects of curvature, flow regime, and different flow
geometries.

Better instrumentation can be used to have more accurate quantitative data
on soil macropore structures, macropore flow velocity, subsurface
geological formations etc. These should provide a more clear
understanding of the macropore flow processes.

Finally, the simplifying assumptions taken in the model development can
be improved by incorporating more realistic physical definition of the
complex flow processes. Efforts are also to be made to extend the

modeling concept from plot scale to watershed scale.

-173 -



APPENDIX 1
Table A-1 Observed and predicted values of water table depth above impermeable
layer for different experiments conducted on the hillslope plot

Experiment

Distance from

Water Table Depth (m)

Performance Index

Time (hr) | Downstream
No. " End (m) Observed Predicted (P1)
E-1 0.21 3 0.1069 0.0679
6 0.1085 0.1195
9 0.2153 0.1695 0.0696
12 0.2369 0.2193
15 0.2575 0.2676
0.55 3 0.1825 0.1622
6 0.2721 0.2711
9 0.4036 0.3684 0.0301
12 0.4710 0.4603
15 0.5830 0.5436
0.97 3 0.2150 0.2291
6 0.4358 0.3590
9 0.5047 0.4670 0.0370
12 0.5609 0.5617
15 0.6589 0.6452
1.30 3 0.2850 0.2596
6 0.5037 0.3926
9 0.5458 0.4985 0.0481
12 0.5868 0.5887
15 0.6915 0.6677
1.63 3 0.3093 0.2588
6 0.4176 0.3770
9 0.4498 0.4669 0.0335
12 0.5813 0.5422
15 0.5928 0.6065
1.88 3 0.2039 0.1978
6 0.3143 0.2713
9 0.3354 0.3216 0.0339
12 0.3617 0.3617
15 0.4251 0.3932
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2.13 3 0.1311 0.1558
6 0.2039 0.2051
9 0.2304 0.2375 0.0374
12 0.2706 0.2621
15 0.3141 0.2807
2.46 3 0.0875 0.1192
6 0.1481 0.1538
9 0.1875 0.1747 0.0507
12 0.1727 0.1898
15 0.1908 0.2006
E-2 0.25 3 0.0083 0.0377
6 0.0703 0.0664
9 0.1048 0.0951 0.0806
12 0.1381 0.1236
15 0.1718 0.1518
0.46 3 0.0810 0.0661
6 0.1461 0.1163
9 0.1520 0.1651 0.0572
12 0.2370 0.2136
15 0.2903 0.2610
0.66 3 0.1237 0.0931
6 0.1683 0.1618
9 0.2358 0.2284 0.0360
12 0.3157 0.2930
15 0.3394 0.3556
0.91 3 0.1304 0.1242
6 0.2359 0.2129
9 0.3164 0.2963 0.0286
12 0.4037 0.3760
15 0.4393 0.4519
1.25 3 0.1401 0.1387
6 0.2561 0.2318
9 0.3151 0.3153 0.0237
12 0.4036 0.3923
15 0.4370 0.4622
-175 -

TH-1047_06610405



Table A-1 continued...

1.50 3 0.1391 0.1271
6 0.2173 0.2084
9 0.2705 0.2785 0.0181
12 0.3550 0.3402
15 0.4061 0.3947
1.75 3 0.1097 0.1169
6 0.2133 0.1890
9 0.2675 0.2475 0.0290
12 0.2845 0.2985
15 0.3407 0.3419
2.00 3 0.0833 0.1079
6 0.1561 0.1718
9 0.2425 0.2214 0.0367
12 0.2540 0.2646
15 0.2951 0.2997
E-3 0.16 3 0.0602 0.0713
6 0.1050 0.1251
9 0.1713 0.1776 0.0499
12 0.2433 0.2292
15 0.3150 0.2800
0.33 3 0.1204 0.1496
6 0.2340 0.2529
9 0.3788 0.3480 0.0429
12 0.4520 0.4366
15 0.5770 0.5194
0.58 3 0.2371 0.2176
6 0.3408 0.3474
9 0.5200 0.4581 0.0326
12 0.5609 0.5555
15 0.6818 0.6425
0.80 3 0.2606 0.2260
6 0.3706 0.3442
9 0.4708 0.4380 0.0292
12 0.5057 0.5164
15 0.6174 0.5839
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0.91 3 0.2038 0.1967
6 0.2900 0.2892
9 0.3775 0.3582 0.0250
12 0.4523 0.4131
15 0.4652 0.4588
1.25 3 0.1158 0.1274
6 0.1718 0.1748
9 0.2037 0.2044 0.0174
12 0.2283 0.2265
15 0.2323 0.2436
1.41 3 0.1047 0.1078
6 0.1206 0.1449
9 0.1600 0.1683 0.0397
12 0.2017 0.1847
15 0.1950 0.1966
E-4 0.16 3 0.0050 0.0207
6 0.0389 0.0364
9 0.0491 0.0521 0.0815
12 0.0602 0.0679
15 0.0926 0.0836
0.30 3 0.0591 0.0407
6 0.0875 0.0716
9 0.1258 0.1026 0.0595
12 0.1323 0.1332
15 0.1700 0.1636
0.50 3 0.0853 0.0664
6 0.1290 0.1167
9 0.1584 0.1658 0.0459
12 0.2422 0.2145
15 0.2468 0.2622
0.75 3 0.1258 0.0970
6 0.1740 0.1683
9 0.2453 0.2375 0.0362
12 0.3353 0.3047
15 0.3575 0.3698
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0.91 3 0.1330 0.1073
6 0.2044 0.1846
9 0.2496 0.2583 0.0372
12 0.3262 0.3294
15 0.3640 0.3975
1.08 3 0.0975 0.1021
6 0.1850 0.1733
9 0.2396 0.2393 0.0381
12 0.3453 0.3021
15 0.3495 0.3608
1.50 3 0.0800 0.0930
6 0.1294 0.1532
9 0.1904 0.2073 0.0558
12 0.3028 0.2575
15 0.3130 0.3016
1.83 3 0.0700 0.0857
6 0.1080 0.1379
9 0.1856 0.1850 0.0436
12 0.2197 0.2258
15 0.2500 0.2619
E-5 0.16 3 0.0150 0.0259
6 0.0550 0.0456
9 0.0690 0.0653 0.0809
12 0.1050 0.0851
15 0.1209 0.1049
0.33 3 0.0607 0.0583
6 0.1125 0.1029
9 0.1305 0.1464 0.0604
12 0.2317 0.1892
15 0.2358 0.2317
0.50 3 0.1022 0.0812
6 0.1326 0.1419
9 0.2426 0.2008 0.0463
12 0.2618 0.2577
15 0.3251 0.3135
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0.66 3 0.1240 0.1029
6 0.1416 0.1774
9 0.2431 0.2488 0.0434
12 0.3495 0.3173
15 0.3958 0.3828
0.91 3 0.1513 0.1174
6 0.2049 0.1989
9 0.2682 0.2724 0.0398
12 0.3845 0.3409
15 0.4151 0.4048
1.25 3 0.0600 0.1014
6 0.1698 0.1664
9 0.1838 0.2202 0.0630
12 0.2843 0.2692
15 0.3433 0.3114
1.66 3 0.0550 0.0873
6 0.1245 0.1369
9 0.1568 0.1780 0.0518
12 0.2152 0.2119
15 0.2378 0.2409
E-6 0.21 3 0.0463 0.0411
6 0.0650 0.0724
9 0.1023 0.1037 0.0247
12 0.1280 0.1346
15 0.1600 0.1652
0.55 3 0.1043 0.1047
6 0.1400 0.1801
9 0.2418 0.2522 0.0383
12 0.3046 0.3215
15 0.3953 0.3873
0.96 3 0.1867 0.1607
6 0.2800 0.2671
9 0.3513 0.3620 0.0254
12 0.4767 0.4486
15 0.5093 0.5279
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1.30 3 0.2038 0.1971
6 0.3144 0.3161
9 0.4513 0.4169 0.0239
12 0.5417 0.5062
15 0.5915 0.5850
1.63 3 0.2340 0.2227
6 0.3451 0.3452
9 0.4782 0.4462 0.0236
12 0.5733 0.5341
15 0.6028 0.6119
1.88 3 0.2033 0.1881
6 0.2647 0.2786
9 0.3490 0.3474 0.0226
12 0.4356 0.4041
15 0.4600 0.4516
2.30 3 0.1230 0.1464
6 0.2055 0.2065
9 0.2308 0.2487 0.0313
12 0.2740 0.2815
15 0.3265 0.3068
2.46 3 0.1090 0.1338
6 0.1718 0.1872
9 0.2375 0.2223 0.0349
12 0.2667 0.2500
15 0.2708 0.2714
2.88 3 0.0623 0.1043
6 0.1466 0.1413
9 0.1625 0.1652 0.0573
12 0.1817 0.1827
15 0.2049 0.1953
E-7 0.18 3 0.0550 0.0709
6 0.1335 0.1247
9 0.1706 0.1766 0.0382
12 0.2377 0.2278
15 0.3046 0.2777
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0.35 3 0.1032 0.1169
6 0.2415 0.1998
9 0.2988 0.2777 0.0464
12 0.3850 0.3518
15 0.4580 0.4222
0.56 3 0.1352 0.1644
6 0.2714 0.2723
9 0.4051 0.3681 0.0273
12 0.4506 0.4549
15 0.5490 0.5343
0.85 3 0.2370 0.2141
6 0.3469 0.3352
9 0.5069 0.4363 0.0393
12 0.5707 0.5244
15 0.5935 0.6026
1.10 3 0.2457 0.2187
6 0.3685 0.3278
9 0.4256 0.4139 0.0256
12 0.5037 0.4865
15 0.5585 0.5493
1.35 3 0.1448 0.1629
6 0.2246 0.2282
9 0.2500 0.2751 0.0339
12 0.3057 0.3107
15 0.3706 0.3401
1.68 3 0.1036 0.1123
6 0.1426 0.1509
9 0.1975 0.1756 0.0395
12 0.2154 0.1932
15 0.2155 0.2066
2.18 3 0.0733 0.0722
6 0.0888 0.0923
9 0.1086 0.1036 0.0225
12 0.1133 0.1121
15 0.1280 0.1184
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E-8 0.25 3 0.0400 0.0366
6 0.0544 0.0643
9 0.0963 0.0920 0.0350
12 0.1259 0.1197
15 0.1378 0.1471
0.50 3 0.0967 0.0711
6 0.1253 0.1249
9 0.1533 0.1772 0.0414
12 0.2406 0.2292
15 0.2863 0.2801
0.75 3 0.1025 0.1040
6 0.1595 0.1798
9 0.2192 0.2533 0.0518
12 0.3751 0.3248
15 0.3870 0.3938
1.08 3 0.1353 0.1374
6 0.2643 0.2337
9 0.3496 0.3236 0.0269
12 0.4057 0.4087
15 0.5080 0.4885
1.33 3 0.1532 0.1278
6 0.2471 0.2137
9 0.3090 0.2911 0.0336
12 0.3580 0.3619
15 0.4066 0.4257
1.50 3 0.1333 0.1225
6 0.1763 0.2031
9 0.2613 0.2740 0.0297
12 0.3283 0.3376
15 0.4153 0.3943
1.80 3 0.1042 0.1128
6 0.1638 0.1845
9 0.2175 0.2437 0.0312
12 0.2917 0.2965
15 0.3444 0.3417
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2.08 3 0.0900 0.1044
6 0.1313 0.1678
9 0.2170 0.2183 0.0394
12 0.2667 0.2629
15 0.3048 0.2996
E-9 0.16 3 0.0300 0.0383
6 0.0850 0.0676
9 0.1040 0.0968 0.0425
12 0.1263 0.1258
15 0.1500 0.1545
0.36 3 0.0767 0.0849
6 0.1342 0.1480
9 0.2363 0.2092 0.0484
12 0.3098 0.2684
15 0.3358 0.3261
0.66 3 0.1333 0.1433
6 0.2175 0.2418
9 0.3501 0.3319 0.0305
12 0.4518 0.4157
15 0.5089 0.4933
0.83 3 0.1804 0.1737
6 0.2436 0.2864
9 0.4586 0.3853 0.0491
12 0.5062 0.4747
15 0.5905 0.5557
1.08 3 0.1507 0.1789
6 0.2458 0.2828
9 0.4071 0.3680 0.0394
12 0.4508 0.4411
15 0.4750 0.5043
1.58 3 0.1304 0.1242
6 0.2075 0.1833
9 0.2371 0.2240 0.0304
12 0.2407 0.2565
15 0.2747 0.2817
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Table A-1 continued...

1.91 3 0.0802 0.1024
6 0.1370 0.1463
9 0.1843 0.1761 0.0379
12 0.2133 0.1978
15 0.2054 0.2141
E-10 0.16 3 0.0378 0.0351
6 0.0750 0.0617
9 0.1096 0.0885 0.0644
12 0.1273 0.1151
15 0.1586 0.1415
0.50 3 0.0967 0.1075
6 0.1530 0.1846
9 0.2452 0.2582 0.0404
12 0.3510 0.3290
15 0.4259 0.3963
0.75 3 0.1357 0.1486
6 0.2462 0.2497
9 0.3746 0.3416 0.0328
12 0.4563 0.4266
15 0.5392 0.5052
1.00 3 0.1262 0.1263
6 0.2308 0.2045
9 0.2725 0.2705 0.0297
12 0.3485 0.3270
15 0.3564 0.3766
1.25 3 0.1233 0.1085
6 0.1521 0.1714
9 0.2075 0.2194 0.0321
12 0.2650 0.2604
15 0.2759 0.2939
1.46 3 0.1052 0.0973
6 0.1308 0.1494
9 0.1723 0.1892 0.0324
12 0.2200 0.2206
15 0.2370 0.2467
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Table A-1 continued...

1.91 3 0.0500 0.0768
6 0.0913 0.1122
9 0.1360 0.1388 0.0627
12 0.1788 0.1597
15 0.1713 0.1754
E-11 0.25 3 0.0500 0.0584
6 0.1229 0.1030
9 0.1463 0.1465 0.0368
12 0.1750 0.1895
15 0.2395 0.2321
0.41 3 0.0983 0.0902
6 0.1347 0.1568
9 0.2638 0.2212 0.0544
12 0.3242 0.2834
15 0.3482 0.3438
0.66 3 0.1428 0.1370
6 0.2454 0.2313
9 0.3751 0.3189 0.0360
12 0.4096 0.4008
15 0.4883 0.4775
0.91 3 0.1662 0.1737
6 0.2643 0.2859
9 0.4054 0.3853 0.0312
12 0.5065 0.4752
15 0.5991 0.5571
1.16 3 0.1575 0.1678
6 0.2573 0.2655
9 0.3453 0.3454 0.0270
12 0.4569 0.4140
15 0.4663 0.4733
1.33 3 0.1217 0.1464
6 0.2440 0.2246
9 0.3053 0.2854 0.0326
12 0.3588 0.3348
15 0.3657 0.3760
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Table A-1 continued...

1.58 3 0.1037 0.1245
6 0.1741 0.1866
9 0.1963 0.2304 0.0411
12 0.2732 0.2659
15 0.2904 0.2935
1.83 3 0.0833 0.1071
6 0.1263 0.1568
9 0.1800 0.1906 0.0476
12 0.2180 0.2161
15 0.2393 0.2363
E-12 0.28 3 0.0533 0.0753
6 0.1284 0.1321
9 0.2097 0.1869 0.0649
12 0.2683 0.2406
15 0.3425 0.2930
0.45 3 0.1242 0.1084
6 0.2333 0.1859
9 0.2942 0.2597 0.0453
12 0.3471 0.3303
15 0.3937 0.3974
0.70 3 0.1796 0.1531
6 0.2414 0.2557
9 0.3435 0.3481 0.0342
12 0.4538 0.4328
15 0.5588 0.5106
0.95 3 0.1575 0.1488
6 0.2416 0.2380
9 0.2800 0.3119 0.0310
12 0.3492 0.3759
15 0.4175 0.4310
1.20 3 0.1210 0.1228
6 0.2047 0.1899
9 0.2580 0.2404 0.0234
12 0.2713 0.2818
15 0.3056 0.3153
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Table A-1 continued...

1.45 3 0.0983 0.1031
6 0.1572 0.1546
9 0.1741 0.1914 0.0332
12 0.2052 0.2196
15 0.2258 0.2425
1.70 3 0.0741 0.0883
6 0.1376 0.1272
9 0.1585 0.1557 0.0357
12 0.1583 0.1769
15 0.1925 0.1928
E-13 0.25 3 0.0783 0.0794
6 0.1318 0.1389
9 0.2035 0.1964 0.0198
12 0.2411 0.2527
15 0.2965 0.3073
0.45 3 0.1335 0.1319
6 0.2406 0.2240
9 0.3063 0.3092 0.0340
12 0.3492 0.3888
15 0.4383 0.4635
0.70 3 0.1558 0.1810
6 0.2800 0.2959
9 0.4505 0.3955 0.0399
12 0.5282 0.4843
15 0.5875 0.5645
0.95 3 0.1903 0.2160
6 0.3688 0.3383
9 0.5063 0.4402 0.0380
12 0.5560 0.5291
15 0.5890 0.6082
1.20 3 0.1961 0.1786
6 0.2608 0.2625
9 0.3504 0.3255 0.0313
12 0.4153 0.3770
15 0.4364 0.4192
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Table A-1 continued...

1.36 3 0.1350 0.1536
6 0.2043 0.2190
9 0.2815 0.2664 0.0305
12 0.3046 0.3028
15 0.3595 0.3322
1.61 3 0.1200 0.1211
6 0.1500 0.1684
9 0.1825 0.1986 0.0288
12 0.2288 0.2215
15 0.2473 0.2395
1.86 3 0.1040 0.0982
6 0.1380 0.1318
9 0.1500 0.1539 0.0272
12 0.1800 0.1699
15 0.1975 0.1817
E-14 0.30 3 0.0600 0.0608
6 0.1084 0.1072
9 0.1305 0.1524 0.0316
12 0.1900 0.1970
15 0.2419 0.2409
0.55 3 0.1247 0.1057
6 0.2036 0.1817
9 0.2509 0.2544 0.0226
12 0.3252 0.3241
15 0.3905 0.3905
0.80 3 0.1322 0.1430
6 0.2364 0.2410
9 0.3457 0.3307 0.0161
12 0.4156 0.4138
15 0.5088 0.4906
1.05 3 0.1700 0.1523
6 0.2436 0.2490
9 0.3386 0.3323 0.0206
12 0.4287 0.4065
15 0.4565 0.4726
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Table A-1 continued...

1.30 3 0.1633 0.1311
6 0.2296 0.2075
9 0.2825 0.2694 0.0318
12 0.3250 0.3208
15 0.3533 0.3649
1.55 3 0.1026 0.1139
6 0.1820 0.1764
9 0.2110 0.2226 0.0165
12 0.2617 0.2612
15 0.2947 0.2921
E-15 0.30 3 0.0650 0.0590
6 0.1289 0.1041
9 0.1438 0.1481 0.0368
12 0.2034 0.1916
15 0.2384 0.2345
0.55 3 0.0933 0.1031
6 0.1566 0.1780
9 0.2464 0.2497 0.0341
12 0.3525 0.3189
15 0.3955 0.3853
0.80 3 0.1351 0.1407
6 0.2363 0.2384
9 0.3456 0.3282 0.0379
12 0.4733 0.4123
15 0.4898 0.4906
1.05 3 0.1063 0.1324
6 0.1951 0.2177
9 0.2934 0.2917 0.0267
12 0.3617 0.3574
15 0.4051 0.4154
1.30 3 0.1117 0.1165
6 0.1643 0.1872
9 0.2500 0.2441 0.0288
12 0.3083 0.2930
15 0.3530 0.3343
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Table A-1 continued...

TH-1047_06610405

1.55 3 0.1033 0.1035
6 0.1599 0.1624
9 0.2031 0.2073 0.0218
12 0.2667 0.2452
15 0.2775 0.2762
1.80 3 0.1017 0.0930
6 0.1358 0.1415
9 0.1750 0.1790 0.0184
12 0.2133 0.2082
15 0.2423 0.2320
-190 -
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