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Abstract

Methods and models associated with the interaction of surface-subsurface
water flow have been widely employed in many environmental studies
over the last decade. However, in spite of considerable effort,
understanding the impact of both artificial and natural aspects of the
connection between surface water and groundwater systems still remains

a challenge for groundwater and surface water models.

In this doctoral study, two types of complex and integrated problems are
identified as knowledge gaps in coupled surface and subsurface flow
studies (i) interaction situations that arise from use of artificial drains in
agricultural catchments, and (ii) complex flow situations that sometimes
arise as a result of a combination of near surface aquifers which are both
perched and leaky. The specific objectives of this research project were
(1) to improve classical tile drain spacing design methods; and (2) via a
case study, to assess the role of semi-impermeable layers influencing the

interaction between surface water and a regional groundwater system.

To meet the first objective the DrainFlow code is developed. DrainFlow is
a new, fully distributed, physically based and integrated surface-
subsurface flow code that is designed for water movement in tile/mole
drains, open drains, and saturated/unsaturated zones. DrainFlow, applied
to examples of drainage studies, is found to be quite flexible in terms of
changing all or part of the model dimensions as required by problem
complexity, scale, and data availability. This flexibility gives DrainFlow the
capacity to be modified to meet the specific requirements of varying scale

and boundary conditions as often encountered in drainage projects.

In addition, the classical well-known Hooghoudt drain spacing equation is
modified. It is shown via comparison with numerical models that the
Hooghoudt equation can overestimate water table height and therefore
yield drain spacings which may be too wide. The modified expression
yields improved accuracy as measured against the numerical reference

model.



To meet the second objective, the effect of a thin semi-impermeable and
fractured layer between two relatively permeable volcanic formations is
investigated in an industrial catchment system at Kawerau, New Zealand.
It is concluded that subtle near-surface geological features may have a
critical role on controlling the volume and pattern of the flow exchange

between the surface, subsurface flow and regional groundwater systems.

This doctoral thesis overcomes some weaknesses of isolated surface and
subsurface flow models and some constructive and practical approaches

are developed to enhance the previous methods.

Key Words: coupled, interaction, surface subsurface flow, DrainFlow,

drainage, tile drain, open drain, semi-impermeable, perched, leaky
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1 Chapter 1

Introduction

1.1 Overview and background

The hydrologic cycle contains a wide range of linked surface and
subsurface flow processes. In spite of natural connections between
surface water and groundwater, historically these processes have been
studied separately. However, for the last few decades the interaction
between surface water and groundwater has received increased attention
from water scientists. It has been reported frequently that the use of a
particular surface or groundwater resource may have an unwanted impact
on the other. For example, pumping water from an unconfined aquifer in
the vicinity of surface water bodies like rivers, streams and lakes could
change the infiltration rate between surface water and groundwater
systems (Childress, 1991; Lindgren & Landon, 2000; McCarthy,
McFarland, Wilkinson, & White, 1992; Sheets, Darner, & Whitteberry,
2002; Steele & Verstraeten, 1999; Zarriello, Ries, Management,
Protection, & Survey, 2000). Similarly, sometimes surface water is
recharged to groundwater for aquifer rehabilitation (Galloway, Alley,
Barlow, Reilly, & Tucci, 2003). In both scenarios pumping water from/to

aquifers or surface water bodies can change the direction, rate, and



location of water interchanges between rivers and groundwater (Galloway

et al., 2003; Glennon, 2004; Stromberg, Tiller, & Richter, 1996).

In some cases, water is simply pumped from groundwater for cooling
purposes and then discharged into a surface water body. In spite of minor
water loss, this action may have a considerable impact on the aquifer and

surface water interaction (Andrews & Anderson, 1978; Hutson, 2004).

Besides inland groundwater, coastal aquifers also have received a
growing attention by coastal and marine scientists studying interaction
between freshwater groundwater and saltwater components (Barlow, Wild,
& Survey, 2002; Bokuniewicz, 1980; Linderfelt & Turner, 2001; Moore,
1996, 1999). Submarine groundwater discharge from coastal aquifers is
important for marine life sensitive to salinity and nitrate levels (Johannes,
1980; Johannes & Hearn, 1985; Simmons, 1992; Taniguchi, Burnett,
Cable, & Turner, 2002; Valiela et al., 1990). Pumping water from coastal
aquifers can evidently change the surface/subsurface flow interaction even
at locations far from a coastline (Simmons, 1992). In rivers, the aquifer and
river exchange rates and the exact locations of groundwater discharge in
rivers are vital for fish habitat (Garrett, Bennett, Frost, & Thurow, 1998; I.
A. Malcolm, Soulsby, Youngson, & Petry, 2003; lain A. Malcolm,

Youngson, & Soulsby, 2003; Power, Brown, & Imhof, 1999).

Quantifying the connection between rivers and groundwater also has been
studied frequently. So far, several field techniques and methods have
been reported in the literature to quantify the exchange rate between
surface and subsurface water flow. These techniques are classified here

into ten classes as follows:



(1) River discharge measurements: differencing discharges at different
locations of a stream channel can give the net seepage exchange rate
between groundwater and streams over a given river reach (Donato, 1998;
Harte, Division, & Survey, 1997; Herbert, Thomas, Survey, Rights, &

Resources, 1992; Hill, Protection, Energy, & Survey, 1992; Kaleris, 1998);

(2) Seepage measurement: measuring seepage directly from a river bed
can be achieved by isolating a relatively small area of channel bottom and
measure the exchange water between the sub-channel aquifer and river
water (Cable, Burnett, Chanton, Corbett, & Cable, 1997; Carr & Winter,
1980; Fellows & Brezonik, 1980; David Robert Lee, 1977; David R Lee &

Cherry, 1979; Oxtobee & Novakowski, 2002);

(3) Water level measurements: the head gradient between surface water
and groundwater can be used to calculate flow direction and flow rate.
Usually hydraulic potentio-manometer probes can be used to measure the
hydraulic head gradient between groundwater and surface water for small
scale studies (Cambareri & Eichner, 1998; LaBaugh, Rosenberry, &
Winter, 1995; T. M. Lee & Swancar, 1997; Puckett, Cowdery, McMahon,
Tornes, & Stoner, 2002; Simonds & Sinclair, 2002; Wentz, Rose, &

Webster, 1995; Zekster, 1995);

(4) Thermal profiling: temperature gradient between interacting
groundwater and surface water bodies can be detected by aerial infrared
photography and imagery techniques (Banks, Paylor, & Hughes, 1996;
Campbell & Keith, 2000; Robinove, 1965). However, in a small scale
projects temperature differences between surface water and groundwater

can be detected by using in situ temperature measurements and towing a



tethered temperature probe to locate groundwater and surface water
interaction zones and quantify the flux exchange between surface water
and groundwater. However, this method is limited to use where a
noticeable thermal gradient between groundwater and surface water
temperatures observes (Baskin, 1998; Hare, Briggs, Rosenberry, Boutt, &
Lane, 2015; Donald O Rosenberry, Striegl, & Hudson, 2000; Stonestrom,

Constantz, & Survey, 2003);

(5) Tracer application: artificial and conservative environmental tracers can
be used in surface water or groundwater to provide a direct quantitative
measurement for groundwater/surface water interaction (Aley & Fletcher,
1976; J. W. Harvey, Wagner, & Bencala, 1996; Hatch, Fisher, Revenaugh,
Constantz, & Ruehl, 2006; W. K. Jones, 1984; Kalbus, Reinstorf, &
Schirmer, 2006; Kilpatrick & Cobb, 1985; Mull, Liebermann, Smoot, &

Woosley, 1988; Smart & Laidlaw, 1977)+[From Sara Comments];

(6) Isotope methods and dating: measuring the ratios of stable oxygen
isotopes (*20 and %0) and hydrogen isotopes (protium, deuterium and
tritium) in water have been used to determine the portion of groundwater
discharge into surface water bodies for a few decades (David, Carl, Carol,
& Joel, 1994; Kendall & McDonnell, 2012; LaBaugh et al., 1997; Sacks,
District, & Survey, 2002). In addition, measurements of radon and radium
isotopes have been used to distinguish the portion of groundwater in
surface water bodies (Burnett & Dulaiova, 2003; Corbett, Burnett, Cable, &
Clark, 1998; Moore, 2000). More specifically conservation environmental
tracers such as ?H*0 use for groundwater sources, isotopes such as

222Rn use to infer the presence of groundwater and in some instances the



quantity of groundwater, and isotopes such as 3H“C frequently use for
aging water to determine the portion of groundwater discharge to surface

water.

(7) Specific-conductance profiling: specific-conductance profiling occurs in
both the horizontal and vertical domain in much the same way that
temperature profiling does, therefore specific-conductance probes can be
used to detect the specific conductance gradient between surface water
and groundwater to find the interaction areas. Similar to thermal profiling,
this method is useful if there is a significant geochemical difference
between surface water and groundwater observes(F. E. Harvey, Lee,

Rudolph, & Frape, 1997);

(8) Electrical resistivity profiling: electrical resistivity probes can be used to
detect salinity differences between groundwater and surface water to
determine the groundwater discharge, especially in submarine
groundwater aquifers (Belaval, Lane Jr, Lesmes, & Kineke, 2003; Day-
Lewis, White, Johnson, Lane, & Belaval, 2006; Loke & Lane Jr, 2004;

Manheim, Krantz, & Bratton, 2004);

(9) Biological Indicators: plant and animal responses to groundwater flow
in surface water can be used as an indicator of direction and magnitude of
groundwater discharge to surface water bodies (Baird & Wilby, 2005;
Danielopol, et al., & Danielopol, 1997; Lodge, Krabbenhoft, & Striegl,

1989);

(10) Hydrograph separation: hydrograph separation techniques can be

used in principle to determine the portion of groundwater in an event



hydrograph. In hydrograph separation techniques it is assumed steady
base-flow in the river has a groundwater origin, in contrast to quick-flow
that has a near-surface or surface flow origin (Arnold & Allen, 1999;

Chapman, 1999; Eckhardt, 2005, 2008; Rutledge, 1998).

Besides measurement techniques, several numerical and analytical
models like rainfall-runoff models have been developed to improve
understanding of connection between surface flow and subsurface flow.
These models were originally designed to relate rainfall, land surface
recharge and groundwater discharge to temporal variability of flow in a
river. However, rainfall-runoff models also can be applied to quantify the
interaction between surface and subsurface flow in a catchment scale. For
example, the analytical curve number (CN) method can be applied to
quantify interaction between surface water and groundwater by
approximating the CN value (Ponce & Hawkins, 1996; Rallison, 1980).
Curve number values are defined empirically from hydrological soil group,

land use, hydrological surface condition, and soil moisture condition.

In addition a number of distributed and semi-distributed rainfall-runoff
numerical models like SWAT (Gassman, Reyes, Green, & Arnold, 2007)
and TOPNET (Clark et al., 2008) have been developed. In this type of
model a catchment may be partitioned into a number of sub-catchments
and each sub-catchment may be divided into different hydrologic respond
units (HRUs). These HRUs are some spatially consistent combination of
land cover, soil and management type. A daily bucket-type water balance
model runs separately for each HRUs to calculate the amount of water,

nutrient, sediment and pesticide loading into the river network. In the



second phase, the routing phase, flow is routed through the river network
using a variable storage coefficient method (Williams, 1969) or the
Muskingum routing methods. The models generally are calibrated to
match river flow at the outlet of a catchment or sub-catchment. Often the
groundwater component for each HRU can be estimated during the
calibration process. The main disadvantage of this type of models is that
the groundwater component should be added as an external assumption

to the model.

The current trend in hydrological model development is to combine
distributed surface water models with distributed subsurface flow models
in order to have better estimation of the temporal and spatial variability of
the interaction between surface and subsurface flow (D.O. Rosenberry &
Lebaugh, 2014). These types of numerical models are known as “Fully

distributed coupled surface/subsurface flow models”.

The first blueprint of developing a fully distributed coupled
surface/subsurface flow models goes back to 1969 with the work by
Freeze and Harlan (R. Allan Freeze & Harlan, 1969). However, truly fully
distributed coupled surface/subsurface flow models have only appeared in
the literature recently (Bixio et al., 2002; J. P. Jones, Sudicky, Brookfield,
& Park, 2006; Kollet & Maxwell, 2006, 2008a; Panday & Huyakorn, 2004;
Qu & Duffy, 2007; VanderKwaak & Loague, 2001). Moreover, a range of
interaction surface/subsurface flow codes have been developed, for
example, ParFlow (Kollet & Maxwell, 2006, 2008a; Maxwell & Miller, 2005)
PAWS (Shen & Phanikumar, 2010), CATHY (M. Camporese, Paniconi,

Putti, & Orlandini, 2010), HydroGeoSphere (HGS) (Aquanty Inc., 2013;



Brunner & Simmons, 2012), InHM (Kumar, Duffy, & Salvage, 2009; Qu &
Duffy, 2007), tRIBS + VEGGIE (lvanov, Bras, & Vivoni, 2008; Ivanov et al.,
2010; Kim, lvanov, & Katopodes, 2013), and OpenGeoSys (OGS)(J.-O.
Delfs, Blumensaat, Wang, Krebs, & Kolditz, 2012; J. O. Delfs, Kalbus,
Park, & Kolditz, 2009; J. O. Delfs, Park, & Kolditz, 2009). Coupled
surface/subsurface flow models cover a range of scales from hill-slope
and farm-scale to catchment and regional studies. Applications of these
models incorporate a range of environmental processes including irrigation
and drainage (Banti, Zissis, & Anastasiadou-Partheniou, 2011; Dong, Xu,
Zhang, Bai, & Li, 2013; Morrison, 2014; Rozemeijer et al., 2010; Schoups
et al., 2005; Ali Shokri, 2011; Zerihun, Furman, Warrick, & Sanchez,
2005a, 2005b), solute transport and particle-tracking (Sudicky, Jones,
Park, Brookfield, & Colautti, 2008; Weill, Mazzia, Putti, & Paniconi, 2011),
sediment transport (S. Li & Duffy, 2011; Ran, Heppner, VanderKwaak, &
Loague, 2007), flood control (Liang, Falconer, & Lin, 2007), residence time
and hydrograph separation (Bayani Cardenas, 2008; Kollet & Maxwell,
2008b; Liggett, Werner, Smerdon, Partington, & Simmons, 2014;
Meyerhoff & Maxwell, 2011; Partington et al., 2013; Partington et al.,
2011), land surface recharge (Guay, Nastev, Paniconi, & Sulis, 2013;
Lemieux, Sudicky, Peltier, & Tarasov, 2008; Smerdon, Mendoza, & Devito,
2008), and runoff generation (Matteo Camporese, Paniconi, Putti, &
Salandin, 2009; J.-O. Delfs, Wang, Kalbacher, Singh, & Kolditz, 2013;
Ebel et al., 2007; Gauthier, Camporese, Rivard, Paniconi, & Larocque,
2009; Heppner, Loague, & VanderKwaak, 2007; J. P. Jones, Sudicky, &

McLaren, 2008; Q. Li et al., 2008; Maxwell & Kollet, 2008; Meyerhoff &



Maxwell, 2011; Mirus, Loague, VanderKwaak, Kampf, & Burges, 2009; Qu

& Duffy, 2007; Sulis, Paniconi, & Camporese, 2011).

In spite of considerable research in this field, the development of
hydrological and hydrogeological models for understanding the effect of
artificial and natural aspects on the linkage between surface and
subsurface water components still remains a challenge for hydrology and

hydrogeological models.

Two types of complex and integrated environmental problems that often
cause difficulties in developing groundwater and surface water models are
investigated for this doctoral study; (I) the first problem is the hydrological
and hydrogeological integrated conditions that occur because of artificial
drains, such as tile, mole and open drains, in agricultural catchments; and
() the second problem is a complex condition that sometimes happens as
a result of perched and leaky formations and fractures in the integration

between surface water and the regional groundwater system.

(D Artificial drained catchments

To date, many empirical and analytical expressions (Barua & Tiwari,
19964, 1996b; Childs, 1969; Cimen, 2008; Collis-George & Youngs, 1958;
Dagan, 1964 ; Ernst, 1962; Hammad, 1962; Hooghoudt, 1940; Kirkham,
1958, 1966; List, 1964; Lovell & Youngs, 1984; Miles & Kitmitto, 1989;
Mishra & Singh, 2007, 2008; Moody, 1966; Sakkas & Antonopoulos, 1981;
Van der Molen & Wesseling, 1991; E. Youngs, 2012, 2013; E. G. Youngs,
1965, 1975) and numerical solutions (Castanheira & Santos, 2009;

Chavez, Fuentes, Zavala, & Brambila, 2011a; Chavez, Fuentes, Zavala, &



Zatarain, 2011b; Gureghian & Youngs, 1975; Jiang, Wan, Yeh, Wang, &
Xu, 2010; Kalcic, Frankenberger, & Chaubey, 2015; Khan & Rushton,
1996a, 1996b, 1996¢; Koch, Bauwe, & Lennartz, 2013; Liu, Chen, Yao, &
Chen, 2015; Moriasi et al., 2013; Pandey, Bhattacharya, Singh, & Gupta,
1992; Rocha, Roebeling, & Rial-Rivas, 2015; A. Shokri & Bardsley, 2014;
Smedema, Poelman, & De Haan, 1985; Henryk Zaradny, 2001; H.
Zaradny & Feddes, 1979; Manuel Zavala, Fuentes, & Saucedo, 2007)
have been developed to identify a true relationship between tile drain
discharge, soil hydrodynamic properties, tile drain depth and drain
spacing. However, developing a comprehensive model for artificial
drainage on a catchment scale still remains a challenge for existing
hydrological and hydrogeological models. With a strong connection
between subsurface drainage and surface water, the hydrological and
hydrogeological models are faced with enormous difficulties to simulate

water flow in such a complex condition (R. W. Skaggs, 1980).

Moreover, while drain spacing can be estimated perfectly well by
numerical models, analytical and empirical solutions of tile drain spacing,
such as the well-known Hooghoudt expression (1940), still has the

attraction of its ease of application.

The derivation of the Hooghoudt expression is based on the one-
dimensional Boussinesq equation by using Dupuit — Forchheimer (DF)
assumptions for flow to two parallel drains. The derivation assumes that
the effect of radial flow from the centre of the drain to p/+v2D/V2 is

significant, where D is the thickness of the soil layer below the drains.
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To allow for the effect of radial flow near the drains and to reduce the DF
approximation error, Hooghoudt (1940) replaced D in his equation with an
“equivalent depth” d, which is an imaginary depth under the drains that is
always smaller than D. Moody(1966) and Sakkas and Antonopoulos
(1981) present simple estimating expressions for d , while Van
Schilfgaarde (1963) describes a graphical estimation approach. Beers
(1979) gives a dimensionless nomogram to avoid the trial-and-error
solution of the Hooghoudt equation. Mishra and Singh (2007) derive a new
equivalent depth table for the Hooghoudt equation by changing the
assumption of the effect of the radial flow from D/+/2 to a combination of

2D/z and the area of groundwater flow above the drain in the radial zone.

Despite considerable work to improve the Hooghoudt equation, a
comparison between the Hooghoudt expression and numerical models
indicates that the Hooghoudt equation overestimates water table height
and therefore gives drain spacings which may be too wide. It will be shown
here that this is because the Hooghoudt drain spacing equation in fact has
a concealed dependency on Van Genuchten soil-water retention curve
parameters, which can bias the water table estimates unless adjustments

are made explicitly.
(I) Perched and leaky aquifer

The second type of integrated environment, which is investigated in this
doctoral study, is a complex condition that often occurs for fractured
perched aquifers. Despite the fact that perched groundwater tables have
long been classified as aquifers (Fetter & Fetter, 2001; R.A. Freeze &

Cherry, 1979), the importance of leaky and perched aquifers on the
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connection between surface, subsurface flow and regional groundwater is

not addressed adequately in the literature.

Previous studies indicate perched aquifers can effectively redirect the land
surface recharge along a horizontal impermeable layer to springs,
streams, wetlands, and lakes (Amit, Lyakhovsky, Katz, Starinsky, & Burg,
2002; Driese, McKay, & Penfield, 2001; O'Driscoll & Parizek, 2003;
Rabbo, 2000; Von der Heyden & New, 2003), consequently decreasing
the volume of vertical recharge to the regional groundwater aquifers
(Bagtzoglou, Timothy L. Tolley, Stothoff, & Turner, 2000). Furthermore,
continuity and permeability of the perched layer play an important role in
the connection between surface-subsurface flow and the regional
groundwater system. Where perched layers are fully continuous and
impermeable, surface and subsurface flow would be completely isolated
from the regional groundwater system (Golden et al., 2014; Pirkle &
Brooks, 1959). However, a semi-impermeable perched layer with an
internal discontinuity, fractures, and faults may have unpredictable effects

on the hydrologic environment.

Despite the important role of leaky and perched aquifers on the connection
between surface and subsurface flow components, relatively little is known
about how a leaky and perched aquifer controls flux exchange in the total
hydrological system. In fact, the importance of perched aquifers in regional
groundwater conceptual models tends to be neglected (Cable Rains,
Fogg, Harter, Dahlgren, & Williamson, 2006), due to either lack of

information or the scale of the studies concerned.
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1.2 Research objectives

The objectives of this project are:

1. to improve classical tile drain spacing design methods;
2. via a case study, to assess the role of semi-impermeable layers
influencing the interaction between surface water and a regional

groundwater system.

1.3 Thesis structure

The thesis comprises five chapters, of which three (chapters 2-4) have
been written in the style of stand-alone journal articles for the purpose of
publication. Consequently, there is some duplication in the introductory
comments and methods between the chapters. Briefly, the first chapter
provides a general literature review and introduction. Chapters 2, 3 and 4
each contain a stand-alone introduction, background literature review,
materials and methods, results and discussion sections. Chapter 5
concludes this doctoral thesis with a general discussion, summary and
recommendations for future work. Chapter 3 and 4 are related to the first

PhD research objective and chapter 5 is related to obective2.

Chapter 2 develops, tests and applies the DrainFlow code. The DrainFlow
includes several modules: overland flow, open drain, surface water
network, and tile/mole drain modules for surface water flow, and a

saturated-unsaturated module for subsurface flow.

To develop the code, first the surface and subsurface flow modules are

formulated separately, then each module is connected to the other parts.
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The DrainFlow code has been presented in some conferences and
workshops (Ali Shokri, 2011, April 2015, December 2011, Nov 2014, Sep
2015; Ali Shokri & Bardsley, 2015). In addition, at the time of writing,
chapter 2 had been submitted to a high rank international journal for
review. However, the editorial format of the chapter 2 might be differed

from the journal publication because of the journal requirements.

Chapter 3 compares the Hooghoudt equation with the results of some
numerical models for a steady state condition including one tile. As a
result a modified Hooghoudt equation is presented that has the advantage
of giving more accurate results than the original expression and should
find applications to practical drainage design. The literature review and

methodology are described and the results are reported and discussed.

This chapter was presented in two conferences (Ali Shokri, December
2012, November 2013) and has been published in Journal of Irrigation and
Drainage Engineering (A. Shokri & Bardsley, 2014), however the editorial
format of chapter 3 differs from the journal publication because of the

journal requirements.

Chapter 4 identifies and assesses a thin semi-impermeable and fractured
layer between two relatively permeable volcanic formations (Rotoiti
Pyroclastics and Matahina Ignimbrite) that is causing a leaky and perched
aquifer in the Rotoiti Pyroclastics. A high resolution finite element
groundwater model of the shallow aquifer is developed to simulate
groundwater flow in the shallow and leaky groundwater system. The effect
of the perched and leaky layer in connection between surface water and

regional groundwater system is discussed.
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This chapter is going to submit to a high rank international journal,
however the editorial format of chapter 4 may differ from the journal

publication because of the journal requirements.

Chapter 5 concludes this thesis with a general discussion, summary and

recommendations for future work.
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2 Chapter 2
Development, test and application of
DrainFlow: a fully distributed integrated
surface-subsurface flow model for

drainage study

1.1 Abstract

Hydrological and hydrogeological investigation of drained land can be
considered as a complex and integrated procedure. The scale of drainage
studies may vary from a high-resolution small scale project through to a
comprehensive catchment or regional scale investigation. This wide range
of scales and integrated system behaviour poses a significant challenge
for the development of a suitable drainage model. To meet these
requirements, a fully distributed coupled surface-subsurface flow model
named henceforth DrainFlow is developed and described here. DrainFlow
includes both the Saint Venant equations for surface flow components
(overland flow, open drain, tile drain) and the Richards equation for

saturated/unsaturated zones.

To overcome the non-linearity problem created from switching between

wet and dry boundaries, a smooth switching technique is introduced to
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buffer the model at tile drains and interface surface-subsurface flow
boundaries. This gives a continuous transition between Dirichlet and
Neumann boundary conditions. DrainFlow applied to some drainage study
standard examples is found to be quite flexible in terms of changing all or
part of the model dimensions as required by problem complexity, problem
scale, and data availability. This flexibility gives DrainFlow the capacity to
be modified to meet the specific requirements of varying scale and
boundary conditions, as often encountered in drainage studies. Compared
to traditional drainage models, DrainFlow has the advantage of estimating
the land surface recharge directly from the partial differential form of
Richards equation rather than through analytical or empirical infiltration

approaches like the Green and Ampt equation.

Keywords: drainage, physically based, interaction, linked, surface-
subsurface, flow, integrated, coupled, groundwater, surface flow,

subsurface flow, irrigation

2.1 Introduction

During a rain recharge event water infiltrates from the ground surface
through the soil profile to the saturated zone, raising the water table.
Water in the saturated zone then moves to tile drains. If the rainfall rate
exceeds the infiltration capacity, because of either a change in rainfall or
infiltration rate, ponding may occur at the ground surface as water
accumulates at ground surface micro-topography. After filling surface
depressions, further rainwater moves as surface overland flow or along
small micro-channels. After rainfall cessation, infiltration will continue until

the remnant surface water either drains away or evaporates.
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Developing a comprehensive model for an artificially drained land area
remains a challenge for hydrological and groundwater models. The reason
is that modelling is made difficult because the subsurface drainage
process as described above strongly connects to surface flow (R. W.
Skaggs, 1980). Furthermore, the modelled spatial scale may vary from
high-resolution small scale investigations through to comprehensive

catchment or regional-scale studies.

Many empirical and analytical expressions (Barua & Tiwari, 1996a, 1996b;
Childs, 1969; Cimen, 2008; Collis-George & Youngs, 1958; Dagan, 1964 ;
Ernst, 1962; Hammad, 1962; Hooghoudt, 1940; Kirkham, 1958, 1966; List,
1964; Lovell & Youngs, 1984; Miles & Kitmitto, 1989; Mishra & Singh,
2007, 2008; Moody, 1966; Sakkas & Antonopoulos, 1981; Van der Molen
& Wesseling, 1991; E. Youngs, 2012, 2013; E. G. Youngs, 1965, 1975)
and numerical solutions (Castanheira & Santos, 2009; Chavez et al.,
2011a; Chavez et al., 2011b; Gureghian & Youngs, 1975; Jiang et al.,
2010; Khan & Rushton, 1996a, 1996b, 1996c; Pandey et al., 1992; A.
Shokri & Bardsley, 2014; Smedema et al., 1985; Henryk Zaradny, 2001;
H. Zaradny & Feddes, 1979; Manuel Zavala et al., 2007) have been
developed to identify the relation between tile drain discharge and soil
hydrodynamic properties, tile drain depth, and drain spacing. In addition, a
number of special-purpose computer codes have been developed for
estimating optimal drain spacing, including DRAINMOD (R.W. Skaggs,
1980), DRENAFEM (Castanheira & Santos, 2009) and MHYDAS-DRAIN
(Tiemeyer, Moussa, Lennartz, & Voltz, 2007). However, both analytical
and numerical drainage models rarely incorporate both the surface and

subsurface flow with connection between overland flow and groundwater
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movement. In fact, neither subsurface nor surface flow models alone are
capable to reflect the complete surface-subsurface flow behaviour in an

artificially drained catchment.

Coupled surface-subsurface flow has been extensively investigated over
the last decade in many hydrological and hydrogeological studies. The
literature describes a range of environmental process applications
including irrigation and drainage (Banti et al., 2011; Dong et al., 2013;
Morrison, 2014; Rozemeijer et al., 2010; Schoups et al., 2005; Ali Shokri,
2011; Zerihun et al., 2005a, 2005b), solute transport and particle-tracking
(Sudicky et al., 2008; Weill et al., 2011), sediment transport (S. Li & Duffy,
2011; Ran et al., 2007), flood control (Liang et al., 2007), residence time
and hydrograph separation (Bayani Cardenas, 2008; Kollet & Maxwell,
2008b; Liggett et al., 2014; Meyerhoff & Maxwell, 2011; Partington et al.,
2013; Partington et al., 2011), land surface recharge (Guay et al., 2013;
Lemieux et al., 2008; Smerdon et al., 2008), and runoff generation (Matteo
Camporese et al., 2009; J.-O. Delfs et al., 2013; Ebel et al., 2007,
Gauthier et al., 2009; Heppner et al., 2007; J. P. Jones et al., 2008; Q. Li
et al., 2008; Maxwell & Kollet, 2008; Meyerhoff & Maxwell, 2011; Mirus et

al., 2009; Qu & Duffy, 2007; Sulis et al., 2011).

In addition, some interaction surface and subsurface flow models have
been developed. This includes, for example, ParFlow (Kollet & Maxwell,
2006, 2008a; Maxwell & Miller, 2005) PAWS (Shen & Phanikumar, 2010),
CATHY (M. Camporese et al., 2010), HydroGeoSphere (HGS) (Aquanty
Inc., 2013; Brunner & Simmons, 2012), InHM (Kumar et al., 2009; Qu &

Duffy, 2007), tRIBS + VEGGIE (lvanov et al., 2008; Ivanov et al., 2010;
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Kim et al., 2013), and OpenGeoSys (OGS) (J.-O. Delfs et al., 2012; J. O.
Delfs, Kalbus, et al., 2009; J. O. Delfs, Park, et al., 2009). In spite of the
considerable effort in this field, none of the available codes are specialized
to allow for the scale variation that is often encountered in drainage
studies. This wide range of scales poses a significant challenge for the

development of a suitable general drainage model.

As a contribution to the subject area, a fully distributed new coupled
surface-subsurface model named hereafter as DrainFlow is presented
here. DrainFlow includes several modules for surface flow: overland flow,
open drain, tile/mole drains and surface water networks. Subsurface flow
Is incorporated via a saturated/unsaturated module. To develop the
complete model, surface and subsurface flow modules are formulated
separately and then each component connected to all the others. All
modules interact to yield soil moisture water level in the subsurface

domain, overland flow, and outflow in tile and open drains.

To overcome the non-linearity problem created from switching between
dry and wet boundaries, a new technique is included in DrainFlow as a
guard against this nonlinearity issue. The new technique provides smooth
switching between wet and dry boundary conditions to buffer the model at

tile drains and interface surface-subsurface flow boundaries.

The most useful feature of DrainFlow is that it has the capability to alter its
dimensioning of surface and subsurface flow domains, depending on the

complexity of the problem, scale, and the availability of data. Even though
higher dimensions define a wider range of problems, in many cases useful

solutions can be obtained via lower-dimension surface and subsurface
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flow models. Also, in contrast to traditional analytical and numerical
drainage models, DrainFlow has the advantage of estimating land surface
recharge directly from the partial differential Richards equation (Richards,
1931) rather than using analytical and empirical methods like Green and

Ampt .

With reference to the structure of this chapter, sections 2.2 to 2.4
introduce the surface and subsurface flow modules, relevant equations,
and the methodology applied to couple the equations and modules.
DrainFlow was tested against five well-known integrated surface-
subsurface flow problems and results are discussed in the section 2.5. In
addition two applications of DrainFlow in some examples are described in

Section 6.

2.2 Model development

2.3 Overview

In a tile drained catchment, the hydrological components such as tile/mole
drains, open drains, rivers network, groundwater table, and soil moisture
are hydrologically connected. To give best approximation to an
environmental system, all model elements should reflect these distinctive
but interacting hydrological elements. That is, the modules need to interact

to properly mimic reality.

From this conception, application of DrainFlow requires initial separate
formulation of the surface and subsurface flow modules, and then each
module connects to the related components. Consequently, DrainFlow

incorporates a wide range of modules including overland flow, tile/mole
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drain, open drain, river network, and subsurface flow. The general form of

the DrainFlow conceptual model and components is shown in Fig 2.1.

Rain and irrigation

R R R R A A A I I T e

Flood irrigation

=N

channel

Exfiltration t

Tile drain

Fig 2.1 Schematic overview of the DrainFlow structure and components,
gs is the overland flow, hs is the water depth, et is the time series of
evapotranspiration per unit area, hsc is the water depth in channel, gsc is
the flow in chanel, H is the total groundwater head, gsd is the flow in tile

drain, and hspis the water depth in tile drain
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2.3.1 DrainFlow Overland flow module (OL)

Overland flow is defined by the governing equation which includes a mass
conservation law and two momentum equations known as the Saint-

Venant (shallow water) equations:

dHs | d(hsw) | d(hsv) _
ot T ox T ay e

d(hgu) . d(hsu?) | d(hsuv) dH _

o #2080 1 T 4 g, (Zr+5p)=0 (2.1)
d(hsv) . d(hgv?) . (uv) dH .

k at + ay + ox +ghs(0y+sfy)_0

where hs is the water depth, Hs = hs+Zs and Zs is ground surface elevation,
u and v are the depth-averaged flow velocity in the x and y directions, S
and Sy are friction slopes in x and y directions, g is the gravitational

acceleration, ge represents source—sink terms per unit area:

e = qir — e — 421 (2.2)
where g is the time series of rainfall and/or irrigation per unit area, getis
the time series of evapotranspiration per unit area, g1 is the exchange flux

between the subsurface flow and overland flow per unit area.

It is important to note that a number of approximations are made for
derivation of the Saint Venant equations: constant fluid density, hydrostatic
pressure distribution, zero surface shear stress with air, neglecting other
source—sink terms in flow field, neglecting the momentum flux due to eddy
viscosity, and neglecting external momentum-impulse. In addition, water
depth hs is required to be much smaller than wave length or the
characteristic length of the water body. The Saint Venant equations are
therefore only valid for situations of shallow water and gentle slopes

(Weiyan, 1992).
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Despite the simplifications involved, solving the Saint Venant equations in
their comprehensive form remains a challenge. To overcome this difficulty
the first three terms of momentum equations are assumed to be negligible.
This is known as the “diffusive-wave” or “zero-inertia” assumption. If the
friction slope is approximated by the Manning formula then u and v

velocities can be expressed as (Smerdon et al., 2008):

2

= _1(ns )5_1 9Hs , 1 (_hs \3_1 OHs
u= nx(1+55x |%| ox ' VT ny(1+S§y) _|%| 3y (2.3)

ox dy

where Sox and Soy are ground surface slope, and nx and ny are the
Manning roughness coefficients in the x and y directions, respectively. The
mass balance equation can now be rewritten by substituting Eq 2.3 into

the first formula of Eq 2.1 as:

dH;, @ hs5/3 1 9Hg

5 T oo 2/3

) d hs5/3 1 9H;
at dx nx(1+sgx)

ey 0x” 9 e, )T ] 0

) =qe (2.4)

Eq 2.4 can be further simplified by replacing /|0H,;/dx| and /|0H,/dy| by

V1Sox| and |Soy| respectively, known as linearized or semi diffusive wave
approach, yielding:

dHs @ hs5/3 1 9H; hsS/3 1 dHg

ot 0% ny(1453,)" VISoxl 0% (ny(1+55y)2/3 ISoy| %7

) = qe (2.5)

DrainFlow incorporates two types of boundary condition for the overland
flow module, critical depth (Eq 2.6) and the zero depth gradient condition

(Eq 2.7) (Panday & Huyakorn, 2004).

oH _

o = Jgh? (2.6)
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0H _ hs5/3 1

My (1+52,)°" VISonl

(2.7)

where n, and Son are the Manning roughness coefficient and slope in the

direction perpendicular to the boundary respectively.

2.3.2 Tile drains (TD)

The unsteady and non-uniform flow in tile drains is a form of spatially-
varied flow (Lemieux et al., 2008), and in DrainFlow the free-surface flow

in the tile drains is represented by a one-dimensional open circular

channel:
dA | 9(AVD) _
E s — HeD
2.8)
3(Avp) , 3(AvP) dHsp _ (
o + s + gA( 35 +5s7p) =0

where s is the flow direction in the tile drain, Vp is the velocity magnitude in
s direction, A is the cross section area perpendicular to s direction, gep
represents the tile drain source-sink terms, S is the friction slope in the s

direction.

Hsp is the total head:

Hsp = hsp+Zp (2.9)

where hgsp is water depth in tile drain, and Zp is the elevation of the tile
drain base. Beside the other assumptions listed for Eq 2.1, the density and
viscosity of the drained water from the tile drain is assumed as for fresh

water.

Using the diffusive wave approach and the Manning formula for friction

slope, drain velocity (Vb) is expressed as:
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2

__1/( R \3 1 O0Hgp
Vp = nD(1+sgD> \/|6H_SD ds (2.10)

as

where np is the pipe drain Manning roughness coefficient, Sop is the pipe

drainage slope in flow direction, and R is hydraulic radius (Smerdon et al.,

2008).

The geometrical elements of tile drains are defined as:

2
(A= (6 —sinﬁ)%"
R = A _ (9—sin9)r_0

P 0 2
\ T = 21 sin 0 (2'11)

2

k9=2cos‘1(1—%y)

where P is the wetted perimeter, T is top width of the free surface and 6 is
the tile drain cross section central angle in radians (J.-O. Delfs et al.,

2013). Geometrical elements of a cross section of a tile drain are shown in

Fig 2.2.

hsd

Hsd

st

Base level

Fig 2.2 Geometrical cross section elements of a tile drain
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Combining Eq 2.10 and the Saint-Venant equation, the governing equation

of fluid flow in a tile drain is:

2
dHgp 0 AR3 1 OHspy _

2 [laH
na(1+53)7 |52

When the tile drain is completely full, any extra water flow from the further
upstream tiles may cause the inside pressure of the tile drain to be more
than the outside pressure. As a result, the seepage direction would
change and the tile drain would then serve as a source of water for
groundwater. DrainFlow always checks the computed pressure of tile

drains to detect the discharge/recharge sources in the model.

2.3.3 Open drains, channels and river networks (ODCR)

The overland flow module is able to predict the surface flow and depth in
the open drains, channels and rivers. However, a high density model
mesh is required in the open drain locations. To accelerate the DrainFlow
simulation procedure, it is assumed that flow in the open drains is one
dimensional, therefore to simulate flow in open drains the 2-dimensional

Saint Venant equations is simplified as:

5
O0Hg, d hsc3 1  OHg

— = 2 ) = Gec (2.13)
at dc nc(1+S§C)§'/|S°C| dc

where c is the flow direction in open drain, hsc is the water depth in
channel, nc and Sqc are the channel Manning roughness coefficient and
slope in the c direction, gec is the sink/source term, and Hsc is the channel

total head:

Hse = bsc+Zc (2 14)
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where Z¢ is the channel base elevation.

2.3.4 Subsurface flow module (SSM)

In the DrainFlow code, saturated and unsaturated flow in a porous

medium utilises Richards equation as the governing equation:

oh
V.(K.K.VH)=S.S, Ep””% e, (2.15)

where Ks is the saturated hydraulic conductivity tensor, Ss is the specific
storage coefficient, Sy is the water saturation, h, =H-Z is the pressure
head , H is the total head, Z is the elevation above an arbitrary datum, ¢ is
the porosity, K is the relative permeability, and ges represent subsurface

flow source-sink terms per unit area.

In order to solve the Richards equation the relationships between Sw-hp
and K-Sy are required. In the DrainFlow code an analytical expression
between the Sw-hp and K-Sy terms is implemented following Van-

Genuchten (1980):

I+|ah ™)™  ifh <@

s, = |IFlenp o) ith, (2.16)
1 if hp >0

K, =S, (1 —(1-8," ™e)™e)? (2.17)

where Seis the effective saturation, lvc is a pore connectivity parameter
(usually assume to be 0.5), a and nve>1 are the two Van Genuchten fitting

curve parameters and mve=1-1/nve.

28



2.4 Coupling methods

For coupling the overland and subsurface flow modules, the overland flow
module is a boundary condition for the subsurface flow domain. Similarly,
open drains are a boundary condition for the overland flow domain. The
tile drains, however, are considered as an internal boundary condition for
the subsurface flow module, which allows the infiltration rate to be
calculated directly from the Richards equation for the tile drain module.

Fig2. 3 shows all potential connections between the modules in DrainFlow.

' 2D Overland
1D Flow in ) flow model
Channel \ ] |
1'_3 Flow ‘in +«——| 3D Subsurface
pipe drain L flow model

Fig. 2.3 DrainFlow modules and potential connections

2.4.1 Subsurface and overland flow connection

At the start of each time step, surface flow depth (hs), infiltration rate (1)
and effective rainfall rate (qir) for all surface-subsurface flow interface

boundaries are calculated, respectively, by the overland flow module, Eqs

2.18 and 2.19.
| =K_K,VH (2.18)
Qir =0 — et (2.19)
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The calculated values are then used as decision making parameters to
select either Neumann or Dirichlet boundary conditions for the interface

boundaries between overland flow and subsurface flow domain.

The current infiltration rate of the model is compared with effective rainfall.
If the infiltration rate is larger than the effective rainfall (I>qir) or runoff
does not show up on the overland flow (hs <0), then all the effective rainfall
infiltrates to the subsurface model. Consequently, in the overland flow
module the exchange flux between subsurface flow and overland flow (g21)
IS set as the effective rainfall, while in the subsurface flow module the
interface boundary condition is set as a Neumann boundary condition with

qir specified flux.

DrainFlow keeps these conditions until either the infiltration rate becomes
smaller than effective rain (/<qir) or runoff flows off as overland flow
(hs>0). Then, the excess rainfall to the infiltration flows as runoff on the
overland flow domain. In this situation, the interface boundaries in the
subsurface flow module switches from the specified flux (Neumann) to a
constant head (Dirichlet) boundary condition. The constant head boundary
would be provided by the overland flow module (Hs) in each time step.
Consequently, in the overland flow module the exchange flux between

subsurface flow and overland flow (gz1) is set as the infiltration rate (I).

To provide an automatic switching mechanism between Neumann and
Dirichlet boundary conditions a mixed boundary condition is introduced to

the DrainFlow code:

{KrKSVH=N0+Rb(HS—H) (2.20)

R, =K, /M
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where Hs is the surface water total head, H is the groundwater total head,
Rp is the conductance of the interface boundary material, K's and M are
respectively the hydraulic conductivity and the thickness of a thin layer

next to the interface boundary. Eq 2.20 represents a Neumann boundary
condition when Ry(Hs-H)=0, and a Dirichlet boundary condition when Ry is

a large number and No =0 (Chui & Freyberg, 2007).
By using a Heaviside function (Hv(x)),

0, x<0
Hvgy = {1, S0 (2.21)

where x is the Heaviside function variable, the infiltration rate exchange

between the overland flow and groundwater can be defined by:
loossm = [HV(=h,) Hv(=hy)] iz + [Hv(-h,) + Hv(-hs )] R,(Hs —H) (2.22)

where Iy squ IS infiltration exchange between the overland flow and

subsurface flow.

2.4.2 Tile drain and subsurface module connections

A seepage-face boundary condition is implemented for tile drains in the
subsurface flow module. Once water flows in a tile drain or the pressure
head at the drain boundary calculated by the subsurface model becomes
greater than zero, the seepage-face boundary switches from a zero-flux to

a constant head boundary condition.

By using a Heaviside function the infiltration rate exchange between tile

drain and groundwater can be expressed as:

lom sssm = (HV(npy + HV(nsy JRDy(Hgg —H) (2.23)
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where Iy, ssm 1S the infiltration rate exchange between tile drain and

subsurface flow and RDy is the entrance seepage conductance due to

minor head loss at tile drains entrance.

Hsp is the total head in the tile drain:

Hsp = Zoyt + Sop X lsp + hp (2.24)

where Zot is the tile drain outlet elevation, Sop is the pipe drainage slope

in flow direction, and Isp is distance from the tile drain outlet .

2.4.3 Open drain connections to overland flow and subsurface

flow module

To connect the overland flow and the open drain modules, at the start of
each time step, the exchange flux rate between overland flow and open
drain (goc) is calculated by the overland flow module. Then goc adds to the

sink/source terms of open drain equation (Eq 2.13).

In addition, to connect the subsurface flow and open drain modules, the

exchange infiltration rate between open drain and subsurface flow (

lope;ssw ) IS calculated as:

lopessw = [HV(-=hp) Hv(-hsc)]be xqs +[Hv(-hp)+ Hv(-hsc)] R (H. —H)  (2.25)
where bc is the open drain width, Rbc is the conductance of open drain

materials.

lop,ssv @lso adds to the sink/source terms of the channel equation.

Therefore, by adding goc and lgp.,sgq t0 the sink/source terms of the

channel equation, gec is expressed as:
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Jec = Qoc * lopessw + Qi — QeT (2.26)
where qoc is the surface runoff as calculated directly by the overland flow
module, and l,,sqy is the exchange infiltration rate between open drain

and subsurface flow.

2.4.4 Tile drain and open drain (ODCR) connections

Tile drains outflows often collect at an open drain known as the main
drain. Flow in the main drains is simulated by the open drain module. To
link the tile drains to a main drain (open drain), the computed tile drain
outflow at the locations of each tile drains outlet are considered as an
internal boundary condition for the main drain. Moreover, several tile

drains as internal boundaries could be added to the main drain.

Alternatively, in some circumstances the main drain also could have

effective impact on tile drains operation. For example, when water level in
the main drain increases to an elevation higher than tile drain outlet level,
then the main drain acts as a barrier for the tile drain flow and water push

back into the tile drains.

For simulating this impact in the DrainFlow code, once the total head in
the main drain increases to an elevation higher than the tile drain outlet
level, the exceeded head over the tile drain outlet level automatically adds

to the elevation of the tile drain base.

Zpo = Zppb+Hmt (2.27)

where Zpg is the calculated tile drain base elevation at the outlet, Zpy is the

actual elevation of the tile drain at the outlet and Hmt is the exceed head
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over the tile drain base at the out let. The amount of Hmt is calculated by

the main drain module for each time step.

2.5 Smoothed Heaviside function

Switching between Neumann and Dirichlet boundary condition can cause
nonlinearity problems. In DrainFlow code to avoid these issues the
Heaviside function Hv(x) is replaced by smoothed Heaviside functions.
Many smoothed Heaviside functions are recommended in the literature,

one utilised here being the logistic function:

Logistic (x,err ) = (7 + exp( —e%))’] (2.28)
where err is the specified smoothing factor.

Another example is the flc2hs(x, err) function of COMSOL (COMSOL, May
2012) which is a smoothed Heaviside function with continuous second
derivative without overshoot. The values of the flc2hs(x, err) is defined as
0 for x<-err, 1 for x>err and a sixth-degree polynomial fitting curve for the

gap between -err and err (-err<x<err).

Fig 2.4 shows an approximation of logistic and flc2hs(x, err) smoothed
Heaviside functions using a range of smoothing factors (err). Decision
about the optimum err values is a trade-off between model accuracy and
convergence time. Depending on the model condition, err values should

be decided separately for each simulation.
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Fig 2.4 A comparison between smoothed Heaviside functions with
different smoothed parameters: Logistic and Comsol flc2hs functions.
These smoothed functions are used as replacements for the Heaviside

function in DrainFlow.

2.6 Benchmark tests

To check the model capability on integrated surface-subsurface flow
problems, this section gives some comparisons between DrainFlow and
seven known coupled surface-subsurface flow codes: CATHY (M.
Camporese et al., 2010), HydroGeoSphere (HGS) (Aquanty Inc., 2013;
Brunner & Simmons, 2012), OpenGeoSys (OGS) (J.-O. Delfs et al., 2012;
J. O. Delfs, Kalbus, et al., 2009; J. O. Delfs, Park, et al., 2009), ParFlow
(Kollet & Maxwell, 2006; Maxwell & Miller, 2005), PAWS (Shen &
Phanikumar, 2010), PIHM (Kumar et al., 2009; Qu & Duffy, 2007), and
tRIBS + VEGGIE (Ilvanov et al., 2008; Ivanov et al., 2010; Kim et al.,

2013).

All codes apply the Richards equation for subsurface flow, coupled with
some form of the Saint - Venant equations for estimation of surface flow

discharge. However, they use a different formulation of partial differential
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governing equations, interface boundary conditions and numerical

methods.

The comparisons utilise five frequently published integrated surface-
subsurface flow problems: infiltration excess (IE), saturation excess (SE),
slab (Sb), return flow (RF) and V-catchment benchmarks (VC). These
problems, organized in order of increasing complexity, are given by
Maxwell et al. (Maxwell et al., 2014). The benchmarks have minimal
complexity in domain geometry, topography, hydraulic hydrological

properties and atmospheric forcing.

The benchmarks contain a simple tilted V-catchment or hill-slope for
surface flow domain and a sloped layer of soil as subsurface flow domain.
All simulations open with a rainfall event and follow by an
evapotranspiration period with no further rainfall. The benchmarks all use
the same values for Van-Genuchten parameters (a and nvg), residual and
saturated water content (Sres and Ssat), porosity (@) and specific storage
(Ss). However, different values are implemented for saturated hydraulic
conductivity (Ks), initial water table (lwt), ground surface slope (Sx) in each
problem. A conceptual model with a list of utilised parameters for
infiltration excess, saturation excess, slab and return flow benchmarks is

illustrated in Fig 2.5.
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g;=3.3e-4m/min (IE, SE, Sb) &1.5e-4m/min (RF)

List of abbreviations

IE:

SE:
Sh:
RF:

lwt:

Vov o b v v by vy by

Jer= 5.4e-6 m/min(RF)
Infiltration Excess
Saturation Excess
Slab

Return Flow

Initial water table Slab (Ks=6.94e-6m/min

$b)&0.5%,5%(RF)

Soil hydrodynamic properties
Ks= 6.94e-2m/min (RF),
6.94e-4m/min (SE,Sb),
6.94e-5m/min (IE),
6.94e-6m/min (IE,Sb)
S, =5e-4m1 & ¢=0.4
Nn=0.2 & a=1(m?)
Se=0.2&S_=1

Fig 2.5 Conceptual model and list of parameters used in infiltration excess

(IE), saturation excess (SE), slab (Sb) and return flow (RF) benchmarks.
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2.6.1 Infiltration excess runoff scenarios

For the first test the DrainFlow code simulates infiltration excess overland
flow, also known as Hortonian runoff. This exercise includes two
scenarios: (i) saturated hydraulic conductivity at 6.94x10-°m/min and (ii)
saturated hydraulic conductivity at 6.94x10-°m/min. The hydraulic
conductivities for both scenarios were selected to be lower than the rainfall

rate, generating a Hortonian runoff condition.

Both simulations start with a constant rainfall rate of 3.3x10** m/min for
200 min and followed by a 100 min of drainage period. Evapotranspiration
was neglected for both scenarios. Therefore, the rainfall is equal to

effective rainfall for this example.

Predicted discharge at the outlet by DrainFlow and the other integrated
hydrologic models (called hereafter as “IHMs”) given by Maxwell et al
(Maxwell et al., 2014) are shown in Fig 2.6.a. The simulated hydrographs
show that in both scenarios runoff occur shortly after the beginning of
rainfall. Apart from an earlier arrival at the steady state condition in the first
scenario, DrainFlow has a reasonably good agreement with the other

IHMs.

In addition, a sensitivity analysis was carried out to investigate the effect of
the M parameter on the discharge peak in the second scenario. DrainFlow
was run for a wide range of M from 0.1, 0.01 to 1e-7 m and the discharge
peaks calculated as 7.18, 7.17 and 7.12 m3/min respectively. Even with a

large change in the M magnitude, DrainFlow does not show sensitivity in
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predicting the discharge peak. However, simulation time is increased by

implementing smaller values for M.

10 T T T T T

a. Infiltration excess

ParFlow -------
tRIBS+VEGGIE ——
OGS

DrainFlow =—

Overland flow (m;/min)

0 50 100 150 200 250 300

Time(min)

12 T

b. Saturation excess

Overland flow (my/min)
o

0 150 300
Time(min)

Fig 2.6 Comparisons between DrainFlow and the other IHMs (given by

Maxwell et al. (Maxwell et al., 2014)) for predicting overland-flow
hydrographs at the hill-slope toe; (a). infiltration excess runoff; (b).

saturation excess runoff benchmarks
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2.6.2 Saturation excess runoff scenarios

The saturation excess runoff benchmark is very similar to the infiltration
excess cases but the hydraulic conductivity is larger than the rainfall rate
(qir/Ks = 0.467). This benchmark also includes two scenarios: the initial
water table located at 1 and 0.5 m below the ground surface level. The
overland flow hydrographs at the hillslope outlet calculated by DrainFlow

and the other models are shown in Fig 2.6.b.

At the start of both scenarios the entire amount of rainfall leads to raising
the groundwater table. This process continues until the groundwater table
reaches the ground surface. From this point (also known as ponding time)
a portion of rainfall flows off as runoff. The model estimated the ponding
times to occur at around 22 and 121 minutes for the first and second
scenarios respectively. A comparison between the hydrographs of the
various models in Fig 2.6.b indicates the DrainFlow hydrographs and

ponding time predictions are similar to the other IHMs.

2.6.3 Slab case

The slab benchmark case was introduced by Kollet and Maxwell (Kollet &
Maxwell, 2006) to challenge coupled surface-subsurface flow codes when
the soil is not homogeneous. The slab benchmark domain is very similar
to saturation excess runoff scenario, but a thin slab with low hydraulic
conductivity is located at the top centre of the subsurface flow domain.
The dimension of the slab is 100 m in length, 5 cm in thickness, and 320
m in width. The slab saturated hydraulic conductivity is 6.94x10° m/min,

which is 100 times less than the rest of subsurface flow domain.
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DrainFlow model runs for the slab benchmark and the calculated
hydrograph at the outlet of the hill-slope are compared with the other

surface-subsurface model in Fig 2.7.

P
tRIBS+VEGGIE -----
DrainFlow — = = |

0.8 -

06 -

Outflow (m#min)

0.4 -

0.2 -

| \
0 50 100 150 200 250 300
Time (min)

Fig 2.7 Comparison between DrainFlow and the other IHMs overland-flow
hydrographs (Maxwell et al. (Maxwell et al., 2014)) at the hill-slope outlet

As a response to the soil heterogeneity specified in the benchmark,
DrainFlow predicts step-like hydrographs at the hill slope outlet. The first
jump in the hydrograph results from the runoff generated by the slab
component. Fig 2.7 shows the DrainFlow overland flow hydrograph
increases rapidly to 0.75 m3/min at about 115 minutes and discharge
almost remains stable for a short period of time. However, the hydrograph
peaks again at 1.14 m3/min at around 160 minutes due to late runoff
generated by the part upper than the slab. Fig 2.7 shows the maximum
discharge calculated by DrainFlow is very similar to the results of Parflow

and OGS for the slab benchmark.
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2.6.4 Return flow

The hill-slope in the return flow benchmark is much steeper than the other
benchmarks. The DrainFlow code simulated two scenarios, with Sy set at
0.5% and 5% respectively. The model was run for continuous rainfall at
1.5x10*m/min for 200 minutes followed by an evapotranspiration period of

200 minutes with an evapotranspiration rate of 5.4x10® m/minute.

Fig 2.8 illustrates the intersection point between the water table and
ground surface versus time, derived from DrainFlow and the other models

given by Maxwell et al. (Maxwell et al., 2014).
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Fig 2.8 The intersection point between the water table and ground surface

as a function of time for Sx=0.5 and 5% slope, as obtained from DrainFlow

and other models.

Although there are some similarities, the coupled surface-subsurface flow

models show a range of predictions. Results of DrainFlow for the period of

rainfall are very similar to the ParFlow and Cathy codes and for the

evaporation period are similar to the Cathy code prediction in both

scenarios.
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2.6.5 V-Catchment

The V-catchment benchmark comprises two 1000 x 800m tilt planes,

joined by a 1000 x 20m channel in the middle (Fig 2.9). The ground

surface slopes are 2% and 5%, respectively, parallel and perpendicular to

the channel direction. The benchmark starts with a 90min uniform rainfall

at the 1.8 10-*m/min rate and follows by 90min recession period. Despite

the fact that the V-catchment benchmark does not contain a subsurface
flow domain, this test could challenge the methodology used to connect
the 2D overland flow and 1D open drain modules. Fig 2.9 compares the
channel hydrograph at the outlet predicted by DrainFlow with the other

interaction surface-subsurface flow models of Maxwell et al. (Maxwell et

al., 2014).
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Fig 2.9 V-catchment benchmark: (a). conceptual model, (b). channel

outflow hydrographs at the channel outlet predicted by DrainFlow and the

other IHMs by Maxwell et al. (Maxwell et al., 2014)

The DrainFlow hydrograph is similar to the OGS code prediction in the

rising limb and is close to the Parflow model in the falling limb. The
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maximum discharge calculated by DrainFlow is 291.71 m3/min and it is

accrued at around 83 minutes.

2.7 Application of DrainFlow for tile drainage examples

DrainFlow was run for two hypothetical tile drainage examples. The first
example includes a high-resolution and small-scale study containing a
combination of different modules. The second example is designed to
challenge the code in upscaling issues. For the second example the
DrainFlow models an area 10 times larger than example 1 and contains up

to 80 tile drains and two open drains.

2.7.1 Example 1l

For the first example DrainFlow is set up for one tile drain which includes a
2D overland-flow, a 3D saturated-unsaturated flow, an open drain, and a
tile drain module. The tile drain length is 200 m with a 10 cm radius,
located at depth 2m below the ground surface. The subsurface flow
domain comprised a homogenous and isotropic soil with a gentle 1-
dimensional slope a right angles to the tile drain direction. The length,
width and height of the soil layer are 100, 100 and 5m respectively.

Fig2.10 shows the conceptual model and utilised parameter values.
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Slopes
Ground surface: 0.001%
Tile drain: 0.001%

Manning’s roughness coefficients
Ground surface:  0.059 m%/3/s
Tile drain: 0.025 m/3/s

Soil hydrodynamic properties
K=7.71e-6 and 7.71e-7 (m/s)
S, =5e-4m™ & ¢=0.4 Sm
Nn=0.2 & a=1(m?)
Sies= 0.2 &S_=1

q,=5.5e-6 (m/s)

I A R R R E !
q,/K.=7.5 & 0.75

100(m

Qgr=2.75e-7 (m/s)

Fig 2.10 Example 1: untilised conceptual model of overland-flow,

subsurface flow, tile drain, open drain module, and parameter values.

The model was run for two scenarios to simulate complete infiltration and

saturation excess runoff conditions. The hydraulic conductivity values
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were set as smaller and larger than the effective rainfall rate for the

infiltration and saturation excess runoff scenarios respectively.

The rainfall was fixed at a uniform rate of 5.5x10° m/s for a two-day
period, followed by 8 days of evapotranspiration at a constant

2.75x10" m/s. Hydraulic conductivity values were set at 7.71x10"" and
7.71x10¢ m/s for the infiltration and saturation excess conditions,
respectively. The initial water table was located at the base of the tile drain

at 2.1m depth below the ground surface.

The simulated hydrographs at the outlets of the open drain and the tile
drain are shown in Fig 2.11 for the infiltration and saturation excess

scenarios.
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Fig 2.11 DrainFlow overland flow and tile drain hydrographs for saturated

and infiltration excess scenarios for example 1

In the saturation excess scenario (infiltration rate > rainfall rate), all rainfall

entirely infiltrates and raises the groundwater table for the first 11 hours of

simulation. At this point (ponding time), the soil profile becomes fully

saturated and thereafter a portion of rainfall flows toward the open drain

via overland flow. From the ponding time the hydrograph has a rapid jump
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to 0.049 m3/s in less than 2 hours and then remains stable for the rest of

rainfall period.

However, in the infiltration excess scenario (infiltration rate < rainfall rate)
just a portion of rainfall infiltrates to the soil and the excess moves by
overland flow to the open drain. This creates a hydrograph jump to
0.044m?/s just after rainfall initiation and the outflow during the simulation

time never reaches a steady state condition.

The tile drain hydrograph in the saturation excess scenario starts rising
and reaches its peak almost at the same time as the overland flow, at
around 11 hours. The tile drain hydrograph remains stable at about
0.002m?3/s to the end of the rainfall period. On the other hand, in the
infiltration excess scenario, there is a 2.1 day delay between the beginning
of the rainfall and the hydrograph peak in the tile drain. Similar to the open
drain hydrograph, the tile drain hydrograph never reaches a steady state

condition.

Effect of n and Sx on tile drain hydrograph

Compared to traditional drainage models, the DrainFlow code has the
advantage of calculating the land surface recharge as a part of the model
solution. Therefore, any change in the ground surface parameters (such
as slopes, land use, evaporation and Manning roughness coefficient) has
a direct effect on the land surface recharge. This then influences

subsurface flow and tile drain outflows.

To illustrate these advantages, the saturation excess scenario model was

run for a range of ground surface slopes and Manning roughness
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coefficients: Sx = 104, 10° and 10® and ny = ny = 0.1, 0.06 and 0.02. The

simulated tile drain hydrographs for each model run are shown in Fig 2.12.

Discharge (m3/day)
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n=0.02, SO=1e-5
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Time (day)

S0=1e-6, n=0.02
S0=1e-5, n=0.02
S0=1e-4, n=0.02
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1 2 3 4 5 6 7 8 9 10
Time (day)

Fig 2.12 Tile drain hydrographs arising from (A). different ground surface

Manning roughness coefficients and (B). ground surface slopes

The tile drain hydrographs show increasing the Manning roughness

coefficient coupled with decreasing the ground surface slope would

increase the total volume of water drained by the tile drain. Increasing

Manning roughness coefficient from 0.02 to 0.06 and 0.1 m¥?/s resulted in
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2.6% and 5.6% increases in the cumulative tile drain outflow respectively.
However, reducing the ground surface slope from 0.0001 to 0.001 and
0.01%, respectively, resulted in 3.8% and 5.5% increments in cumulative

tile drain outflow.

2.7.2 Example 2 (Upscaling):

For the second hypothetical tile drainage example the area of modelling is
10 times enlarged compared to Example 1. Also, the number of tile drains
increase from one tile drain in first example to 10, 20, 40 and 80 tile
drains. Moreover, another open drain module is added to collect the tile
drain outflows as a main drain. However, the soil types, rainfall rate,
evapotranspiration rate, tile drain types, and tile drains depth remains as
for Example 1. Fig 2.13 shows a conceptual model for the case of 10 tile

drains, together with utilised parameters.
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Fig 2.13 Example 2: conceptual model of overland-flow, subsurface flow,

tile drains, main drain, and utilised parameters

It would be expected to take much longer to solve for Example 2 than
Example 1, due to more finite elements cells (particularly in the subsurface
flow domain), and more tile drain modules. However, making some
simplification assumptions were made that significantly facilitates the

simulation process.
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The first simplification involves reducing the subsurface and overland flow
dimensions. The surface and subsurface flow in the y direction, which is
parallel to the tile drains direction, is assumed to be negligible. Therefore,
the dimensions of overland flow module drops from 2 to 1 dimension.
Similarly, the subsurface model dimension is dropped from 3 to 2-
dimensions. This greatly reduces the number of utilised finite element cells
in the model. For instance, in the 80 tile drains case the total number of

finite element cells is reduced from 149,380 to 4,780 elements.

The second simplification assumption was to decrease the numbers of tile
drain modules in the model by applying one tile drain module for the
similar neighbour tile drains. This simplification could be made based on
the similarities of parameters of the neighbour tile drains such as tile drain

slopes, Manning roughness coefficients, and soil types.

These simplifications significantly decrease the computational solving
time. For example, in the model consisting 80 tile drains, the
computational solving time decreased from more than 10 days to less than

10 minutes by a standard desktop computer.

10 tile drains

The model of Example 2 containing 10 tile drains runs for a simulation
period of 2 days rainfall followed by 8 days evapotranspiration for the
saturated and infiltration excess runoff scenarios. DrainFlow-derived main
drain and overland flow hydrographs at the outlets by DrainFlow are

shown in Fig 2.14.
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Fig 2.14 Overland flow and main-drain hydrographs: (a) infiltration and (b)

saturated excess scenarios for the 10 tile drains domain

In the saturated excess runoff scenario, the overland flow and the main-
drain hydrograph respond to the rain event approximately in the same time
with about a half day delay from the beginning of the rainfall. However, in
the infiltration excess runoff scenario, the overland flow hydrograph shows
a very fast response to the rainfall in less than one hour. However, there is
about 2 days delay between the beginning of rain and flow in the main
drain. A comparison between overland flow hydrographs in Fig 2.14.a and

14.b indicates that the lower soil hydraulic conductivity in the infiltration
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excess scenario causes a higher percentage of rainfall drained by the
surface drainage system in infiltration excess scenario than in the

saturation excess scenario.

20, 40 and 80 tile drains

DrainFlow was evaluated for 20, 40 and 80 tile drains. That is, for 50, 25
and 12.5 m tile drain spacing. The models were run to generate a
saturation excess runoff condition, so hydraulic conductivity was set to be
larger than the rainfall rate. Fig 2.15 shows the main drain and overland

flow hydrographs for 10, 20, 40 and 80 tile drains, as computed DrainFlow.
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Fig 2.15 Comparisons between (a) overland flow and (b) tile drain

hydrographs for saturation excess runoff condition

Comparing the overland flow and the main drain hydrographs shows that

increasing the number of tile drains could reduce runoff discharge but

amplifies the main drain outflow.

Fig 2.15 shows that when the tile drain spacing is 100, 50, 25 and 12.5m

then the peak runoff discharges are 0.47, 0.41, 0.36 and 0.15 m®/s and the

corresponding maximum main drain outflows are 0.112, 0.048, 0.021 and

0.009 m3/s respectively. Furthermore, the water balance shows around
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12% of the total rainfall volume is drained by tile drains when the tile drain
spacing is 100 m, but this percentage increases to about 30% when tile
drain spacing is 12.5 m. Therefore it could be concluded that decreasing
the tile drain spacing has effective impact on dropping the peak and
cumulative runoff and increases the peak and total water drained water by

the main drain.

2.8 Conclusion

DrainFlow is a fully distributed integrated surface and subsurface flow
model, designed for drainage studies. Development, tests and applications
of DrainFlow have been discussed. In contrast to the previous drainage
models, DrainFlow has the advantage of calculating land surface recharge
directly from the partial differential form of the Richards equation rather

than implementing empirical methods.

To develop the model, a range of modules are separately formulated.
Each module is then connected to the related modules. Consequently, all
modules work together simultaneously by using outcomes of the other
modules to yield the final result. A new technique is included in DrainFlow
as a guard against the nonlinearity issue, which often occurs in coupled
surface -subsurface flow models because of switching between dry and
wet boundary conditions. This method provides for smooth switching

between dry and wet boundary conditions.

To compare the DrainFlow code with the other coupled surface and
subsurface flow models, some comparisons are made for five well-known

integrated surface and subsurface benchmarks. As a result of these
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comparisons, it is concluded that the DrainFlow code is in reasonably
good agreement with the other coupled surface and subsurface flow

codes.

In addition, two new hypothetical tile drainage examples were introduced
and the DrainFlow code was run for these examples. The first example is
designed to challenge the DrainFlow code in high-resolution and small-
scale tile drainage studies. It was shown that DrainFlow code can compute
effects of ground surface Manning roughness coefficients and slopes on
the tile drain hydrographs, which was not predictable by traditional tile

drainage models.

The second example was designed to challenge DrainFlow with model
upscaling issue. As a result of two additional simplification assumptions
the computational solving time declined dramatically from 10 days to less

than 10 minutes in a model comprising 80 tile drains.

Finally, on the basis of various tests and applications it is concluded that in
addition to comprehensiveness, DrainFlow is quite flexible. Based on
required conceptual model complexity, scale and data availability,
DrainFlow can be easily modified dimensionally or methodologically to a

less or more complex model.
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3 Chapter 3
An enhancement of the Hooghoudt drain-

spacing equation

3.1 Abstract

The Hooghoudt equation is widely used as a simple means of specifying
drain spacing when designing networks of parallel drains in drainage
systems, based on estimating the maximum water table height between
two drains. It is shown via comparison with a numerical model that the
Hooghoudt equation can overestimate water table height and therefore
yield drain spacings which may be too wide. This is because the
Hooghoudt drain spacing equation in fact has a concealed dependency on
Van Genuchten soil-water retention curve parameters, which can bias the
water table estimates unless adjustments are made explicitly. A
modification of the Hooghoudt equation is presented which incorporates
two new dimensionless coefficients to make allowance for this
dependency. The modified expression yields improved accuracy as

measured against the numerical reference model.

Keywords: Drain-spacing, Richards equation, Hooghoudt equation, finite

element model, van Genuchten, soil water water retention curve, drainage
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3.2 Introduction

Artificial field drainage as a means to remove excess water in the root
zone is now about 200 years old (Lambert K. Smedema, 2004) but
estimating optimal drain spacing remains a challenging part of any
drainage scheme design. If spacing is too wide then the water table
between adjacent drains may rise to the root zone during heavy rain
events or irrigation. On the other hand, needless construction costs are
incurred if the drains are unnecessarily close. To find the optimal spacing,
the between-drain water table height must be estimated by way of a

suitable governing groundwater equation.

Laplace, Boussinesq, and Richards (1931) equations are widely
mentioned in the literature as the partial differential governing equations
for fluid flow in porous media and analytical solutions have been obtained

for a range of special drainage cases.

For example, Hooghoudt (1940) derived an expression based on the one-
dimensional Boussinesq equation by using Dupuit — Forchheimer (DF)

assumptions for flow to two parallel drains. The derivation assumes that

the effect of radial flow from the centre of the drain to D/+/2 is significant,
where D [L] is the thickness of the soil layer below the drains. To allow for
the effect of radial flow near the drains and to reduce the DF
approximation error, Hooghoudt (1940) replaced D in his equation with an
“equivalent depth” d, which is an imaginary depth under the drains which
is always smaller than D. Moody (1966) and Sakkas and Antonopoulos
(1981) present simple estimating expressions for d , while Van

Schilfgaarde (1963) describes a graphical estimation approach. Beers
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(1979) gives a dimensionless nomogram to avoid trial- and- error solution
of the Hooghoudt equation. Mishra and Singh (2007) derive a new
equivalent depth table for the Hooghoudt equation by changing the
assumption of the effect of the radial flow from D/v/2 to a combination of

2D/z and the area of groundwater flow above the drain in the radial zone.

In related analytical approaches, Kirkham (1958) solves the 2D steady
state Laplace equation in a conceptual confined flow domain for a
constant drain discharge and ignores all flow above drain level. Van Der
Molen and Wesseling (1991), Dagan (1964 ), Hammad (1962), and Ernst
(1962) respectively use different approaches to derive some simpler
solutions for the Kirkham equation. In addition Youngs (1965), (1975),
Collis-George and Youngs (1958), and List (1964) present some
inequalities and equations for upper and lower bounds of water table
height between two parallel drains. Child (1969) fitted an empirical
eqguation to data obtained from a sand tank physical model experiment
devised by Collis-George and Youngs (1958). Miles and Kitmitto (1989)
and Barua and Tiwari , 1996b) derive analytical drain spacing formula
suitable for homogenous and layered anisotropic soils. Lovell and Youngs
(1984) and Kirkham (1966) give comprehensive reviews of various

analytical drainage equations.

As an alternative to analytical methods to obtain drain spacing, the
governing equations of water movement in soil can be solved using
numerical techniques with fewer assumptions. Gureghian and Youngs
(1975) describe a finite element technique to solve the Laplace equation

for drainage situations and apply it for both homogeneous and
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heterogeneous soils. Zaradny and Feddes (1979) use the finite element
Galerkin method to solve the 2D-Laplace equation applied to the vicinity of
a tile drain. Smedema et al. (1985)use a finite element solution of the
Laplace equation for homogeneous-anisotropic soil drainage and then
compare the resulting drain spacing estimates with those from the
Hooghoudt equation. They conclude that the Hooghoudt equation can be
used with reasonable confidence for drain-spacing in both homogeneous

and anisotropic soils.

Khan (Khan & Rushton, 1996a, 1996b, 1996¢) applied a finite difference
numerical approach to solve the 2D steady state Laplace equation for
drainage applications and noted that drains must be represented as an
internal boundary separated from the water table. Zaradny (2001) uses
finite element methods to predict groundwater flow in a drainage zone and
shows that in this context groundwater flow theory for confined aquifers
can also be utilized for unconfined aquifers. Zavala et al. (2007) use a
numerical solution of the Boussinesq equation, incorporating boundary
conditions by use of two types of drainage flux equation as a function of
water table elevation. Their study concluded that both types of boundary
condition can give reasonable results consistent with laboratory

experiments.

Castanheira and Santos (2009) develop a 2D Galerkin finite element
steady state Richards equation model for finding optimal drain spacing
and then compared their results with the Kirkham and Hooghoudt
analytical solutions. Shokri (2011) describes a numerical

surface/subsurface model which couples a 3D Richards equation and the
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2D shallow water equations, enabling design of drainage schemes which

may also serve to supply irrigation water.

Fuentes et al. (2009) give two expressions for relations between the
storage coefficient and the soil-water retention curves of van Genuchten
(1980) and Fujita—Parlange (Carlos Fuentes, Haverkamp, & Parlange,
1992), during water table drawdown between two drains. These
expressions have been subsequently shown by Pandey et al. (1992) to be
consistent with experimental data. Chavez et al. (Chavez et al., 2011a;
Chavez et al., 2011b) used a finite difference method to solve a
combination of the Boussinesq equation and the Van Genuchten soil-
water retention curve to estimate drainable porosity, in order to study the
hydrodynamics of groundwater flow near tile drains. Jiang et al. (2010) use
finite elements to solve a 2D Laplace equation for both random hydraulic
conductivity variation and hydraulic conductivity decreasing exponentially
with depth, obtaining both the spatial hydraulic head distribution and drain
discharge. Zavala et al. (2012) compared the result of the finite element
1D Boussinesqg and 2D Richards equation in an agriculture subsurface
drainage situation. This showed the limitations of the Boussinesqg equation
such as the DF assumptions for between-drain water table estimation.
Recently Youngs (2012) and (2013) developed an analytical equation
incorporating the capillary fringe to simulate steady state flow to tile drains
in a hypothetical infinitely deep soil. In addition, a number of special-
purpose computer codes are available for drain-spacing estimation,
including DRAINMOD (1980), DRENAFEM (2009) and MHYDAS-DRAIN

(2007).
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Despite this considerable activity in the field, to date there is no available
analytical solution of Richards equation for drain spacing estimation. Most
of the current analytical and numerical drainage models are based on
solutions of the partial differential Laplace and Boussinesq equations. The
present thesis applies a dimensionless finite element solution of the partial
differential Richards equation to obtain an enhancement of the analytical
Hooghoudt equation. It will be shown that the coefficients of the original
Hooghoudt equation are actually functions of soil-water retention
parameters, though not specified explicitly. While drain spacing can be
solved directly via a numerical model of the Richards equation, the
analytical Hooghoudt expression still has attraction in its ease of
application. In this regard, the modified Hooghoudt equation presented
here has the advantage of giving more accurate results than the original

expression and should find application to practical drainage design.

Section 3.3 classifies drain spacing equations into those using the DF
assumption and those using the Laplace equation. The steady state
Richards equation is then revisited. The system and boundary conditions
are described in Section 3.4. The enhanced Hooghoudt equation is

presented in Section 3.5.

3.3 Common drain spacing formulae

The standard drain spacing equations and the governing subsurface flow
equation are given below. Drain spacing equations have been widely

discussed in the literature and only a brief summary is provided here.
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3.3.1 Formulae based on DF assumptions

The steady state analytical Hooghoudt equation is widely used to

determine drain-spacing (Van der Molen & Wesseling, 1991) and can be

written as
2 2
q _ m ﬂ m q _ m 8d(m
Lo a () 2O () D
L L

iz 2 d- (3.2)

(L-Dv2)" | D , —

DL 'imroﬁ'f(D'L) L-DV2 +§|n b +f(D1L)

DL T2

where ¢ is recharge rate per unit surface area [LT™], Ks is saturated
hydraulic conductivity of the medium [LT], m is the maximum water table
height above the drain level midway between two parallel drains [L], and ro
is effective drain radius [L]. The function f(D,L) is smaller than the other
terms and is generally ignored (Wesseling & Kessler, 1994). Moody

approximations of Eq 3.2 can be written as (Moody, 1966):

b
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3.3.2 Formulae based on the Laplace equation
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An analytical solution was obtained by Kirkham (1958) for water table
height midway between two drains, utilising the 2D steady state Laplace
equation. This gives the Kirkham relation:

mz%1 InL+Zl(cosznﬂ—cosnﬂjcothzn—w—l m :q—Ll(lnL+
Ks 7\ ar, oin L L

I % (cos ZmLTrO - cos mt) coth ZTD -1) (3.4)

66



In the derivation of Eq 3.4 the simplification is made that water flow above
drain level can be ignored (Kirkham, 1958). Dagan (1964 ) gives a
simplified version of Eq 3.4 as:

—QLfL 1 mro _qL( L 1 a
m = (SD 21Tlr1 (2cosh = 2)>m _ELE_ZIn(ZCOShFO_ZD (3.5)

Van der Molen et al. (1991) show Eq 3.5 gives a good approximation to Eq

3.4 when D/L is small.

3.3.3 Steady state Richards equation

For saturated/unsaturated flow in porous media, the steady state Richards

equation is utlised:

V. (K (W)V(h + z)) = -qsV(K,, (h)V(h +2))=—gs (3.6)

where h is the pressure head [L], z is the elevation [L], gs is a general
sink/source term [LT1], and Kw(h) is the hydraulic conductivity. Eq 3.6 is

defined in the whole pressure domain as:

(3.7)

K. (h)= KsKr(h) forh<0 (h) = {KSKr(h)forh <0
YU Ks forh=0 "7 Ksforh > 0

where Ki(h) is the relative permeability [-]. In this study the relative

permeability function is used as in the Van Genuchten (1980) model:

Kr Se'[l(lSeé'] J ; Se = L (3.8)

o)

where Se is effective saturation [-], | is a pore connectivity parameter
usually assumed to be 0.5 [-], a [L}] and n >1 [-] are the two Van

Genuchten curve fitting parameters and M=1-1/n. It is evident that for the
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special case of Kr=1 the Richards equation is equivalent to the Laplace

equation.

Table 3.1 shows the result of a study by Carsel and Parrish (1988), which
provide estimates of a and n for a range of soil texture groups from their
analysis of a large amount of recorded soil water retention data. Malaya
and Sreedeep (2011) give a comprehensive review of factors that may
influence the soil-water retention curve. Fig 3.1 shows calculated relative
permeability from Eq 3.8, plotted on log scales against pressure head for a

range of Van Genuchten soil water retention parameters.

Table 3.1 Descriptive statistics of Van Genuchten water retention model
parameters (a and n), from Carsel and Parrish (1988)

a (1/m) n
# Texture Sz* Mean Std dev SZ* Mean Std dev
1 Sand 246 14.5 0.029 246 2.68 0.29
2 Loamysand 315 12.4  0.043 315 2.28 0.27
3 Sandyloam 1183 7.5 0.037 1183 1.89 0.17
4 Loam 735 3.6 0.021 735 1.56 0.11
6 Clay 400 0.8 0.012 400 1.09 0.09

* Sample size
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Fig. 3.1 Relative permeability (Kr) versus pressure head for a range of

van Genuchten soil water retention parameters a and n (Table 3.1)

3.3.4 System definition

A dimensionless domain is used to compare maximum water table height

as calculated from some analytical drainage equations and also from

selected numerical simulations. Fig 3.2 shows a set of horizontal parallel

drains of radius ro/L located at elevation D/L above datum and depth H/L

under the ground surface. The soil is assumed homogenous, isotropic,

having saturated hydraulic conductivity Ks and located above a horizontal

impermeable surface.

A Neumann boundary condition (constant discharge boundary CDB)

oh/oy =-q/Ksdh/ dy = q/Ks is applied at the top boundary. Due to
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simplification assumes drain to remain half full and the condition in the
drain is hydrostatic, therefore as an internal boundary condition a Dirichlet
boundary condition (constant head boundary CHB) h=D/L is applied to
lower half part of drain tube. For upper half part of the drain a Cauchy
boundary condition (seepage face boundary SF) is applied, once the
surface pressure is get larger than 0, SF boundary condition is let the
model to transfer from a CDB to CHB condition. For the rest of the
boundaries a no-flow boundary (NFB) condition dh/dy =0 is
implemented from symmetry or for representing the lower impervious

layer.

To create the “true” reference for comparison, Richards equation is
implemented numerically using the finite element SEEP/W code (GEO-
SLOPE International Ltd, 2012). A layout of the finite element mesh used
in the numerical model and the area surrounded by the drain are
illustrated in Fig 3.3 for D/L=0.083, H/L=0.033 and ro/L=0.00167. The
results of Carsel and Parrish (1988) are used for the two Van Genuchten

soil water retention parameters a and n (Table 3.1).

To check magnitude of discretizing error, total input flux of the upper
boundary condition (Fig 3.2) is compared with the calculated discharge of
the drain by developed numerical model. The comparison shows the
differences between input flux and calculated discharge are always remain

under 10-°g/K.
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Fig. 3.2 The parallel drainage system and numerical model domain with
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Fig. 3.3 Finite element mesh that has been applied to the model for
D/L=0.167, H/L=0.067 and ro/L=0.00167
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3.4 Results and Discussion

Fig 3.4 shows two situations of equipotential lines and water table heights
calculated by the numerical solution of Richards equation for a=0.8 and
n=1.09 (clay soils) and for a=74.5 m! and n=2.68 (sandy soils), with
g/Ks=0.02, D/L=0.083, H/L=0.033, r0/L=0.00167. Despite the fact that the
two models use the same boundary conditions and sub-domain geometry,
the maximum water table height calculated is different for the two cases.
That is, m/L is obtained as 0.0195 for a=0.8 and n=1.09 (clay soils) and as

0.0164 for a=14.5 m! and n=2.68 (sandy soils).

The maximum water table height midway between two drains m/L is
computed for various dimensionless parameter g/Ks, D/L, ro/L, H/L and
van Genuchten soil-water retention parameters a and n. Fig 3.5 shows the
relation between g/Ks and m/L for D/L= 0.083, 0.017, 0.033 and 0.067
when ro/L=0.00167 and H/L=0.033. It is evident that the Hooghoudt
equation with the Moody approximation of equivalent depth (Eq 3.3) gives
the closest result to the numerical Richards model among the other
analytical methods. This similarity is clearly visible for small D/L with clay
soils (a = 0.8 m1, n = 1.09). However, the differences between the
Richards numerical model and the Hooghoudt-Moody equation become
greater as D/L increases. The difference is particularly evident for a=714.5
m-1 and n=2.68, which represent sandy soils (Table 3.1). The Kirkham and
Dagan equations (Egs. 3.4 and 3.5 respectively), always overestimate m/L

compared to other methods.
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Fig. 3.4 (a,b) Equipotential lines and water table height computed by the
numerical solution of Richards equation for clay soils (a = 0.8 m1, n =
1.09) and for sandy soils (a = 14.5 m1, n = 2.68). when g/Ks=0.01, D/L=
0.083, H/L=0.033 and r0/L=0.00167, (¢=h + z)
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Fig. 3.5 The relation between g/Ks versus m/L for analytical and
numerical results for D/L=0.017, 0.033, 0.083 and 0.333 when
ro/L=0.00167 and H/L=0.033

3.5 Modification of the Hooghoudt-Moody equation

Eq 3.1 can be expressed as a zero-intercept quadratic expression:

y=ax? + bx (3.9)
wherey =g/ks , X =m/L, a=4, and b = 8d/L. Eq 3.9 was applied as an
empirical regression expression y=a’x?>+b’x (where apostrophise denote
parameter estimates), to the output of the numerical Richards model as

data and obtained the anticipated good fits (Fig 3.6).
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Fig. 3.6 Fitted curves to numerical values (open circles) as obtained from
the numerical model of Richards equation for a range of a, n and D/L
when ro/L=0.00167 and H/L=0.033
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From Eq 3.9 it might be expected that the fit-derived coefficients a’and b’
would be similar to a and b. However, there are some evident differences.
In particular, the difference is considerable for sandy soils and larger D/L
ratios. To illustrate this difference, for a range of a and n from Table 3.1,
the ratios of a7a and b’/b (referenced henceforth as B41 and Ba2

respectively) are plotted against d/L (Fig 3.7).

If Eq 3.9 is used as a fitting curve to the results of numerical models it
would be expected that a’ = a = 4 and b’=b=8d/L (within estimation error)
or in other words 3d1 =3d2=1 However, Fig 3.7 shows d1 and 3d2 are
functions of both d/L and the Van Genuchten soil water retention

parameters a and n. Fig 3.7 also shows cubic and exponential curves give

go od empirical fits to the numerical model output.

Similar numerical models are set up for ro/L =0.0003, 0.0008, 0.00167,
0.0025 and 0.0033 when D/L=0.083 and H/L=0.033 and H/L= 0.017,
0.033, 0.05, 0.067 and 0.083 when ro/L =0.00167, D/L=0.083 for a range
of Van Genuchten soil water retention values. Then with the same
methodology used for defining B41 and B4z , four new parameters (81, Br2
and BH1 , BH2) are obtained. These two parameter pairs are plotted versus

ro/lL and H/L in Figs. 3.8 and 3.9 respectively.
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Each triangle in Figs. 3.7 to 3.9 represents a coefficient of parabolic fitting
curves for different model geometries (D/L, H/L and ro/L). In Fig 3.7 the
numerical model has been set up for ro/L=0.00167, H/L=0.033 and a range
of D/L, in Fig 3.8 for D/L=0.083 and H/L=0.033 and different ro/L and in

Fig3.9 for ro/L =0.00167, D/L=0.083 and a range of H/L.

By inspection of Figs. 3.7-3.9 it is evident that a unique and joint model
has been repeated in all graphs when D/L=0.083, ro/L=0.00167 and H/L =
0.033. These unique points (referenced hereafter as “Base Betas”) are
shown as the black triangles of Figs. 3.7-3.9 and symbolised 01 and 02.

Calculated values of f01and B02 for a range of soils are listed in Table 3.2.

Table 3.2 Calculated value of base betas (01 and 02) when D/L=0.083,
r0/L=0.00167 and H/L = 0.033 for a range of Van Genuchten soil water

retention model parameters (a and n)

Texture (Van Genuchten soil

# water retention model 01 B02
parameters)

1 Sand (a=14.5m, n=2.68) 0.47 1.37

, hgggé)sand (a=12m.4, 061 130

3 Sandy loam (a=7.5m™, n=1.89) 0.80 1.18

4 Loam (0=3.6™1, n=1.56) 0.91 1.09

5 Clay (¢=0.8™1, n=1.09) 096  1.04

The values of the B4, Br and B shows in the Figs. 7 to 9 are normalized by

dividing over the base betas (Eq 3.10).

Bij Bi
Bnij = B_Oljﬁnij = ﬂ_on (3.10)
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where Bnijreferenced after this as normalized betas and i in the index of 8
stands for d, r and H and j stands for 1 and 2. Fig 3.10 illustrates
calculated normalized betas for a range of d/L, ro/L, H/L and soil types

mentioned in Table 3.1.
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Van Genuchten soil water retention model parameters (a and n) versus

d/l, H/L and ro/L respectively

The above results indicate that replacing the Hooghoudt a and b

parameters with 460:6ni130,Bn;; and (8d/L) B02 Bni20,Pn;; respectively
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will give predictions of the water table height midway between the drains
(m) which are as accurate as the numerical Richards equation model.
These substitutions give the enhanced Hooghoudt equation as:

q m)° 8d m

A 48| = 25 = A1

Ks ﬁl(Lj +Lﬂ2(Lj (3.11)
where 1= 0:6ni11 = B0,Bn;; and B2= B0Lni2f1 = B0,Pn;;. This
expression enables drain spacing to be estimated more accurately than
the original Hooghoudt equation (Eg3.1). In particular, the use of Eq 3.11
avoids the overestimation of maximum water table height associated with

the Hooghoudt equation in its traditional form.

3.6 Conclusion

A dimensionless finite-element Richards equation model is developed to
incorporate the effect of soil-water retention parameters on the maximum
water table height between two adjacent drains. This model was then used
as a comparison reference to show that the well-known analytical
Hooghoudt equation overestimates the maximum water table height
midway between two drains, particularly for sandy soils. Furthermore, both
of the Hooghoudt equation coefficients are shown to be functions of soil-
water retention parameters. Two new dimensionless coefficients 81 and 2
are incorporated into the Hooghoudt equation, giving a modified
expression which yields between-drain water table height estimates close
to those from the numerical reference model. These coefficients are

shown to be functions of soil physical properties.
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4 Chapter 4
Effect of perched and leaky layers on
complex and integrated surface-

subsurface flow environments

4.1 Abstract

Perched geological layers play an important role in a hydrological system
via redirecting land surface recharge to nearby surface water bodies and
also reducing the total recharge volume to regional aquifers. Continuity
and permeability of a perched layer can be key physical parameters in
surface and subsurface flow connection to the regional groundwater
system. Also, a semi-impermeable perched layer with discontinuities,
heterogeneity, fractures and faults will increase the spatial complexity of

local recharge in an otherwise simple system.

Relatively little is known about how leaky and perched layers might control
linkages between surface flow, shallow groundwater flow, and the regional
groundwater system. This problem is investigated in a specific instance

using the Kawerau shallow groundwater aquifer in New Zealand as a case
study. A thin semi-impermeable and fractured layer between two relatively

permeable volcanic formations (Rotoiti Pyroclastics and Matahina

84



Ignimbrite) is developing a leaky and perched aquifer in the Rotoiti

Pyroclastics.

A finite element groundwater model of the shallow aquifer is developed in
this study to simulate groundwater flow in this environment. It is
concluded, in addition to the artificial structures, such as tile drains, which
explained in the previous chapters, that natural aspects like the perching
layers may have a critical role on controlling the volume and pattern of the
flow exchange between the surface, subsurface flow and regional

groundwater aquifers.

Keywords: Perched/leaky, aquifer, interaction, Kawerau, Rotoiti,
Matahina, coupled, surface/subsurface flow, semi-impermeable,

groundwater, surface water

4.2 Introduction

Perched water tables have long been classified as aquifers (Fetter &
Fetter, 2001; R.A. Freeze & Cherry, 1979). In addition, surface-subsurface
flow interaction has been the subject of many recent research projects
(Bayani Cardenas, 2008; Cloke, Anderson, McDonnell, & Renaud, 2006;
Ebel et al., 2007; Gauthier et al., 2009; Kollet & Maxwell, 2008a; Lemieux
et al., 2008; S. Li & Duffy, 2011; Maxwell & Kollet, 2008; Meyerhoff &
Maxwell, 2011; Smerdon et al., 2008). However, the importance of
perched aquifers on the surface and subsurface flow integration is not
addressed adequately in the literature. Perched aquifers can effectively
redirect the land surface recharge along a horizontal impermeable layer to

springs, streams, wetlands, and lakes (Amit et al., 2002; Driese et al.,
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2001; O’Driscoll & Parizek, 2003; Rabbo, 2000; Von der Heyden & New,
2003), consequently decreasing the volume of vertical recharge to deeper
aquifers (Bagtzoglou et al., 2000). Furthermore, continuity and
permeability of the perched layer play an important role in connections
between the surface-subsurface flow and the regional groundwater
system. Where perched layers are fully continuous and impermeable,
surface and subsurface flow would be completely isolated from the
regional groundwater system (Golden et al., 2014; Pirkle & Brooks, 1959).
However, a semi-impermeable perched layer with internal discontinuity,
fractures, and faults is likely to have unpredictable effects on the

hydrologic environment.

Perched aquifers occur in a range of geological units especially in volcanic
formations where texture and structures that affect porosity and
permeability vary laterally, sometimes over short distances. One example
of a perched aquifer in a volcanic succession is the Kawerau shallow
groundwater aquifer in the Okataina Volcanic Centre, in North Island, New
Zealand. The Rotoiti Pyroclastics and Matahina Ignimbrite were formed,
respectively, at around 61,000 and 320,000 years ago as a result of two
large-volume caldera forming eruptions (Leonard, 2010; Wilson et al.,

2007) .

Previous studies indicate the upper part of the Matahina Ignimbrite has
lower primary porosity and groundwater yield compared to the deeper

parts (Gordon, 2001; Tschritter & White, 2014). In addition, a thin semi-
permeable layer of variable thickness between the two volcanic units is

reported in some geological investigation bores (Sky, Harding, & Khan,
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2009). Consequently, this thin layer is controlling the water flux exchange
between surface flow, perched aquifer flow and regional aquifer flow due
to the relatively high hydraulic conductivity in both formations and low

hydraulic conductivity of the perched layer.

Despite their common occurrence, relatively little is known about how a
leaky and perched aquifer controls flux exchange in the total hydrological
system. In fact, as suggested by previous authors, the importance of
perched aquifers in regional groundwater models tends to be neglected,
sometimes because of lack of data such as location, position and

hydraulic properties of the perched aquifer and sometimes because size of
perched aquifer are too small compare to the size of the regional

groundwater aquifer (Cable Rains et al., 2006).

The present study investigates the leaky and perched aquifer in the Rotoiti
Pyroclastics, New Zealand, by way of a high-resolution finite element
model developed for the shallow aquifer. This case study at Kawerau
builds upon the primary aim of the thesis which is to develop a better
understanding of the roles of leaky and perched aquifers on the interaction
between surface flow, subsurface flow and the regional groundwater
aquifer. There are also two secondary aims specific to this chapter: firstly,
obtaining an estimate of the total recharge volume and the spatial pattern
of recharge to the Matahina Ignimbrite, which is the regional aquifer;
secondly, estimating various groundwater travel times within the case

study catchment area.
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4.3 Site description

4.3.1 Location and surface flow system

The Kawerau shallow groundwater aquifer in Rotoiti Pyroclastics, which
covers approximately 14.3 km?, is located to the north of Kawerau
township and the west of the Tasman Mill wastewater treatment ponds in
the Bay of Plenty region, New Zealand (Fig. 4.1). The catchment
associated with the study area is mainly covered by exotic and native
forest trees. The catchment has a steady and relatively mild slope (max
slope < 26 degrees) along toward the east. The ground surface elevation
varies from 180 m at the west site of the catchment’s hillslopes to 20 m at
the catchment’s outlet. The catchment is drained by two relatively small
streams which pass through some wetlands and discharge to the Tasman
Mill wastewater ponds which include the modified Lake Rotoroa. The lake
in turn discharges into some wastewater treatment ponds. In addition to
this natural flow, around 128.9 ML/day of wastewater and stormwater from
pulp, paper and timber industries at the Tasman site enters the ponds, and
then the natural and industrial flux around 124.3 ML/day is discharged into

the Tarawera River by control valves and diffusers.
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Fig. 4.1 An overview map of the study area

4.3.2 Geological and hydrogeological setting

In the study area the geology comprises a succession of pyroclastic units
derived from explosive eruptions of the Taupo Volcanic Zone. Four
Holocene shallow volcanic formations in the 20 metres below ground

surface, based on geological surveys and available bore-logs are reported
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by Sky and et al. (Sky et al., 2009). In order of increasing age and depth,
they are respectively the 1886 AD Tarawera Pyroclastics, the 1314 AD
Kaharoa Pyroclastics, the c. 232 AD Taupo Pumice Formation and the
¢.5600 cal yr BP Whakatane Formation (equivalent to Whakatane
Pyroclastics) (Sky et al., 2009). All these units are permeable and

discontinuous laterally and also vary in thickness.

The main laterally continuous, shallow identified volcanic unit in the study
area is the Rotoiti Pyroclastics Formation (equivalent to Rotoiti Breccia).
The Rotoiti Pyroclastics were deposited during the eruption of the Rotoiti
Caldera at the northern part of Haroharo caldera at 61.0 + 1.4 ka (Wilson
et al., 2007) with magma volume estimates ranging between 80 to 120
km?3 (1. Nairn, 2002; Shane, Nairn, & Smith, 2005; Wilson & Charlier,
2009). The formation consists of airfall deposits and non-welded ignimbrite
that has a soft to firm consistency (Charlier & Wilson, 2010), and ranges in
thickness from 7.5 to 74 m in the observation bores in the study area.
There is little information available in the literature regarding the hydraulic
conductivity of the Rotoiti Pyroclastics. However, from results of limited
slug tests, the Rotoiti Pyroclastics are fairly porous and permeable (Sky et

al., 2009; Thompson, 1974; Tschritter & White, 2014).

Underlying the Rotoiti Pyroclastics is the Matahina Ignimbrite (Bailey &
Carr, 1994), covering around 2,000 km? with a range in thickness from 5 to
200 m. The Matahina Ignimbrite is a 320 ka (Leonard, 2010) pyroclastic-
flow deposit that erupted from the Haroharo Caldera, and has an outflow
volume of 120 km?3. The Matahina Ignimbrite has been identified in some

investigation bores at the study area (Milicich, Bardsley, Bignall, & Wilson,
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2014; Milicich, Wilson, Bignall, Pezaro, & Bardsley, 2013; Sky et al.,
2009). In addition an impermeable unit, the 138,000 to 150,000 years old
Onepu Formation is observable on the south east of the area (Milicich et

al., 2013).

In terms of permeability, previous studies suggest the Matahina Ignimbrite
is permeable enough to be able to act as a productive groundwater aquifer
(Bailey & Carr, 1994; Tschritter & White, 2014). However, in spite of the
permeability of the Rotoiti Pyroclastics and Matahina Ignimbrite, a thin
semi-impermeable layer (around 2m thick) between these two formations
has been reported in some of the geological surveys (Sky et al., 2009).
Similarly, some other studies specify that the upper part of Matahina
Ignimbrite has a lower primary porosity and groundwater yields compared
to the lower part. Moreover, some faults and fractures are reported to cut
across both units (Gordon, 2001; Milicich et al., 2013; I. A. Nairn, 2002;

Tschritter & White, 2014).

The existence of the semi-impermeable layer between two relatively
permeable formations causes the development of a perched aquifer in the
Rotoiti Pyroclastics. On the other hand, the semi-impermeable layer is not
fully porous and continuous across the site. Also, fractures and faults may
develop some hydraulic connections between the Rotoiti Pyroclastics and
Matahina Ignimbrite. The perched layer may thus in fact act as a complex
connection between the surface flow shallow aquifer and the regional

groundwater system.
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4.3.3 Climate

The climate in Kawerau is warm and temperate (oceanic climate) and
classified as Cfb by the Kbéppen-Geiger system (Peel, Finlayson, &
McMahon, 2007). For the current study an average annual rainfall and
potential evapotranspiration (PET) for a three years period from the
beginning of 2008 to the end of 2010, are utilised. The PET data are
supported by NIWA virtual climate stations (VCS) (Tait, Henderson,
Turner, & Zheng, 2006). Fig 4.2 shows an interpolation map of annual
average rainfall and PET. The mean annual rainfall shows a 250 mm
difference from around 1750 mm near the industrial ponds to about 1900

mm in the North landfill area.

Catchment actual evaporation (AET) is calculated using the approach of

Zhang et al. (2004):

AET = PET(1 + - — [1+ (;.)"] /W (4.1)

where P is precipitation, and w is a dimensionless model parameter.
Woods et al. reported that w=4.35 gives the best fit to New Zealand sites
(Woods, Hendrikx, Henderson, & Tait, 2006). A comparison between PET
and calculated AET from equation 4.1 shows PET and AET have much
less spatial variation than rainfall. The difference between PET and AET is

not more than 50 mm over the whole catchment area.
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Fig. 4.2 Estimated mean annual rainfall, PET (Tait et al., 2006)

4.4 Industrial Pond Water balance

Sources of pond water include industrial discharge (QI), environmental

discharge (QE), and direct precipitation (P). Water sinks are direct
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discharged to the Tarawera River (Qw), evaporation (ET) and seepage (S)

to the Tarawera River (Fig 4.3).

A pond’s water balance equation can be expressed as:

QI +QE +P)— (Qw+ET,+5) =% (4.2)

v

dt
av . .

where, — is the volumetric storage change, assumed to be zero for an

annual water budget.
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Fig. 4.3 Schematic showing water sources and sinks for the Kawerau

industrial ponds.

4.4.1 Qw and QI

Industrial discharge to the ponds and pond outflow to the Tarawera River

are monitored by a continuous-flow measurement gauge. The extent to
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which direct outfall discharge from the ponds exceeds industrial discharge
into the ponds (Qw- QI) is obtained as 128.9 - 124.3 = 4.7 ML/day, being
the extent to which the mean pond outflow to the Tarawera River exceeds
the mean industrial discharge into the ponds (from the beginning of 2008

to the end of 2010).

442 PandET

The direct annual volumetric precipitation () and evaporation (£7) for the
ponds, are estimated to be equivalent to 1.99 and 0.91 ML/day
respectively, as obtained by multiplying the pond area (~0.5 km?) and daily
NIWA VCS data (Tait et al., 2006). For this study the VCS data for a

period between 01/01/2008 and 31/12/2010 are utilised.

4.4.3 Seepage to Tarawera River (S)

The seepage rate between the wastewater treatment ponds and Tarawera
River is estimated using the steady-state numerical model for solving the
Laplace equation. The simplification assumptions that have been made to
estimate seepage rate are (i) the seepage flow is steady state and flowing
slowly, (ii) the seepage domain is non-fractured, and (iii) the hydraulic
conductivity is an isotropic scalar. Regarding the slug test results reported
by Sky et al. (Sky et al., 2009), the hydraulic conductivity of the material
between the river and ponds are assumed to be 0.38 + 0.28 m/day
respectively. The calculated seepage values are estimated to be 0.20 +
0.14 ML/day respectively. Comparing the seepage rate with the pond
outflow to the Tarawera River, even the upper bound of the calculated

seepage rate is less still than 0.3% of the surface outflow discharge.
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4.4.4 QE

Using Equation 4.2, the environmental discharge to the ponds (QE) is
calculated to be 3.8 ML/day. Considering that the annual rainfall (1801
mm) for the catchment area (12.8 Km?) is about 63.4 ML/day, an

estimated 6% of catchment rainfall volume flows to the ponds yearly.

4.5 Method and materials

A numerical groundwater model for the shallow aquifer is developed in
order to increase the level of understanding of groundwater flow as well as
the effect of the leaky perched aquifer on surface flow bodies and the
regional groundwater system. The numerical model is constructed in
FEFLOW (Finite Element subsurface FLOW system) (Trefry & Muffels,
2007), which is a well-known computer program for simulating

groundwater flow in porous media.

4.5.1 Monitoring bores and slug test

There are some monitoring bores available in the study area. From the
bore casing elevation compared to the Matahina Ignimbrite surface
elevation, it is evident that some bores are monitoring the perched aquifer
and the others the regional groundwater system of the Matahina
Ignimbrite. In terms of data quality, in spite of a large number of monitoring
bores, water level records are not continuous and do not cover the study
area. Fig 4.4 shows the name and location of available monitoring bores in

shallow groundwater system.
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Current understanding of hydraulic properties on the site are based on
some slug tests (Sky et al., 2009), indicating a “moderate” hydraulic
conductivity suggested by Landon (Landon, 2014). Hydraulic conductivity
are extrapolated based on six available slug test results (Fig 4.5). This
highly speculative contours are used as initial estimation of the numerical

model hydraulic conductivity.

DB13BH209 -
- BH204

| BH20g BH103

BH102

\

Fig. 4.4 The shallow observation bores that are utilised in the

groundwater model calibration.
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Fig. 4.5 Interpolated hydraulic conductivity of Rotoeiti Pyroclastics m/day

from available slug test data

4.5.2 Model structure

The model aquifer boundaries are a combination of the hydrological
catchment boundaries from the rivers order 3 and 4, reported by Slender
et al. (Snelder, Biggs, & Weatherhead, 2010) and geological units from
Nairn (I. A. Nairn, 2002). The shallow and perched groundwater aquifer
model includes all permeable units above the Matahina Ignimbrite;
including the four upper units namely: Tarawera Pyroclastics, Kaharoa
Pyroclastics, Taupo Pumice Formation and Whakatane Formation each of
which have a sporadic distribution as well as the Rotoiti Pyroclastics which
is a widespread unit. On the other hand, impermeable Onepu Rhyolite

within the catchment area is excluded from the conceptual model.

The thin semi-impermeable layer between the Matahina Ignimbrite and

Rotoiti Pyroclastics is considered as the leaky basement. The elevation of
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this interface surface is interpolated from available information in the
geological investigation bore-logs. The top surface boundary is derived
from a 5 m resolution topographic map. Fig 4.6 gives an overview of the
conceptual model for the Kawerau shallow aquifer. And Fig. 4.7 illustrates
the catchment order 3 and 4 reported by Slender et al. (Snelder et al.,

2010) and shallow perched groundwater model borders.

NFB

Model
Basement

NFB

NFB: No-Flux Boundary
CHB: Constant Head Boundary

Fig. 4.6 Conceptual model, showing ground surface (topography) and the

top of Matahina Ignimbrite surface applied in the model.
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Legend

|:| Groundwter model border
|: Catchments border

"]

 industrial ponds

Lake Rotoitipaku

Fig. 4.7 Catchments of order 3 and 4 from New Zealand river environment
classification (REC) (Snelder et al., 2010), and shallow perched

groundwater border.

4.5.3 Recharge zone

Field observations indicate that sheet-flow would not be likely to occur,
even during heavy rainfall, because of vegetation and high soil infiltration.
Also, there is no major irrigation, industrial, or domestic water supply wells
found inside the model boundaries in the Bay of Plenty Regional Council
database (White, 2005). Therefore, recharge from the ground surface

either drains to streams or ponds, or recharges the Matahina Ignimbrite.

On the basis of the rainfall and PET values and patterns (Fig 4.2), and the
annual rate of environmental discharge to the pond, six recharge zones
are defined for the model as 885, 935, 985, 1035, 1085 and 1135 mm/year
for zone 1 to 6, respectively (Fig 4.8). On the other hand, the basement is

discontinuous and semi-impermeable therefore it is assumed that a

101



continuous local vertical flux is leaking through the basement to the

Matahina Ignimbrite aquifer.

Fig. 4.8 Recharge zones as specified for the model; 885, 935,985 ,1035,
1085 and 1135 mml/year for zone 1 to 6 respectively.

4.6 Numerical model

A steady state finite element groundwater model (FEFLOW) is
implemented for this study. The most attractive characteristics of finite
element models are the ability to handle complicated boundaries, different
mesh types, and varieties of density across the model compared to finite
difference models. Mesh density has been increased in the critical zones
such as near the wastewater treatment ponds and observation bores to
improve the numerical model accuracy. Fig 4.9 shows the generated finite

element mesh for the study area.

Water level rise and fall in the ponds and the river have been ignored and

an average 14, 20, and 24 m constant head boundary condition is applied
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respectively to: the Tarawera River, pond 1 to pond 5, and Lake

Rotoitipaku. These constant head boundary conditions may become either

a sink or a source, depending on hydraulic gradient conditions generated

from the model. For the rest of the boundaries, a no-flow boundary

condition is utilised.
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Fig. 4.9 Finite element mesh of the study area, used in the model

4.6.1 Model calibration

The model was calibrated with reference to the time-averaged water

tables of each of 26 observation bores, and with reference to pond water

balance. An automated calibration procedure was implemented using

PEST (parameter estimation software) (Dahlstrom, 2015). In this process

100 pilot points are introduced to the PEST model. Through trial and error,

PEST generates a distribution pattern for the basement leakage and a

hydraulic conductivity map seeking to have the minimum difference

between computed and observed water table. The hydraulic conductivity

however is forced to remain within 20% of the values of the slug tests
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results at the points of hydraulic conductivity measurements. Comparison

between observed and computed total head and pressure head at the

monitoring bore locations are shown in Fig 4.10.

Calculated total head (m)

120
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Fig. 4.10 Calibration scatter plot between the calculated (fitted) and

observed total head and pressure head at the monitoring bore locations.
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4.7 Results and discussion

4.7.1 Perched and regional groundwater interaction

The static water table of the study area as derived by the calibrated model
Is shown in Fig 4.11. As a general trend, groundwater follows the
topographic gradient and therefore the water table becomes shallower
closer to the ponds. However, in the north centre of the domain the static
water table lines show a different pattern compared to the rest of the
domain. This area is highlighted in Fig 4.11 and is known hereafter as the

basement leakage zone.

N

0 300 600

A —
FEFLOW (R) 0[d] [m]

Fig. 4.11 Steady state water table from the calibrated numerical model,

and the basement leakage zone. pizometric level units are in metres.

It is a noticeable that the model-generated static water slopes somewhat
toward the leakage zone, even sometimes against the general eastward
trend in some locations. This strong connection between the perched and

regional groundwater table can occur because of the existence of a fault
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which is also reported by Sky and et al. (Sky et al., 2009). Because of
increasing the recharge rate to the Matahina aquifer on the leakage zone,
the water table on the Matahina aquifer rises and almost connects to the

perched aquifer in the leakage zone.

Water balance of the calibrated model calculates the total annual recharge
from the ground surface, of the model extent, into the perched aquifer is
estimated as 1011 mm, of which 904 mm leaks to the Matahina Ignimbrite
and around 107 mm is passing to Tarawera River yearly via Rotoiti
aquifer. Therefore on average around 11% of the total land surface
recharge is redirected by the semi-impermeable layer to the Tarawera
River either directly or through the ponds. Consequently 89% of the land-

surface recharge leaks to the regional groundwater aquifer.

The leakage volume to the Matahina Ignimbrite, however, varies by
location. About 78% of the leakage to the regional groundwater system
passes through the leakage zone. This means that the perched layer
efficiently changes the regional groundwater recharge pattern from land-
surface recharge, which was dictated by rainfall to a new pattern, which

comes as a result of a geological feature of the perched layer.

4.7.2 Particle tracing and surface water bodies

The calibrated model estimates the flow paths from different points in the
domain. Results of particle tracking for some selected hypothetical points
are shown in Fig 4.12a. The particle tracing shows that some flow paths
may go directly to the Tarawera River but most go to Tarawera River

through the streams and ponds. The semi-impermeable layer causes a
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separation between the shallow and the regional groundwater in the study
area. Consequently the shallow groundwater system is the source of the
surface water bodies including two streams, wetlands and the natural
pounds on the catchment. The groundwater model water balance shows
4.2 ML/day of the land surface recharge redirects by the semi-
impermeable layer to shallow groundwater system and surface water

bodies.

A particle travel time model runs by the calibrated model and the travel
time map is shown in Fig 4.12b. Any patrticles in the groundwater by 1 km
distance along north, east and the southwest of the industrial ponds may
take up to 10 years to appear in the ponds via the shallow groundwater.
For other areas contribution to the ponds, however, it might take more

than 50 years for a particle to reach the ponds.
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4.8 Conclusion

In the previous chapters it is concluded that artificial structures such as tile
drains may play an important role in the linkage between surface and
subsurface flow. This chapter further concludes that sometimes natural
aspects such as perched and leaky aquifers also may have an important
role in the connection between surface, subsurface flow and regional

groundwater.

Case study of groundwater system in the Kawerau area shows that a thin
semi-impermeable layer between two volcanic units, Rotoiti Pyroclastics
and Matahina Ignimbrite, results in the development of a shallow water
table within Rotoiti Pyroclastics. Modelling indicates there is complex water
flux interaction between the surface flow, subsurface flow, and the regional
groundwater system of the Matahina Ignimbrite. The perched layer plays
an important role in the connection and control of the flux exchange
between the surface-subsurface flow and the regional groundwater
system. Around 11% of the land surface recharge is redirected by the
semi-impermeable layer along horizontal pathways to the surface flow

network.

The perched and regional groundwater systems across the study area
have both strong and weak connection zones in the vertical sense. The
strongest linkage, according to the available data, occurs in an area close
to the northern border that could be due to of the existence a fault
connecting the Rotoiti Pyroclastics and Matahina Ignimbrite. The
calibrated model shows around 78% of the total land surface recharge

passes through this leakage zone to the underlying layer. However, there
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could be further connections between the perched and regional aquifers
within the study area, but to detect additional potential leakage zones,
more investigation and monitoring bores are required. Ignoring perched
aquifers in regional groundwater models may result in considerable error
in recharge spatial variation, thus increasing regional groundwater model

inaccuracies.
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5 Chapter 5

Conclusions

5.1 Overall summary

A review of previous studies on coupled surface and subsurface flow
research identified some knowledge gaps regarding the effect of artificial
and natural elements on the linkage between surface and subsurface

water components. Therefore, the main aims of this doctoral study were:

1. to improve classical tile drain spacing design methods;
2. via a case study, to assess the role of semi-impermeable layers
influencing the interaction between surface water and a regional

groundwater system.

This doctoral project has made some degree of advancement in numerical
models of integrated and complex environmental systems that often
occurs as a result of either human activities, such as drainage and
irrigation practices, or geological features, such as leaky and perched

aquifers.

To address objective 1 the development, tests and applications of
DrainFlow are presented in chapter 2. DrainFlow is a new, fully distributed,
physically based and integrated surface - subsurface flow code that is

designed for water movement and connections in artificial drainage

111



projects. Compared to traditional drainage models, DrainFlow has the
advantage of estimating the land surface recharge directly from the partial
differential form of Richards equation rather than through analytical or

empirical infiltration approaches, such as the Green and Ampt equation.

To develop the model, a range of surface and subsurface flow modules
are first formulated separately. Then, each module is connected to the
related modules in the code. Consequently, in each time step, all modules
simultaneously work together and use the outcomes of the other modules

to yield a unique answer for all domains.

Switching between dry and wet boundary conditions often occurs in these
types of models and causes nonlinearity problems. To avoid this issue, a
new mechanism is included in the code to provide smooth switching

between dry and wet boundary conditions.

To test the DrainFlow code, some comparisons are made between
DrainFlow and a range of surface-subsurface flow codes for five well-
known integrated surface and subsurface benchmarks. These
benchmarks have been designed to challenge codes for integrated
surface and subsurface flow conditions. In general, it is concluded that the
DrainFlow code shows good agreement with the other coupled surface

and subsurface flow codes to predict the flow in the studied benchmarks.

In addition, two new hypothetical examples for tile drain studies are
introduced and solved by the DrainFlow code. The first example is
designed to challenge the DrainFlow code in high-resolution and small-

scale tile drainage studies. It was shown how the DrainFlow code can
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compute the impacts of the ground surface Manning roughness
coefficients and slopes on the tile drain hydrographs that the traditional tile

drainage equation was not able to predict.

In the second hypothetical example DrainFlow was up-scaled for 10, 20,
40 and 80 tile drains and the groundwater model domain area was
enlarged ten times compared to the first example. It had taken more than
ten days for a normal desktop computer to solve such a large example.
However, DrainFlow overcame the problem by adopting some
simplification assumptions both dimensionally and theoretically. The
simplified model converged in less than ten minutes using the same
computer. Consequently, it was concluded that besides the model
comprehensiveness and complexity, DrainFlow is fairly flexible. DrainFlow
could be simplified dimensionally or methodologically into a less or more
comprehensive and complex model, based on the conceptual model scale

and data availability.

To further develop objective 1, in Chapter 3 of this doctoral thesis, a
dimensionless finite-element model of the Richards equation was
developed to incorporate the effect of soil-water retention parameters on
the maximum water table height between two adjacent tile drains. This
model was then used as a comparison reference to show that the well-
known analytical Hooghoudt equation in fact overestimates the maximum
water table height midway between two tile drains, particularly for sandy
soils. Furthermore, both of the well-known Hooghoudt equation

coefficients are shown to be functions of soil-water retention parameters.
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Consequently, two new dimensionless coefficients, 1 and B2, are
incorporated into the Hooghoudt equation, giving a modified expression
which yields between-drain water table height estimates close to those
obtained from the numerical reference model. These coefficients are

shown to be functions of soil-water retention curves.

To address objective 2, in Chapter 4 of this doctoral thesis, it was
concluded that perched layers play an important role in the connection and
control of the flux exchange between the surface-subsurface flow and the
regional groundwater system. Around 10% of the land surface recharge is
redirected by a semi-impermeable layer along horizontal pathways to the
surface flow network. It is concluded that ignoring perched aquifers in
regional groundwater models may result in considerable error in recharge
spatial variation, consequently increasing regional groundwater model
inaccuracies. Furthermore, it is evident that the perched and regional
groundwater systems in Rotoiti Pyroclastics and Matahina Ignimbrite in the
study area have both strong and weak hydraulic connections because of
geologic features. Consequently, one of the strong connection zones
between the Rotoiti Pyroclastics and Matahina Ignimbrite was detected.
According to the available data and the numerical model, around 80% of
the total land surface recharge passes through the detected leakage zone

to the regional groundwater system.

5.2 Wider implications

This study emphasises a more integrated approach to the science of
hydrology and highlights that artificial and geological elements in the

nature play an important role in connecting surface and subsurface
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groundwater flow. Isolated surface water and groundwater studies without
appropriately considering the connection between groundwater and
surface water may result in increasing inaccuracy in numerical models.
This doctoral thesis contributes by determining the weaknesses of
classical and separate surface and subsurface flow studies and develops

practical approaches to enhance the previous methods.

5.3 Future research

Artificial drainage either by tile or ditch drains and influenced by perched
and impermeable layers are observed frequently in agricultural
catchments. With around two million hectares of poorly or imperfectly
drained soils in New Zealand, artificial subsurface drainage networks play
a very important role in improving productivity of New Zealand agricultural

lands (Bowler, 1980).

Artificial drains and shallow impermeable layers may also act as a shortcut
nutrient transfer pathway for nitrate, phosphorus, and sediment by
changing the water flow direction from a deeper groundwater aquifer to
surface water components. Estimating the effect of artificial drainage
networks on the water budget, and the impact this has on nutrient leaching
is essential for managing a tile drained agricultural watershed and is an

area of research which is overlooked.

5.3.1 Impact on surface water hydrology

In spite of the considerable potential effects of artificial drainage and
shallow impermeable layers on freshwater and coastal resources, there

are few systematic measurement, modelling or management programs at
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a catchment scale reported in previous studies. Most of the tile drainage
studies in New Zealand are limited to the lysimeter or farm scale. Even
worldwide, the environmental effects of tile drains on freshwater and
coastal resources at the catchment and regional scale are only lightly

researched.

5.4 Impact on regional groundwater hydrology

Little is known about the impacts of tile drainage and perched aquifer on
regional groundwater. Water budget models suggest infiltration to the
deeper groundwater system could be decreased by tile drainage or even
by the creating change the direction of flow. Therefore, the question of
how much water and contaminant is partitioned between surface
waterways and groundwater in a tile drainage field is not addressed clearly

in previous studies.

To improve our understanding of water (and nutrient) flow processes in
surface water and groundwater in a tile drained catchment, a combination
of measurements and modelling is required. In terms of modelling,
DrainFlow, which successfully passed many challenging tests in an
interaction surface and subsurface flow study, can be applied to model
vertical and horizontal water movement in the vicinity of tile drains and
estimate the volume of water that moves to the next layer after passing
through a semi-impermeable layer. Then a combination of DrainFlow with
optimization approaches can give tile drainage management
recommendations. This has implications for both land productivity and for

water quality management at the catchment scale.
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