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Abstract

Abstract

Increased nitrogen loads have significant negative consequences in streams. The hyporheic
zone of streams, where surface-subsurface water exchange happens, provides significant
attenuation for nitrogen compounds from the fluvial system. From many geomorphic features
that contribute to hyporheic flow, meanders are particularly important for these biogeochemical
reactions. Meanders provide longer residence times to allow complete denitrification of various
nitrate to nitrogen gas, which can support more significant improvements in water quality
compared to other channel features that only allow for partial denitrification due to short
residence time. From the published literature, it is evident that there is not enough
understanding about the extent of temporal variation of meander driven hyporheic flow except
for few theoretical studies that have been performed to investigate the physical behavior of
water and solute movement. Therefore, this research aims to investigate how meandering
morphology impacts on transport characteristics of water and dissolved solutes in the hyporheic
zone and to identify primary mechanisms controlling the flow. This was achieved through a set
of laboratory experiments and a three-dimensional numerical model developed for meandering

stream.

Laboratory experiments were conducted in a recirculating flume with a set of river discharges
and meandering morphologies. Residence time distribution and downwelling water flux were
determined by continuously monitoring the exchange of a conservative tracer (Rhodamine WT)
introduced into the surface flow. The experimental results show that both; stream discharge
and meander wavelength affect the residence time and water flux into the sediment bed, hence
affecting the rates of biogeochemical reactions. Most importantly, change in stream discharge
affects residence times in the hyporheic zone, but the importance of considering river flow
conditions in modeling hyporheic flow through meanders has been neglected in previous

studies.

The three-dimensional model developed in this study is based on the combination of surface
flow modeled with Reynold average Navier-Stokes equation and subsurface flow modeled with
Continuity equation for groundwater flow and Darcy’s law equation. This mathematical model
was solved using COMSOL Multiphysics® Modelling Software (will be referred to as
COMSOL henceforth), and water transport characteristics in the hyporheic zone were

estimated using a numerical particle tracing technique in COMSOL. The model predicted the
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observed residence time distributions of laboratory tracer experiments with an R? of 0.95.
Results show that there are two primary mechanisms driving hyporheic flow through meanders;
1) Lateral flow caused by channel slope at the scale of meander wavelength (Floodplain HE)
and 2) vertical flow caused by surface water acceleration due to the curvature of the channel at
the scale of channel width (Fluvial HE).

This three-dimensional model was then used to study the effect of meander morphology on the
hyporheic residence time distribution and water flux complemented by Taguchi orthogonal
array design. Channel sizes considered in the simulations range from 1m to1000m in widths.
We propose three empirical relationships to predict downwelling water flux and characteristics
of residence time distribution (mean and standard deviation). Also, we found that the hyporheic
residence time distribution induced by three-dimensional meanders follows a log-normal
distribution. Meander wavelength has a significant effect on the hyporheic residence time as
well as the downwelling water flux, demonstrating the importance of channel size on the
hyporheic flow processes. However, the sinuosity of the river does not affect much on the time
that water spends in the hyporheic zone but alters the volume of water entering the hyporheic
zone. Most importantly, meanders produce significant vertical hyporheic flow in addition to
lateral flow. Increasing the channel curvature (increased sinuosity or decreased wavelength)
increases the vertical flow, hence higher downwelling water flux but the reduction in the

residence time.

Finally, we looked at how meander induced hyporheic flow influences on nitrogen processing.
We consider a dimensionless number (Da, Damkéhler number), defined as the ratio between
the median residence time and the critical concentration of dissolved oxygen below which
nitrogen removal reactions occur (reaching anaerobic conditions). Meanders, being large
morphologic features, observed to provide high Da values (>20) suggest the availability of

hyporheic regions with prevailing anaerobic conditions for nitrogen removal reactions.

In recent decades, fate and transport of nitrogen in hyporheic zones have been significantly
influenced by flow modifications, increased water pollution, and channel straightening.
Increased straight channels and impervious surfaces confine the hydrological flow paths and
residence times in the hyporheic zone, which may limit sufficient treatment. In order to support
this important ecological service, implementing restoration solutions is vital. Understanding
the underlying mechanisms and effect of urbanization on nitrogen transformation is a

prerequisite for minimizing stream degradation and achieving restoration goals. Therefore, our
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findings can potentially be incorporated in river restoration practices and to design rivers as
natural nitrogen filters. This study represents a step forward for the analysis of large-scale
channel features and their residence times, which are less understood in previous literature but

are very important for biogeochemical cycling in rivers.
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Chapter 1: Introduction

1.1 Background

Water scarcity and water pollution are universal challenges of the modern world in the face of
the growing population and variable climate. All living beings, including animals and plants,
rely upon the availability of sufficient water of a required quality that is fit for purpose. One
significant global water quality concern is blue-green algal blooms and eutrophication (Conley
et al., 2009); due to increased nutrient (mainly nitrogen and phosphorus) levels in lakes, rivers,
and streams. Over the last century, excessive application of nitrogen-based fertilizer on
pastures and agriculture fields, improper management of landfill leachate, exhaust from cars
and other internal combustion engines, and other pollution sources have approximately doubled
nitrogen loads entering the environment including groundwater and surface water bodies
(Hoven et al., 2008, Smil, 1999, Mazza et al., 2014, Zarnetske et al., 2012). There is an urgent
need to reduce the input of anthropogenic nitrogen sources into receiving waters and develop
suitable management practices in catchments as well as in streams to reduce nitrogen

concentrations to mitigate eutrophication.

This research aims to extend the current knowledge of natural nitrogen attenuation strategies

to tackle this globally significant challenge.

In addition to eutrophication, excessive nitrogen levels have other detrimental impacts on the
environment, humans, and aquatic ecosystems. Rivett et al. (2008) documented elevated
ammonium levels can increase chlorine demand and be toxic for fish. Nitrate can also cause
increased risks of methaemoglobinaemia (blue baby syndrome) in infants and cancer. In
addition, rivers can contribute to greenhouse gas (N2O) emissions due to incomplete

denitrification reactions (Marzadri et al., 2014). Further, total nitrogen levels in some
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Australian water sources are not compliant with water quality regulations. A recent incident on
massive fish deaths in Marry river is one of the sad consequences we saw in this regard.
Therefore, there is an urgent need to understand nitrogen cycling and the factors affecting this

cyclic transformation in aquatic systems.

Several studies identify the hyporheic zone of streams as a particularly important location to
control nitrogen levels in fluvial systems (Azizian et al., 2015, Boano et al., 2014, Marzadri et
al., 2011, Zarnetske et al., 2011). The hyporheic zone is the porous sediment layer beneath the
water column and in riparian areas of the river, which can facilitate the exchange of surface
and subsurface water. The hyporheic zone is composed of many aquatic organisms, such as
microorganisms, micro and macroinvertebrates, and fish (Buss et al., 2009). As a biologically
active zone, the hyporheic zone provides suitable conditions for nitrogen transformation
processes (Lawrence et al., 2013). River water enters the hyporheic zone at high-pressure
zones, travels slowly in the pore sediment space, mixes with groundwater, and re-enter the river
at low-pressure zones. Longer contact time with the sediment bed and its living microbial
community enhances biological reactions supporting pollutant reduction and biogeochemical
cycling (Boano et al., 2014, Sheibley et al., 2003).

Hyporheic flow occurs due to pressure variation along the river bed, which are affected by river
hydraulics (hydrodynamic pressure) and hydrostatic pressure acting on the river bed from bed
elevation and depth of the water flow. The pressure head gradient at the river bed depends on
the morphology and slope of the river. Three-dimensional morphology affects river water
hydraulics resulting in acceleration and deceleration of water and advective pumping of water
into the hyporheic zone. River morphology largely affects the free water surface depths on the
river bed, influencing static head changes. The literature identifies three primary morphology

features/ scales (river bedforms, bars, and meanders) as hyporheic flow drivers in natural rivers.

Literature suggests (Chapter 2) that meandering streams provide more extended residence time
distributions for water and dissolved compounds in the hyporheic zone, which is very important
for nitrogen removal from streams, compared to other morphology features that contribute to
hyporheic exchange. However, there is a lack of understanding of how meandering
morphology impacts on hyporheic residence times. Therefore, this study focused on
developing a greater understanding of the impact of meanders on hyporheic flow and residence
times and its implications for river nitrogen cycling. This objective was achieved through a

combination of experimental and three-dimensional modeling study.
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1.2 Thesis structure
The dissertation is composed of six chapters, including four chapters that are written in the
format of journal papers that address the above issues. A brief overview of the thesis is

presented below:
Chapter 1- Introduction: presents an overview of my research and the thesis structure.

Chapter 2- Literature Review and research questions: presents a comprehensive literature
review that details the research questions of my research and the overview of flow and nitrogen
processes occurring in the hyporheic zone. This summarizes dominant nitrogen reactions, their
kinetics, and reaction time required to achieve effective nitrogen removal from the stream bed.
This section also presents residence time distributions associated with different river
morphology features from literature. | identify that meanders are significant morphology
features with longer residence times and could be essential locations for river nitrogen

processing.

Chapter 3- presents the laboratory experiments conducted at the University of Melbourne,
Burnley Campus, to examine solute transport in meandering rivers. This chapter discusses the
effects of channel discharge, meander wavelength, and channel slope on the residence time
distribution and interfacial flux through a set of laboratory tracer experiments. | present three-
dimensional meandering morphology to analyze solute transport in the hyporheic zone of
meandering channels. Comparing the experiment results for varied flow and topographic
conditions, | found that the hyporheic exchange (solute residing time and interfacial water flux
into the surface) around meanders are primarily influenced by channel flow rates and meander
wavelength (or sinuosity). These experimental results were used to compare with the projected
results from a numerical model developed to predict hyporheic flow fields.

Chapter 4 describes the three-dimensional numerical model modified from existing models
(Boano et al., 2006, Cardenas, 2009a, Gomez et al., 2012, Stonedahl et al., 2013, Stonedahl et
al., 2010). | have included hydrodynamic pressure variation in the model by considering
Reynold averaged Navier-Stokes with turbulence effect for the surface flow. Gravitational
pressure head variation due to the slope of the river and the water depths on the sediment bed
were considered by creating the channel and sediment geometry in a global coordinate system
to capture elevation difference along downstream. The model performed well in reproducing
residence time distributions for a set of laboratory tracer experiments with a meandering

morphology. Results show that there are two major mechanisms driving hyporheic flow
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through meanders; 1) Lateral flow caused by channel slope at the scale of meander wavelength
and 2) vertical flow caused by surface water acceleration due to the curvature of the channel at

the scale of channel width.

Chapter 5 investigates the effect of meander morphology (sinuosity and meander wavelength)
on residence time and water flux into the hyporheic zone using a series of numerical
simulations. | have considered six wavelengths according to corresponding river widths, A =
7.5 W12 (Williams, 1986) and six sinuosities. Channel widths considered in the simulations
ranged from 1m to1000m. | found that the hyporheic residence time distribution induced by
three-dimensional meanders follows a log-normal distribution. My study showed that the
meander wavelength has a significant effect on the hyporheic residence time as well as the
downwelling water flux, demonstrating the importance of channel size on the hyporheic flow
processes. However, the sinuosity of the river does not affect much on the time that water

spends in the hyporheic zone but will alter the volume of water entering the hyporheic zone.

Chapter 6 is a small chapter that provides background information about nitrogen issues in a
stream ecosystem. In this chapter, | have analyzed residence times with respect to nitrogen
reaction times. | used a dimensionless number (Damkéhler number, Da) to identify anaerobic

and aerobic conditions within the hyporheic zone.

Chapter 7 presents a discussion on all the components of my research and the effect of meander
induced hyporheic residence times and interfacial fluxes on nitrogen fate and transport in

rivers.

Chapter 8 provides the conclusions of my research and future research directions
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Chapter 2: Literature review and research questions
of the study

The research presented in this thesis is based on a well-organized and focused critical review
of literature on the current state of the hyporheic researches. There are three parts of the
literature review. The first part (section 2.1) presents an overview of the hyporheic zone and
underlying processes. The second part is prepared as a journal manuscript (Paper 1) and
presented in section 2.2. This manuscript discusses the importance of coupled physical and
biogeochemical transport to achieve better nitrogen processing in streams. This covers nitrogen
processes occurring in the hyporheic zone by identifying critical biogeochemical reactions and
their reaction times. The manuscript also examines the hyporheic zone features at different
scales used in previous literature and their corresponding residence times to determine which
scales/features are essential for hyporheic nitrogen processing. | found that meanders could be
a potential place for complete nitrogen removal reactions given the longer residence times

associated with meandering streams.

Section 2.3 presents the second part of my literature review. This section includes a
comprehensive literature review that details the background, state of research, and open
research questions around meander induced hyporheic flow. There is little progress in
understanding the relative effect of meandering morphology on nitrogen processing in the

hyporheic zone.
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2.1 Hyporheic zone and transport processes

2.1.1 Hyporheic zone

The hyporheic zone is one of the important components in the stream ecosystem, composed of
permeable sediments and lay beneath and sideways of streams (Boano et al., 2014, Buss et al.,
2009). This is home for many aquatic organisms, such as microorganisms, micro and
macroinvertebrates, and fish (Buss et al., 2009). The hyporheic zone continuously transports
surface water through flow paths that return to surface water (Azizian et al., 2015).

The exchange of stream water across the sediment bed (hyporheic flow) is controlled by
dynamic hydraulic head developed over the water-sediment interface (Elliott and Brooks,
1997a, Azizian et al., 2015, Grant et al., 2014, Boano et al., 2014). The magnitude of these
hydraulic heads is determined by the kinetic and potential energy gradients generated over the
water-sediment interface (Boano et al., 2014). Hydraulic head can be devoted by two
components; static and dynamic. The static part is the summation of the hydrostatic pressure
head and elevation head, whereas the dynamic pressure head represents the summation of the
total velocity head (Boano et al., 2014). Even though both hydrostatic forces and hydrodynamic
forces tend to have significant impacts on the hyporheic exchange, their influences seem to be

more scale-dependent.

Hydrostatically driven hyporheic exchange occurs mainly due to the pressure head induced on
the water-sediment interface by the overlying surface water. Hence this exchange heavily
depends on the height and slope of the stream water surface. Even though hydrostatically driven
hyporheic fluxes can occur at any spatial scale, static pressure contribution monopolizes at

larger topographic features (Boano et al., 2014, Cardenas, 2008b).

Hydrodynamically driven hyporheic exchange takes place due to the velocity head created by
acceleration and deceleration of stream water flow over sediment bed. These forces push water
and dissolved solutes into the sediment bed in high-velocity zones and out of the sediment bed
in low-velocity zones (Azizian et al., 2015). "Hyporheic fluxes induced due to hydrodynamic
forces seems to deteriorate instantly over distances of the order of the stream’s depth.
Hydrodynamic forces dominate over small scale topographic features (Boano et al., 2014). The
magnitude of hydrodynamically driven hyporheic flow positively proportion with sediment
permeability, height of the topographic feature and the shear stress of the bed (Boano et al.,
2014) and depth depends as a portion of the wavelength of the topographic feature (Cardenas
and Wilson, 2007a, Elliott and Brooks, 1997a).
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Hyporheic zone connects rivers with surrounding floodplains and underlying aquifers
vertically and laterally and continuously exchange water with surrounding saturated sediments
(Findlay, 1995, Boano et al., 2010c). Hyporheic exchange has found to have control over
patterns of sediment bed permeability and riverbed hydraulic conductivity at smaller scales.
Riverbed hydraulic conductivity and porosity can be spatially very heterogeneous, and an
increasing number of studies have been developed to predict spatial patterns of them (Buss et
al., 2009).

2.1.2 Different scales at which hyporheic exchange occurs

Hyporheic flow occurs across at a wide range of river morphology features, including vertical
exchange from river bedforms such as pool-riffle, ripples-dunes, and emerged bars and lateral
exchange from river side forms such as alternate bars and meanders. Since the first scale
framework proposed by Frissell (1986) (* in Table 2.1), there have been several attempts to
identifying features of rivers at different scales and arranging these hierarchically. However,
there is no explicit agreement in the literature regarding the scale hierarchies for hyporheic
exchange with variation in the terms and defining features used to classify exchange at different
scales. Each investigation has its own hierarchical decomposition of the hyporheic zone
according to their study perspectives. Ecological studies centered on hyporheic exchange have
defined spatial scales emphasizing the functional significance of the hyporheic zone at different
scales. Scale approach has been used as a conceptual structure for the ecological investigations
of a single-unit scale to the entire ecosystem (Boulton, 1998) to characterize the effects of
surface-subsurface exchange at various scales and to examine interactions among them. There
are limited attempts to establish a straightforward scale explanation for hyporheic research
consistent with previously published scale approaches of stream systems. Table 2.1 represents
scale hierarchical descriptions proposed for the hyporheic zone based on previously published
literature. Boulton (1998) proposed three spatial scales to understand the interaction between
fate and transport of processes occurring in the hyporheic zone; catchment, reach, and sediment
scale. As noted in Dent et al. (2001), the general goal of defining scales is to study the hyporheic

behavior in relation to stream morphology or morphology features at each scale (Table 2.1).
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Table 2.1 Hierarchical descriptions proposed for the hyporheic zone.

Spatial 1000-10000 | 100-1000 10-100 1-10 0.1-1
dimension /m
* Frissell et i i -
al. (1986) Stream Segment Reach Pool/riffle Microhabitat
Channel sub-
Dent et al. Reach ' Chann_el unit | unit (boulders, Particle (bed
Segment (constrained or | (run, riffle or | logs, gravel
(2001) . form)
unconstrained) | pool) bars, and plant
hummaocks)
(Ezt())eorgnge etal. Catchment | Segment Reach Habitat patch Habitat unit

Stream water that infiltrates into the hyporheic zone generates shorter flow paths at ripples and
dunes, moderate flow paths at pool-riffle and bars, and longer flow paths at the meander scale
(Ebersole et al., 2003). Residence time distributions rely upon the length of hyporheic flow
paths, which varies with scales. Hence, nitrogen attenuation and transformation processes can
create spatially diverse patterns of nitrogen concentrations over distances of many kilometers
to few centimeters (Bhaskar et al., 2012). As illustrated by Stonedahl et al. (2010), the average
residence time of water in the hyporheic zone is proportional to the length of topographic

feature and inversely proportional to the permeability of the sediment bed.

Azizian et al. (2015) have conceptualized hyporheic flow paths as a bundle of individual tubes
that carry stream water into the sediment bed and back again to the stream channel performing
as a biochemical reactor. When a water molecule is moving in a flow path, a set of parallel and
series biogeochemical reactions take place. Stream water is initially with high oxygen and
nitrogen concentrations. First, dissolved oxygen is consumed by nitrification and aerobic
respiration processes and increase nitrate concentration along the hyporheic flow path. As
dissolved oxygen is depleted and there is sufficient flow path length further, denitrification
starts to remove nitrate produced by nitrification. Consequently, short hyporheic flow paths
may be a source of nitrate to the stream, whereas longer paths would be a sink of nitrate caused
by the increased residence time of water in the subsurface. Therefore, the residence times have
to be long enough to perform the hyporheic zone as a natural nitrogen attenuation unit.
(Lansdown et al., 2015) has highlighted the importance of using both biogeochemical reaction
rates and residence time to valuation of nitrate removal, because ignoring residence time has

miscalculated the nitrate removal.
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2.2 Paper 1: Effect of multiple scales on nitrogen transformation in the

hyporheic zone- A review

2.2.1 Abstract

The hyporheic zone is identified as a hot spot for nitrogen attenuation in fluvial systems.
Therefore, understanding and modeling of dominant nitrogen transformation processes in this
zone, their behavior, and critical controlling factors are vital in optimally designing streams
(river restoration) as natural bio-filters to reduce excess nitrogen. However, hyporheic
researchers are still looking for more understanding to make realistic predictions of nitrogen
cycling in response to catchment management practices. Coupled reaction Kinetics and physical
transport are the two most significant factors that control nitrogen behavior in streams.
Nitrification, denitrification, and aerobic respiration are the primary reactions considered in
previous studies. Our findings suggest that ammonification (mineralization), anaerobic
ammonium oxidation (anammox), dissimilatory reduction of NOs  to NH4s* (DNRA), and
inorganic nitrogen assimilation into the plant or microbial biomass are also important reactions
in the hyporheic sediments. Whilst hyporheic flow is known to occur at multiple spatial and
temporal scales; including exchange through bedforms, bars, and meander bends, current
nitrogen modeling approaches only represent reactions and processes in individual geomorphic
features. In this research, we reviewed published residence times for different geomorphic
features and compared them with nitrogen reaction times. Our findings suggest that bedforms
always act as nitrate sources to the stream due to small residence time and bars and meanders
can be nitrogen sinks due to longer path lengths and thus longer residence times, which allows
complete transformations of nitrogen. However, interacting nitrogen transformations occur at
multiple temporal scales and hence, at various residence times within the hyporheic zone.
Therefore, we suggest that multi-scale representation and catchment scale predictions are

required to model nitrogen cycling in the hyporheic zone.

Keywords. Hyporheic, nitrogen fate and transport, residence time, reaction time, multi-scale
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2.2.2 Introduction

Over the last century, excessive application of nitrogen-based fertilizer on agricultural and
pasture lands, improper management of landfill leachate and exhaust from cars and other
internal combustion engines have approximately doubled nitrogen loads entering the
environment including groundwater and surface water bodies and nitrogen loads continue to
grow (Hoven et al., 2008, Kessler et al., 2012, Smil, 1999, Mazza et al., 2014, Zarnetske et al.,
2012). Nitrogen is an essential element for stream ecology, especially for the growth of plants;
however, serious environmental problems such as eutrophication and blue-green algal blooms
occur when water bodies receive excessive nitrogen loads beyond their carrying capacity
(Fields, 2004, Follett and Hatfield, 2001). Of the three forms of nitrogen generally occurring
in stream ecosystems: ammonium (NH4"), nitrate (NO3’), and nitrite (NO2") (Zhou et al., 2014);
elevated concentrations of ammonium and nitrate are most common (Marzadri et al., 2011).
Elevated ammonium levels can: increase chlorine demand; be toxic for fish; and result in
eutrophication with excessive phytoplankton growth leading to depletion of oxygen (Lee et al.,
2006, Omnes et al., 1996). Elevated levels of nitrate cause increased risks of
methaemoglobinaemia (blue baby syndrome) in infants and cancer (Rivett et al., 2008) and
environmental problems such as fast algal and aquatic growth of plants (Rivett et al., 2008,
Saunders and Kalff, 2001, VanZomeren et al., 2013).

Recent research suggests that stream microbial processes are a leading means for attenuating
nitrogen loads from stream water (Marzadri et al., 2012). The hyporheic zone, the subsurface
region at sediment-water interface, where there is exchange of water between surface and
subsurface (Buss et al., 2009), has a rich microbial community (Marzadri et al., 2012) and can
be a particularly significant location for nitrogen processing (Mulholland et al., 2008, Sheibley
et al., 2003). Dissolved pollutants enter into the hyporheic zone, interact with the sediment bed
and its living microbial community with the possibility of longer contact time, are assimilated
or transformed due to enhanced biogeochemical reactions and then transported slowly back to
the stream channel (Boano et al., 2014, Sheibley et al., 2003). The consequent nitrogen
transformations are controlled by both physical transport and biogeochemical reaction kinetics
(Haggerty et al., 2002, Zarnetske et al., 2012), and there is an opportunity to enhance nitrogen
removal capacity of streams by manipulating these controlling processes (Azizian et al., 2015).

10
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The multi-scale nature of hyporheic flow in river channels has only recently been recognized
in river modeling investigations (Cardenas and Wilson, 2007a, Boano et al., 2010c, Stonedahl
et al., 2010, Gomez-Velez and Harvey, 2014) These scales are typically associated with
different channel features, with longer flow paths and residence times generally associated with
larger channel features (Boano et al., 2014, Stonedahl et al., 2010, Buss et al., 2009). EXxisting
models representing the role of hyporheic flow in nitrogen transformation generally deal with
exchange produced by a single channel feature type and scale (Boulton, 1998, Stonedahl et al.,
2010, Painter, 2018) such as bedforms (Elliott and Brooks, 1997a, Elliott and Brooks, 1997b,
Azizian et al., 2015, Cardenas and Wilson, 2007a, Woérman et al., 2007), bars (Zarnetske et al.,
2015, Zarnetske et al., 2011) or meander bend (Cardenas, 2009b, Boano et al., 2006).
Interacting effects of the exchange produced by different channel features (and hence scales)
for nitrogen transformations have received little attention but are likely significant and should
be addressed in models of nitrogen transformation through river networks (Gomez-Velez and
Harvey, 2014, Painter, 2018, Stonedahl et al., 2010).

This study aims to provide an in-depth critical review of the available literature on nitrogen
transformation processes in the hyporheic zone, their reaction times and how hyporheic
exchange at different spatial and temporal scales impact on nitrogen cycling. Previous studies
do not systematically report or synthesize the literature on hydraulic residence times and
nitrogen reaction times. Multiple scales lead to complex patterns in hyporheic residence times,
altering the rates of nitrogen biogeochemical reactions. This determines the hyporheic zone
behavior as a source or sink of nitrogen across the entire river network. We analyzed residence
times for different channel features and reaction times of biogeochemical processes to
understand how residence time and reaction time interact with each other. We consider the
proposition that a multi-scale representation is required for modeling the coupled hyporheic

transport and nitrogen reactions in streams.

2.2.3 Nitrogen transformations in the hyporheic zone

2.2.3.1 Key nitrogen reactions occurring in the hyporheic zone

Modeling nitrogen transformations in the hyporheic zone generally requires some
simplification to tackle the multiple interacting reactions and processes involved. In hyporheic
zone nitrogen transformations include: ammonification (mineralization); nitrification

(oxidation of ammonium to nitrate); denitrification (reduction of nitrate to nitrogen gas that
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harmlessly escapes to environment); nitrogen fixation; anaerobic ammonium oxidation
(anammox); dissimilatory reduction of NO3™ to NH4*; inorganic nitrogen assimilation into plant
or microbial biomass; NHs volatilization; and NH4" adsorption and desorption (Zhou et al.,
2014). A variety of simplifications have been applied for modeling studies in literature (Azizian
et al., 2015, Bardini et al., 2012, Hester et al., 2014, Hu et al., 2014, Kessler et al., 2013,
Marzadri et al., 2011, Marzadri et al., 2012, Zarnetske et al., 2012). However, it is unclear
which processes are dominant and hence, which simplification is justified. Conversion of
ammonia and nitrate into gaseous nitrogen by nitrification and denitrification is the primary
process considered in many models. In addition to these two main processes, nitrogen
assimilation into microbial biomass (Marzadri et al., 2012) and ammonification (Azizian et al.,
2015, Kessler et al., 2013, Zarnetske et al., 2012, Azizian et al., 2017) have been considered.
However, recent experimental studies (Table 2.2) indicate that the hyporheic zone can be
hotspots for other processes (ammonification, nitrogen assimilation into microbial biomass,
anammox and Dissimilatory reduction of NO3™ to NH4*) that have been neglected (Pinay et al.,
2009, Wang et al., 2012, VanZomeren et al., 2013, Zhou et al., 2014, Bonin et al., 1998,
Takeuchi, 2006, van den Berg et al., 2015). According to Zhou et al. (2014), biogeochemical
reactions are strongly interconnected, neglecting one can affect the rates and overall
predictions. Therefore, it is necessary to identify all critical processes and develop novel

biogeochemical models incorporating their controlling factors and reaction rates.
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Table 2.2 Nitrate reduction rates reported in field studies by other nitrogen processes except
for nitrification and denitrification.

Site details
Process Study Location River bed | Reported rates
sediment
bayou sediment
Vanz ) (low flow | 14.8 £ 0.9 NH;-Nm=2d™*
gl agofg;eren U1 Coastal Louisiana conditions)
marsh soil (high | 55 ) 1 4 1 NH,-N m2d
flow conditions)
AM - -
River Seine . .
(Garban et al, " | River sediment 1 a1
1995) govynstream from beneath WSI 13.4t d* (467 kg km™ d™?)
aris
(Fernex et al., | Marica lagoon (Rio | Sand (Surficial 341
1992) de Janeiro, Brazil) sediments) 0.072 pmol cm™d
. Lynx  Creek in | Finer and coarse | NA - 14mgNQO3z -N L
NA (Pinay etal., 2009) Alaska, U.S.A. riparian soil DN - 4mgNOs -N L*!
Carteau Cove DNRA - 2.3 - 83.2 umol L d* (40-
(Bonin etal., 1998) (French Coastal marine | 100% of the total nitrate reduction)
N Mediterranean sediment DN -0-19.8 umol L d* (0-43% of
DNRA Coast) the total nitrate reduction)
(Lansdown et al., Elverb . Le.'thd a dmlxture olf below detection (< 1.9 nmol N g* to
2012) umbria, United | sand, gravel, 20 nmol of N g2
Kingdom and cobbles
. . Superficial .
Baiyangdian  Lake, | : 7-20nmol N gt h™ (11-35% of total
(Zhuetal., 2013) North China lnte_rface nitrogen removal)
ANA sediments

(Meyer et
2005)

al.,

Logan/ Albert river
system in Australia

Sediment cores

0.5-8 nmol N cm™ h™* (0-9% of total
N2 production in sediment)

DN - Denitrification, AM —Ammonification or mineralization, NA - inorganic nitrogen

assimilation into plant or microbial biomass, DNRA - Dissimilatory reduction of NOs™ to NH4*
and ANA — Anaerobic ammonium oxidation (ANAMMOX)

Ammonification is one of the important processes delivering nitrogen (NH4") into the system

and should be included in biogeochemical models (Garban et al., 1995, Azizian et al., 2015).

Organic nitrogen ammonification often occurs in parallel with nitrification in aerobic regions

of the hyporheic zone (i.e., downwelling zones) (Jones et al., 1995). Ammonification produces

NHj, and hence accelerates nitrification reaction rates (Holmes et al., 1994). Coupled

nitrification and ammonification can decrease potential nitrogen reduction capacity by

denitrification due to increased nitrate concentrations in downwelling zones of the hyporheic

zone (VanZomeren et al., 2013).

NH;, NO3 and NO; assimilation by benthic biofilms and macrophytes plays a significant role

in the hyporheic nitrogen cycle (Trauth et al., 2014, Marzadri et al., 2011, Marzadri et al., 2012,
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SWQMS, 2000, VanZomeren et al., 2013, Zhou et al., 2014). Nitrogen assimilation can either

occur in aerobic or anaerobic regions of the hyporheic zone (Zhou et al., 2014). However, high

nitrogen assimilation rates are observed near the exists of upwelling hyporheic flow areas
(Fisher et al., 1998). Nitrogen assimilation is higher in meandering streams compared to
straight channels (Fisher et al., 1998). In some studies, nitrogen assimilation accounts for a
more substantial fraction of total nitrogen removal from the hyporheic zone compare to
denitrification (Pinay et al., 2009).

DNRA is another source of NH; in the hyporheic zone upwelling regions, converting NO3
into NH;. DNRA bacteria are commonly observed in anoxic conditions and low nitrate
concentrations (Keslo et al., 1997). Several studies have observed the occurrence of DNRA in
sediments and its competition with denitrification for NO3 (Bonin et al., 1998, Takeuchi, 2006,
Storey et al., 2004, van den Berg et al., 2015).

ANAMMOX is one of the dominant nitrogen transformation processes in marine sediments
(Aubeneau et al., 2015, Dalsgaard et al., 2003, Dalsgaard et al., 2005, Zhou et al., 2014, Zhu
et al., 2013). Recent studies indicated that hyporheic sediments are also hotspots for the
ANAMMOX process in removing nitrogen from stream ecosystems (Zhu et al., 2013, Wang
etal., 2012, Meyer et al., 2005). ANAMMOX occurs under anaerobic conditions. Wang et al.
(2012) provide experimental evidence for the coexistence of anammox bacteria in the

hyporheic zone, which is important for hyporheic nitrogen removal.

Water is generally high in oxygen and nitrogen when it first enters into a hyporheic streamline.
In downwelling zones, dissolved oxygen is consumed by nitrification which is expected to
increase NO3 (nitrate) concentration along the hyporheic flow path while consuming NH;
nitrogen. Organic nitrogen mineralization (Ammonification) also occurs in parallel with
nitrification in aerobic regions of the hyporheic zone (Jones et al., 1995) providing NH;
nitrogen into the system by consuming organic nitrogen compounds. Reduction of dissolved
oxygen is also caused by the aerobic respiration of microorganisms in downwelling zones when
they produce energy from organic carbon compounds. Therefore, in downwelling zones, rapid
depletion of dissolved oxygen occurs along the hyporheic streamlines and given sufficient flow
path length (i.e., residence time), conditions become anaerobic. Most of the nitrogen removal
reactions occur in the resulting anaerobic zones such as denitrification and anaerobic
ammonium oxidation, which convert nitrate and ammonia into nitrogen gas and inorganic

nitrogen assimilation into the plant and microbial biomass (More details on these processes are
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given in section 3). Consequently, hyporheic flow paths with short residence times become a
source of nitrate to the stream, whereas longer paths provide a sink for nitrate caused by the
larger residence time for water/nitrate in the subsurface than the reaction times required for
complete denitrification. Moreover, when anaerobic flow paths are not sufficiently long for
complete denitrification, nitrous oxide (N,0), a greenhouse gas emission occurs as an
intermediate product of the denitrification reaction (Silvennoinen et al., 2008, Quick et al.,
2016, Marzadri et al., 2014).

With the evidence from previous field studies, we propose a simplified conceptual model for
the expected interactions of nitrogen reactions in the hyporheic zone (Figure 2.2). AM, NI, and
NA occur in aerobic zones of the hyporheic zone while DN, DNRA, NA, and ANAMMOX
occur in anaerobic zones of the hyporheic zone. DNRA, DN, NA, and ANAMMOX compete
for substrate NO3 in the system under anaerobic conditions (van den Berg et al., 2015, Bonin
et al., 1998, Takeuchi, 2006). Upwelling zones are likely locations for anaerobic reactions and

downwelling zones for aerobic reactions in the hyporheic zone.

Stream water
NH,;*, NO; N
In stream 2
Concentrations /
AM '/I' NA .
NH r NH,* » NH,* '
{ B}OM 4 14 4 --\ ANAMMOX
DN
NI DNRA \
! A" DN DN
NO, 5 NO,- » NO, ——— N;O
1
=PTransport NA l NA 1 NA
: ¢ BM BM
== Transformations BM
Aerobic region Anaerobic region

Figure 2.1 Expected interactions of nitrogen reactions in the hyporheic zone (BM- Living
biomass).

NHJ, NO3 and oxygen are the two primary nitrogen substrates required for most
biogeochemical reactions given that the carbon (DOC and POC) abandonly available.
Therefore, the availability of NH;, NO3 and oxygen would determine the occurrence of these
processes (van den Berg et al., 2015), and limiting substrate concentration is a significant factor

in kinetic rate models.
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Table 2.3 Stoichiometric equations of nitrogen reactions occurring in the hyporheic zone and
limiting substrate concentrations.

Nitrogen : Limiting Aerobic/
Reaction substrate .
process . Anaerobic
concentration
NI NH} + 20, - NOF+ 2H* + H,0 Co,>2mgL™* | Aerobic
Co,<2mgL™*
DN 0.8NO3 + 0.8H* + CH,0 - 04N, + CO,+ 6H,0 Cno; >1mg L | Anaerobic
1
AM {NH3}ou + H* = NH} Co,>2mg L™ | Aerobic
Aerobic and
NA 5CH,0 + HCO5 + NH} > CsH,NO, + 4H,0 + CO - .
2 3 4TS 2 Anaerobic
DNRA 2H* + NO3 +2CH,0 -  NH} +2C0, + H,0 - Anaerobic
NH} + 1.31N0; + 0.066HCO; + 0.13H* C. <02meol-
ANAMMO - 1.02N, + 0.26NO; (02— &% | Anaerobic
X +0.066CH,00 sNg 15 + 2.03H,0

(Carrera et al., 2003, Khin and Annachhatre, 2004, Kulikowska and Klimiuk, 2004, Metcalf
and Eddy, 1991, Schmidt et al., 2003, Zhu et al., 2008, Azizian et al., 2015, Zarnetske et al.,
2012, Boano et al., 2010b)

2.2.3.2 biogeochemical reaction times

Biogeochemical reaction time, the time required to achieve equilibrium concentrations varies
for each of the nitrogen transformations listed in table 2.3. The travel time for water passing
through the hyporheic zone (i.e., the hyporheic residence time) can limit the extent of reactions
where it is less than reaction times. This is the critical interaction between physical transport
processes and biogeochemical processes. If residence times fall well-short of reaction times,
then transformations will be incomplete and hence sensitive to changes in hyporheic flow
conditions. If residence times are in excess of the reaction times, then full transformation can
be expected, and there will be limited sensitivity to altered hyporheic flow conditions. In this
section, we estimate reaction times based on available model formulations for the restricted set
of nitrogen processes that have received attention by modelers. However, there are other
approaches used in the literature to calculate nutrient processing in the hyporheic zones such

as use of biogeochemical reactions of organic carbon degradation (Boano et al., 2010b).

We analyzed reaction times for two processes; nitrification and denitrification for seven studies
that have examined nitrogen dynamics in the hyporheic zone. These studies have used a variety

of approaches to model the total biological reaction rates of oxygen (R, ), ammonium (R y+,),
nitrate (Ryo;) and dissolved organic carbon (Rpo() including variation in the choice model

formulation and parameter values (Table 2.4 and 2.5). These models include linear Kinetic
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equations, Monod kinetics, and empirical equations based on experimental data. Therefore, we
have calculated nitrification and denitrification reaction times for each study using their kinetic
model but for the same set of biogeochemical parameters (Table 2.5). Reaction times also vary
with initial in-stream concentrations of nitrogen, dissolved oxygen, and organic carbon.
Therefore, we used a generic set of initial concentration values for our simulations (Table 2.5)

to align with the range of previous literature. Reaction times were simulated in two stages;
Stage 1 — Calculation of nitrification reaction time (T;)

We have defined nitrification reaction time as the time required to reduce DO concentration in
the hyporheic zone to nitrification, limiting DO concentration. Nitrification occurs under
aerobic conditions and ceases when DO concentration depletes below a threshold defining
anaerobic conditions. The threshold DO concentration in our analysis was assumed to be 2
mgL?! — O, (Marzadri et al., 2011, Bardini et al., 2012, Rivett et al., 2008) when estimating
nitrification time (T;). We have also considered substrate (ammonia) availability as a limiting
factor. When ammonia is no longer available, nitrification will stop before the system become

anaerobic and T; becomes shorter.
Stage 2 — Calculation of denitrification reaction time (T’)

Denitrification occurs under anaerobic conditions. For a given anaerobic environment, nitrate
concentrations are the main limiting factor for denitrification reactions; therefore, the
denitrification reaction time is defined as the time required to lower nitrate concentrations to
an acceptable threshold. We use the threshold of 0.25 mgL™?, which is the threshold above
which the risk of adverse effects due to nitrogen concentrations will occur in freshwater
systems (ANZECC and ARMCANZ, 2000).

Aerobic respiration and nitrification start concurrently at the beginning of hyporheic flow.
Denitrification commences with the onset of anaerobic conditions. Therefore T; and T, were
determined by the combined rate equations of nitrification, aerobic respiration and
denitrification considering above mentioned limiting concentrations of oxygen and nitrate. The
behavior of the flow path was idealized with Azizian et al. (2015)’s segregated streamline
hypothesis with continuous flowing conditions. Chemical concentrations and kinetic model
parameters for rate equations for hyporheic sediments are given in Table 2.5. Kinetic
parameters tend to vary with temperature. However, in this study, we did not consider
temperature effect (or seasonal effect) on reaction times and used mostly observed rate

constants from previous models.
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Table 2.4 Kinetic representation of nitrogen reaction rates occurring in the hyporheic zone according to previous literature.

Study Formula
Ryt Ryoz Ro, Rpoc
(Azizian 2M order kinetics Monod Kinetics Monod Kinetics -
et al, —kniCo,Crp K RminCroz RininCo,
* ky;Co,C —0.05 z_ 2 ——— e — 2 ky,Cp, C
2015) Ni1Co, Ut Co, + Kézh Croz + K;i‘é@— Co, + K Ni“op e
(Bardini Monod Kinetics Monod Kinetics 1t order kinetics
et ) al., | 2" order kinetics —0.8k1pocCoocfon + kniCo, Cut —k1pocCpocfaro, — 2kpiCo,Cryy k1p0cCpoc
2013 —kyiCo, Cryp+ Crno- C,
. " if Cuog < Cuogy Zif Co, < Coyy
fon = (1 = far)- CNDg_,um ' faro0, =9 C0ziim
1if CNo; = CNo;”m Lif Co, 2 Coz,lim
(Huetal., | Monod kinetics Monod kinetics Monod kinetics Monod kinetics
2014) < Co, > < Cruy > ( Croz > Cooc K5 Cpoc Co Cooc Co
—H sa X - 2 ( ) 2 in X, —Yol ( ) 2 sai X, —Yol ( ) z sa X,
M Co, + Kozt CNH;' + KNH,;r N How CNo; + KNo; Cooc + Kpoc Co, + Kozh o ora Cpoc + Kpoc/ \Co, + Kozt K oraK Cooc + Kpoc/ \Co, + Kozt " )
Co Cany - Cnoz Cpoc K&t
+ 2 i % _ 3 ( ) 2y
Ha <C02 + Kg;”) <CNH;r + KNH;' N — Yol Coz CNH‘:( X How CNo; + KNO; Cpoc + Kpoc Co2 + Kzl)rzm oy
s Co, + K53* Cuip + Ky v
(Zarnetsk | Monod kinetics Monod kinetics + Michaelis-Menten Kinetics Monod kinetics 1%t order kinetics
eetal., ¥ Cyuy X K; Cnoy ( Ccop ) ¥ ( Cpoc ) Co, klpockaCpoc
- . _ NHe _ —
2012) HniYnupAni CNH;’ T KNH;' UpNADN K +Co, CND; T KNo; Ceon + Keon HarXarYo Cooc + Koo \Co, + Ko,
Co —tar(1
&)
02 02 = Yo)Xni C K C K
NHF + NHF 0, T Ko,
(Kessler 2" order kinetics Based on experimental data Based on experimental data Based on experimental data
etal, kniCo, Crpt Ryos . —2kp;Co,Crpr _ 0.392C,, + 29.8 X 107°Cy, if Cp, = Cerie
ZKOelsiier o _ (0.056™(0.392Cyo; +29.8 X 107%) if Cyoz = Corie _[0.392C,, +29.8 X 1076Cy, if Co, = Corie boc 1.88Co, if Co, < Corit
0.050""1.88Cyo= if Cnoz < Cerie 1.88C,, if Co, < Ceris
al., 2013) 3 3
1if Co, 2 2 K"
6inh - CO . )
<1 -3 K;'j;h> if Cop <2 Kin
(Hester et | - Monod kinetics Monod kinetics (XAR)( )( Cpoc )( Co, )
- =)
al., 2014) _ ()ﬂ) ow) (o) ( Cpoc ) < CN03 > ( K _ (&) Var) (ar) ( Cpoc ) < Co, [} AR Cpoc + Kpoc Cuz + Ko,
0 Cpoc + Kpoc CNo; + KNog Co, + K| 0 Cpoc *+ Kpoc/ \Co, *+ Ko, (@) o) ( Choc ) CN03‘ K,
6 )" \Cpor + Kooe \Cuoz + Kuoz) \Co, + K,
(Marzadri | Monod Kinetics Monod kinetics Monod Kinetics
etal., Cyuy Cyn Cup —(k1ap + k1y)Co
—k1y,K — —klpyKyor | klyKyor | m——— ?

i/(l):é’adri e <C"’”I + Ky PNTNGs <CNH;' + Ky s Cung + Kuuy R
etal.,
2012)
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Where, Co,, Cypy, Cnoy and Cpoc are the steady-state concentration of dissolved oxygen,

ammonium, nitrate, and dissolved organic carbon. Rmin IS the maximum respiration rate of
sediment organic matter. kni is the bimolecular nitrification rate constant. klpoc , k1ni, and
klpn are first-order rate constant for aerobic respiration, nitrification, and denitrification. kq is

the linear distribution coefficient. Koz, Ko2™, Kno2™ and K v are half-saturation constants

for aerobic respiration, oxygen inhibition, denitrification, and nitrification. Kl is the inhibition
constant for the denitrification reaction. uy;, Upy, and pyg are maximum substrate utilization
rate for nitrification, denitrification, and aerobic respiration. Yon and Yar are the use coefficient
for denitrification and aerobic respiration. Xni, Xon, and Xar are the biomass of nitrification
functional group, denitrifiers, and aerobic respiration functional group. yo (-) and ynHa+ are
partition coefficient for aerobic respiration, and for nitrification. 8 is the porosity of the

sediment bed.

Table 2.5 Kinetic model parameters and in-stream concentrations of dissolved oxygen,

ammonia, nitrate, and dissolved organic carbon used in the simulations.

Values from Valug
Parameter . Source used in the
literature : .
simulation
3.96E-04 . -

1 ' Azizian et al. (2015), Bardini et al.
ky;[m3mol=1s~1] | 2.78E-05, ’ 3.96 E-04
3 96E-04 (2012), Kessler et al. (2012)

_ 0.018, 0.0002, | Bardini et al. (2012), Zarnetske et al.
1 ’ ’ y
Klpoc[h™] 0.001 (2012), Marzadri et al. (2012) 0.018
k1y,[hY] 0.144 Marzadri et al. (2012) 0.144
K1y [h~1] 0.088, 0.094 (I\élgrlzsa;drl et al. (2012), Zarnetske et al. 0.094
ky[L3kg™1] 50 Zarnetske et al. (2012) 50
Azizian et al. (2015), Hu et al. (2014),
inh 1 0.16, 0.1, 0.24, | Zarnetske et al. (2012), Kessler et al.
Ko, [mgL™"] 0.16,024,1 | (2012), Hester et al. (2014), Gu et al. | >'1©
(2012)
Azizian et al. (2015), Hu et al. (2014),
Kyo=[mgL™"] igi 12'5’ 1.64, Zarnetske et al. (2012), Hester et al. | 2.48
o (2014), Gu et al. (2012)
Azizian et al. (2015), Hu et al. (2014),
K5 [mgL™1] 1.28, 5.2, 5.28, Zarnetske et al. (2012), Hester et al. | 1.28
2 5.28
(2014)
-1 Hu et al. (2014), Zarnetske et al.
Kyy:[mgL™] 0.5,0.43 (2012) 0.5
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Hu et al. (2014), Zarnetske et al.

Kpoc[mgL™1] 10, 8.68, 8.68, 2 | (2012), Hester et al. (2014), Gu et al. | 8.68
(2012)
Zarnetske et al. (2012), Hester et al.
K;[mgL™] 0.24,0.24,0.1,1 | (2014), Hu et al. (2014), Gu et al. | 0.24
(2012)

_ Hu et al. (2014), Zarnetske et al.
uni[h™1] 1.08, 1.08 (2012) ( ) 1.08
_ Hu et al. (2014), Zarnetske et al.

1 y
Honlh™] 1.8,3.98,3.98 (2012), Hester et al. (2014) 3.98
_ Hu et al. (2014), Zarnetske et al.
1 y
Har[h™"] 18,197, 1.97 (2012), Hester et al. (2014) 1.97
Xy [gm ™3] 5.0 Hester et al. (2014) 5.0
_ Hester et al. (2014), Zarnetske et al.
Xpnlgm™3] 4.9,0.32 (2012) (2014) 4.9
_ Hester et al. (2014), Zarnetske et al.
Xar[gm™3] 5.0, 8.3 (2012) (2014) 5.0
Hu et al. (2014), Zarnetske et al.
Yo(—) 0.64, 0.64 (2012) ( ) 0.64
YNH} 0.4 Zarnetske et al. (2012) 0.4
VDN 1.65 Hester et al. (2014) 1.65
VAR 1.07 Hester et al. (2014) 1.07
Hester et al. (2014), Bardini et al.
0 0.35,03,0.32 | 5013). Jones et al. (1995) 0.35
- Azizian et al. (2015) ,Bardini et al.
Cno- Lt ,
N5y MILT] | 124,05, 124 | o015 ossler et al, (2013) 1.24
1 Bardini et al. (2012), Rivett et al.
Copunlmal™1 1 1,2.4 (2008), Marzadri et al. (2012) 2
Rmin[mol m™3s~1] | 2.27E-05 Azizian et al. (2015) 2.27E-05
Azizian et al. (2015), Gu et al. (2012),
1 8, 8, 10, 7.62, | Hu et al. (2014), Jones et al. (1995),
Co,(0) [mgL™"] 7.04,10,7.7 Kessler et al. (2013), Marzadri et al. 8
(2012), Jones et al. (1995)
Azizian et al. (2015), Gu et al. (2012),
3.7, 10, 3.7, 8.8
B -1 LS oA | HOven et al. (2008), Hu et al. (2014),
Cnog (0) [mgL™"] 81; 3.1, 13251 1ones et al, (1995), Kessler et al. 3.7
' (2013), Jones et al. (1995)
Azizian et al. (2015), Hoven et al.
0.09, 0.06, 0.05 ’
-1 ' ' ' 1(2008), Hu et al. (2014), Jones et al.
Cniz (0) [mgL™] 3826 0.374, (1995), Marzadri et al. (2012), Jones et 0.09
' al. (1995)
Cooc(0) [mgL~Y] | 15,4, 3.4 Gu et al. (2012), Hu et al. (2014), 15

Jones et al. (1995)

Co,(0), Cno;(0), Cyyy(0) and Cooc(0) are the initial in-stream concentrations of dissolved

oxygen, nitrate, ammonium, and dissolved organic carbon, respectively.
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Several assumptions were made when simulating reaction times. We assumed that nitrates
derived from nitrification and in-stream concentrations are both available for denitrification
under anaerobic conditions. Nitrification and respiration rates are zero (i.e., the concentration
of DO does not change along the streamline) after hyporheic streamlines became anaerobic.
Reaction times were simulated, assuming steady-state hyporheic flow conditions. Table 2.6

provides simulation results for nitrification and denitrification times.

Table 2.6 Reaction times of nitrification and denitrification

Reaction time (h)
Study T, T,
Azizian et al. (2015) 2.79 28.71
Bardini et al. (2013) 8.33 17.78
Hu et al. (2014) 4.4 22.65
Zarnetske et al. (2012) 1.75 13.5
Kessler et al. (2012) and Kessler et al. (2013) 3.5 24.38
Hester et al. (2014) 0.45 3.5
Marzadri et al. (2011) and Marzadri et al. (2012) | 8.5 44.1

We found that nitrification reaction times (0.45 -8.5 h) tend to be much smaller when compared
to denitrification reaction times (3.5 — 44.1 h). Therefore, less time is required for the system

to become anaerobic, while nitrogen removal reactions take a longer time.

However, reaction times vary considerably across different models, even though we have used
the same set of kinetic parameters. Hence, we performed a sensitivity analysis using Monte
Carlo simulation to explore variation in residence time with different biogeochemical models.
We assumed that the T; and T, are normally distributed. We found that T; and T, could be
described by 4.2 + 3 hrs and 21.6 + 12.4 hrs respectively.

2.2.4 Residence time distribution at different scales

Nitrogen transformation processes rely upon both physical and biogeochemical characteristics
in the hyporheic zone. The total flux of dissolved nitrogen entering the hyporheic zone sets an
upper bound on the rate of transformation along a stream reach, and residence time distributions
within the hyporheic zone control the contact time and hence the extent of nitrogen
transformation. The flux and residence times are regulated by hydraulic head gradients
developed at the water-sediment interface (WSI), flow path length within the hyporheic zone,
and bed sediment properties within the hyporheic zone (Zarnetske et al., 2012). At smaller

scales, river water flow conditions, size and shape of bedforms features have been used as
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proxies to calculate hydraulic head gradient, while, riverbed slope, sinuosity, width to depth
ratio (W/D), valley width and surface water storage capacity have been considered to impact
pressure head gradients at larger scales (Buss et al., 2009). Characteristic residence times for
water in the hyporheic zone is proportional to the length of the topographic feature and
inversely proportional to the head gradient across these features (Stonedahl et al., 2013).
Biochemical conditions affecting reaction kinetics include concentrations of dissolved oxygen
(DO), organic carbon (DOC) and nitrogen species (NO3; ,NH;, NO2 and N2), pH, and
temperature (Storey et al., 2004, Buss et al., 2009, Cirmo and McDonnell, 1997), which
regulate microbial evolution and dominant interactions in the hyporheic zone. These
interactions determine whether hyporheic zone could be a source or sink of nitrogen to the
stream. A conceptual diagram (Figure 2.3) has been developed, linking critical elements

discussed above.
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Figure 2.2 Conceptual diagram of key variables controlling water flow and nitrogen evolution
in the hyporheic zone.

Furthermore, there are other factors such as chemical and physical heterogeneity that control
the microbial community and hence the influence on biological nitrogen processing in the

hyporheic zone. The composition and growth of microbial biomass is influenced by several
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physical metrics such as particle size, depth and distribution of benthic sediments (Parker et
al., 2018, Boulton et al., 2010). Distribution of sediments can alter velocity and residence time
of water and hence biogeochemical properties (supply of substrate and oxygen) within the
sediment bed. This create variations in oxidation-reduction reaction potentials and diversity of
microsites in hyporheic water (Briggs et al., 2015b, Parker et al., 2018) and hence affecting
nitrogen reactions in the hyporheic zone. Furthermore, Sediment invertebrates and
microorganisms affect porosity of the sediment bed affecting rates of metabolism and nitrogen
cycle in the hyporheic zone (Zimmer and Lautz, 2015).

The residence time of water in the hyporheic zone relies upon the length of hyporheic flow
paths. Hydraulic head gradients developed at the water-sediment interface (WSI) determines
relative hyporheic water flux across the hyporheic zone. A wide range of river morphology
features has been identified to influence hydraulic head gradients over WSI including vertical
hyporheic exchange from river bedforms such as pool-riffle, ripples-dunes and emerged bars
and lateral hyporheic exchange from river plan form features such as alternate bars and river
meanders (Painter, 2018, Stonedahl et al., 2010, Buffington and Tonina, 2009, Tonina and
Buffington, 2009). These individual geomorphic features could connect between upstream and
downstream longitudinally through the channel, floodplain, and riparian zone, and vertically
through subsurface sediments (Dent et al., 2001). Therefore, stream water that infiltrates into
the hyporheic zone generates shorter flow paths (0-1m) at ripples and dunes, moderate flow
paths (10-100m) at pool-riffle and bars, and longer flow paths (100-1000m) at the meander
scale (Ebersole et al., 2003). Hence, nitrogen attenuation and transformation processes can
create spatially diverse patterns over distances of many kilometers to few centimeters (Bhaskar
etal., 2012).

This section examines how these spatial scales have been characterized and classified in the
literature and current understanding of residence times associated with exchange at different
spatial scales. We have analyzed published literature on individual scales and their associated
residence times (Table 2.7 and Figure 2.4). Residence times in the published literature were
extracted from conservative tracer experiments done in field and laboratory studies or
numerical particle tracing using modeling studies. In the literature, it is common to study HE
at individual geomorphic features, such as dunes and ripples, riffle-pool, alternate bars, and
river meanders. However, there are several experimental studies examining hyporheic flow
behavior at reach scales with several bedform structures such as riffle-pool sequences and

emergent bars or reaches containing boulders, logs, and other colluvium deposits. Here we
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have extracted a sample of possible data from studies that reports residence time within the

hyporheic zone. Table 2.7 summarises residence time for all these studied scales.

In order to put scales of hyporheic exchange into context, we define a characteristic length
scale (hyporheic dimension) for each morphology feature (Table 2.7). For small scale studies,
bedform wavelength was considered as the hyporheic dimension while bar wavelength was
taken for alternate bar and meander morphology. The hyporheic dimension for river reaches
were defined with straight distance along the river. All the river reaches considered in this study

were associated with sequences of river bedforms.

Previous literature characterizes the residence time either as a range or as a single value (mean
or median). Since our objective is to identify the temporal variation of hyporheic flow
compared to the spatial dimensions, we have considered all these characteristic residence time
values and then defined an approximate temporal region for each channel feature, as presented

in Figure 2.4.

Table 2.7 Hyporheic residence times of various channel features.

Dimensi | Residence . Channel Average linear
Study . Bed material | Study pore water
on (m) time (h) feature .
velocity (m/h)
sediment experimental
Azizian et al. from  Port | (flume) and
(2015) 0.1 06 Phillip Bay, | modeling | PUN®S 0.17
Melbourne study
Hester et al modelling
(2014) 0.914 0.24-24 coarse sand study Dunes 3.81-0.38
Represent
Késer et al gravels, modeling Microform
(2013) 0.6 9 cobbles  or | study S 0.07
boulders
Coarse
gravel with . L
(Trauth et al., 10 0.7-19 sandy modeling pool-riffle 1499 _ 053
2013) ; study system
sediment
fillings
120 11.76 Gravel field study | M- 10.2
channel bar
Burkholder et al. | 80 288 gravel field study point bar 0.28
(2008) lateral
480 24960 Gravel field study meander 0.0016
bar
Zarnetske et al. . alternate
(2011) 10 3.8-285 | Gravel field study bars 2.63-0.35
Zarnetske et al. modelling alternate
(2012) 10 24.2 Gravel study bars 0.41
sand, gravel,
(Zzagg‘g;s"e et al. | 4o 14.05 cobbles & | fieldstudy | AN g7
boulders
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Field and .
(Trauth et al. | 5, 8.3 Gravel modeling mid- 2.41
2015) channel bar
study
modelin reach with
75 171.6 Gravel 9 | macro 0.44
study
forms
Hu et al. (2014) reach with
modeling macro
75 34.32 Gravel forms and | 2.19
study .
microform
S
Naranio et al field and | reach with
(2015)J " | 165 240-1080 | sandy gravel | modeling riffle-pool | 0.69 —0.15
study sequences
field and reach with
Hester and Doyle 30 480 — 960 gravel and modeling in-stream 0.063 — 0.031
(2008) cobble geomorphi
study
¢ structures
Reach with
3064 | 114.72 large 2.67
boulders
and logs
. Reach with
mixture  of sten-
Gooseff et al. sand, gravel, field stud ogllste i
(2003) 2122 | 86.39 cobbles, and y fifﬂe P~ 1 2.46
boulders
morpholog
y
Braided
82.22- .
379.2 1116.67 alluvial 461-0.34
reach
5 5.52-21.36 0.91-0.23
15 34.8 0.43
30 27.84-50.4 1.08 - 0.6
50 14.4-27.6 reaches 3.47-1381
Acufia and | 120 42-48.72 | limestone ) with 2.86 —2.46
field study different
Tockner (2009) 130 21.6-52.32 | and flysch flow path 6.02 —2.48
80 24.96-70.8 lengths 3.21-1.13
23.04-
120 90.99 521-1.32
30.48-
125 68.64 41-1.82
Osenbriick et al. .
(2013) 120 72 -199.2 | sandy gravel | field study Meander 1.67-0.6
Pinay etal. (2009) | 2 - 15 0.17-75 | Gravel field study Meander 11.76 -2
Hoven et al clayey, field and
170 1440 sandy  silt | modeling Meander 0.049
(2008) .
deposit study

Observed residence times vary over orders of magnitude with a positive correlation between

temporal and spatial dimensions, which also vary over several orders of magnitudes (Figure

2.4). This creates a nested system of hyporheic flow paths with lengths from several millimeters

to kilometers and residence from minutes to years. Similar synthesis analysis have been
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reported by Boano et al. (2014), and my compilation verifies their work by using previously
reported residence time distributions. Small bedforms such as dunes provide shorter residence
times (ranging from several minutes to few hours). Alternate bars yield a higher range of
residence times (ranging from several hours to months) and meander yield the longest residence
time (from days to years). Residence times at meanders sometimes overlap with bar

morphologies as the higher sinuosity meanders shorten the hyporheic flow paths.
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Figure 2.3 Hyporheic residence times discretized by different scales based on previous
literature. Blue area and orange area respectively represent the reaction times of nitrification
and denitrification calculated in section 3.1. Dashed lines show the velocity of 0.1 m/h, 1 m/h
and 10 m/h. Residence time data for dune morphology were extracted from laboratory flume
systems only. Other river scale/ features represent data from either lab or field systems.

Comparing residence times (Table 2.6) for different channel features and reaction times for
nitrogen transformation processes, we observed that the bedform features (dunes and bars) are
potential nitrate sources to the stream as the residence time is insufficient for complete
denitrification to occur (Figure 2.4). Meanders facilitate more significant residence times,
which can support the complete denitrification. Therefore, meanders are potential nitrogen
attenuation spots. Some bars may provide sufficient residence time for complete nitrogen
removal, while some may result in incomplete denitrification, which could lead to N2O released
to the environment. However, the hyporheic exchange is characterised by a distribution of
residence time that can favor several reactions at the same time and hence nitrogen potential of
a morphology. This study has used a single value of residence time and not the best descriptor

for biogeochemical estimations.
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Though hyporheic flux is also an essential factor for the extent of nitrogen reactions, there is
not enough published data available for flux (or pore water velocities) associated with these
scales. Therefore, we have defined pore water velocities (Table 2.7 and black dashed line in
Figure 2.4) as the hyporheic dimension of the channel feature divided by the characterized
residence time, which are not very accurate but provide a sufficient basis for comparison.
Bedforms and bars bring maximum pore water velocities (10 m/h — 0.1 m/h) into the hyporheic
zone while meanders yield smaller velocities (<1 m/h) into the hyporheic zone. This result is
in agreement with Gomez-Velez and Harvey (2014), showing that bedforms yield more
significant fluxes per unit length of channel (equivalent to velocity and has the unit of velocity)
compared to bars and meanders. Therefore, the relative contribution of scales on nitrogen

transformations may vary due to the supply limitation of the substrate for nitrogen reactions.

Whilst the size of channel features has substantial control over residence times; other factors
can also be important. In particular, observed variations in residence time for channel features
of similar length may be due to changes in pore water velocity due to differences in riverbed
hydraulic conductivity, or pressure gradients. Riverbed hydraulic conductivity can be spatially
very heterogeneous (Stewardson et al., 2016), affecting pore-water flow in the hyporheic zone.
Therefore, the residence times should be further modified by the hydraulic conductivity of the

sediment bed and head gradient.

2.2.5 Interactions across scales

The hyporheic literature suggests that the range of spatial scales at which exchange occurs
varies from individual grains to entire river valleys. We argue that the various nitrogen
reactions can be associated with a particular spatial scale, with larger-scale processes generally
producing longer flow paths and hence, longer residence times. In this section, we discuss how
residence times interact with nitrogen reaction times to understand the importance of different

spatial scales.

We conceptualize the effect of different channel features and their associated residence time
and reaction time of nitrogen transformation processes in the hyporheic zone (Figure 2.5). All
potential nitrogen transformation processes discussed in section 2.1 have been considered. It is
assumed that both nitrate and ammonia will be available in the stream water when water first

enters hyporheic streamlines.

Ammonia concentration (dashed line in Figure 2.5(b)) is expected to decrease along aerobic

regions due to nitrification and further in anaerobic regions due to ANAMMOX and plant and
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microbial uptake. Ammonia produced by ammonification reaction will be consumed by
nitrifying microorganisms in aerobic areas, and ammonia produced by DNRA in anaerobic
areas will be consumed by ANAMMOX reaction. Nitrate concentration (dotted line in Figure
2.5 (b)) is expected to increase in the aerobic zone due to nitrification. All nitrate attenuation
reactions (i.e., denitrification, anaerobic ammonium oxidation, and inorganic nitrogen
assimilation into the plant and microbial biomass) occur in anaerobic regions of the hyporheic
zone; therefore, nitrate concentration will decrease in anaerobic regions (Figure 2.5).
Production of dinitrogen gas (solid line in Figure 2.5 (b)) starts when the hyporheic zone

becomes anaerobic and will reach an equilibrium when residence time exceeds reaction times.

Y _--

Nitrification,  NH] » NO3

Ammonification, {NHs}sy — NHS

»
»

Denitrification, NO; — N,0 = N,
ANAMMOX, NHf + NO; — N,
DNRA, NO; — NH;

(a)

Yv v ¥y

NA, NH; — plant and biomass |

nitrogen species/]

T
1

1,

1

1

1

1

1

1

1

1

Concentration of '
.

1

1

In-stream '
1

1

1

1

T

b
( ) NHI .—.—.---—rlr_"‘_: —
NOy ~-—_L
! 1
L 1
' | residence time (1)
A : :
Hyporheic ' '
length scale C 0 !
1 LongerRT 0 — N,
0 1
In-stream L :
NH} . :
no,—> (B _ : :
(€} {NHs}op Intermediate RT: —— N,0 :
: :
! 1
! 1
! 1
! 1
ShortRT  (—» NO;! |
1 I R
Transition to anaerobic Reaching residence time (t)
conditions equilibrium

Figure 2.4 Effect of different scales and reactions on nitrogen evolution in the hyporheic zone.
Residence time on the horizontal axis denotes the travel time of water entering the hyporheic
zone, and the first vertical dashed line shows the transition of the aerobic region into the
anaerobic region. (a) corresponding nitrogen reactions (basic conversions are given in red).
(b) Predicted variation of nitrogen species along streamline with respect to the residence time
(modified after (Zarnetske et al., 2011)). (c) Hyporheic length scales and their corresponding
residence times.

Following this conceptualization, we hypothesize that the existence of a channel feature with
optimum conditions (Residence time > Reaction time) is required for nitrogen removal

reactions to occur (C in figure 2.5). Larger channel features (and hence longer residence times)
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provide sufficient time for nitrogen attenuation reactions. For smaller channel features where
residence time is small relative to reaction times of complete aerobic and anaerobic reactions,
the nitrogen removal capacity will be limited by reaction rates (A in Figure 2.5). Under these
conditions, shorter residence times keep hyporheic streamlines always under aerobic
conditions promoting nitrification and thus more nitrate into the stream. When flow paths are
long enough for complete aerobic reactions but not sufficient for full anaerobic reactions, it
will result in nitrous oxide (N2O) emissions into the environment due to incomplete
denitrification reaction (Quick et al., 2016). From the residence time distribution for each scale/
stream features, we can conceptualize dunes being A in Figure 2.5(c) with shorter residence
times, alternate bar being B in Figure 2.5(c) with intermediate residence times and meanders
being C in Figure 2.5(c) with longer residence times. However, permeability of the hyporheic
zone will also affects the residence time and hence nitrogen transformation potential. At lower
permeability, residence time will be higher and also less nitrogen will be supplied to the
streambed, and a supply limitation will be encountered within the streambed, reducing the
streambed’s denitrification capacity. At higher permeability conditions, longer travel distances
will be required to achieve anaerobic conditions; the anaerobic zone will therefore contract

towards the upwelling region, and the transformation capacity of the streambed will be reduced.

2.2.6 Discussion

Hyporheic exchange models have generally been limited to specific scales or individual
geomorphic features. For example, several modeling frameworks have only been developed
for hyporheic exchange across rectangular dunes, ripple pool sequences, emergent bars, and
meanders. Even though this understanding has provided a great insight into nitrogen cycling in
the hyporheic zone, little has been done to understand nitrogen transformation behavior
produced by superposition of exchange at multiple scales and at basin scales. There are a few
physically-based models; NEXSS (Gomez-Velez and Harvey, 2014), MSM (Stonedahl et al.,
2013, Stonedahl et al., 2010) and Lateral HE throughout the Mississippi River Network (Kiel
and Bayani Cardenas, 2014) developed to study HE occurring at multiple scales. Integrating
nitrogen transformation processes with such models remains a significant challenge. However,
a recent study by Painter (2018) provides excellent insight for modeling multicomponent

reactive transport in rivers with respect to multiple scales.

The hyporheic zone can be a source or a sink of nitrate depending on the time the water parcel
spends in the sediment bed (residence time), demand for biological nitrogen, availability of

required substrates, and abiotic factors such as pH and temperature. Zarnetske et al. (2012) and
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Mazza et al. (2014) showed that the net nitrate source and sink function of the hyporheic zone
is primarily a function of water residence times and oxygen uptake rates. Application of PASS
model (Azizian et al., 2015) in a variety of freshwater and marine systems demonstrated that
river bedforms are almost always net sources of nitrate to the system due to short residence
times. Even though lateral HE (via alternate bars and meander bends) does not contribute much
for the net fluid flux, it has a favorable residence time distribution for denitrification (Kiel and
Bayani Cardenas, 2014). In-stream water chemistry also has a considerable influence on
nitrogen cycling in the hyporheic zone. The hyporheic zone could perform as a strong nitrate
sink in a nitrogen-rich agricultural stream (Hill et al. (1998); Storey et al. (2004)).

As discussed in section 4, the residence time and thus, the hyporheic flow lengths of channel
features have a significant effect on the nitrogen transformation. However, along a river, there
would be interactions across these channel features. These may connect with stream and with
other channel features laterally and vertically and can exert variation in nitrogen evolution
along the stream. It is to be expected that the flux-weighted distribution of residence times over
all channel features are essential in determining how these reactions interact to produce trends
in forms of nitrogen through the channel and hence supply of different nitrogen forms to the

sediments (Figure 2.5).

We propose a hypothesis that, if flux through short residence time units (typically bedforms)
is high relative to prolonged residence time units (typically river meanders), then nitrate
concentrations can be expected to climb. If flux through long RT units is large relative to short
RT units, then the nitrate concentrations can be expected to decline. Either way, it is the flux
through long residence time units that will regulate the extent of denitrification as a mechanism
of nitrogen removal. If this is low relative to Q/W (river discharge divided by channel width),
then not enough water passes through the streambed to have much influence on the stream

nitrogen concentrations.

This review shows that previous field, experimental, and modeling studies have targetted single
channel features, either a small scale bed form or larger scale stream meander. We observed
that though the physical understanding of hyporheic flow has stepped forward to include
multiple scales, the coupled understanding of nitrogen transformations in the hyporheic zone
is still constrained to a single geomorphic feature. One of the central problems is to identify

the most appropriate scale to model nitrogen dynamics in the hyporheic zone.
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The residence time of water in the hyporheic zone determines whether the hyporheic zone acts
as a sink or a source of nitrogen. In this study, we synthesized residence time distribution with
reaction times. The temporal and spatial regions of geomorphic features were studied in order
to see how they impact on nitrogen transformations. Our study finding suggested that bedforms
are potential sources of nitrate into streams and associated with more significant hyporheic
fluxes, which could provide more frequent nitrate into the stream. Even though meanders are
likely hot spots for nitrogen removal, relative contribution for total nitrogen reduction could be
low as meanders are associated with smaller pore water velocities. Water fluxes into the
hyporheic zone would determine the amount of substrate available for nitrogen reactions in the
hyporheic zone. Therefore relative flux across different geomorphic features is potentially the
critical factor that determines nitrogen transformation potential over a river reach containing
several geomorphic features. The difference in fluxes and hence the supply of nitrogen into the
hyporheic zone may impact on overall nitrogen transformation processes. Further studies are

required to quantify the relative contribution of various scales in river catchment scales.

2.2.7 Conclusions

This literature review argues that nitrogen cycling in the hyporheic zone must be understood
as a multi-scale system. The hyporheic exchange occurs over a wide range of geomorphic
features with widely varying residence time distributions and pore water flux, and reaction
times for the different nitrogen transformation also vary significantly. The topographic
structure of a stream can be complex, and interactions between various scale features could

result in complex hyporheic flow conditions, hence nitrogen attenuation potential.

Understanding significant microbial transformations of nitrogen in hyporheic sediments is
critical to the removal of excess nitrogen from streams. There is no well-defined agreement on
a biogeochemical model that is applicable in stream hyporheic zone. In previous studies, many
of the nitrogen transformation processes have been neglected without any apparent
justification, even though they are observed to have a significant impact on the field in river
sediments. Nitrification and denitrification have been the main processes studied in the last two
decades of hyporheic research history. However, there are other processes (ammonification
(mineralization), anaerobic ammonium oxidation (anammox), dissimilatory reduction of NO*
to NH** (DNRA), and inorganic nitrogen assimilation into the plant or microbial biomass) that

play important roles in the hyporheic sediments.
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Coupled physical transport and reaction kinetics control the nitrogen cycling in the hyporheic
zone. A greater understanding of these processes and their interaction will be important for the
design of river restoration measures to enhance streams function as natural biological filters
for pollutants such as excess nitrogen. However, the interaction between physical aspects and
stream nitrogen dynamics are poorly understood, and there is no clear mechanistic
representation at larger scales such as a watershed or a catchment. This literature review reveals
gradual advancements in physical flow models while there are still significant gaps in coupled

understanding.
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2.3 Hyporheic exchange in meandering channels and knowledge gaps

Over the last few decades, studies have focused on understanding the hyporheic flow occurring
at various channel scales/ features; including bedforms, alternate bars, and meanders, as
discussed in section 2.1. However, we observed that meandering morphology as an important
scale for nitrogen biogeochemical reactions to ensure the complete transformation of ammonia
and nitrate to harmless nitrogen gas. Several studies have examined hyporheic flow in
meandering rivers with field experiments (Fossing et al., 2004, Burkholder et al., 2008, Hoven
et al., 2008, Osenbriick et al., 2013) and provide evidence of longer residence times at meander

bends through field tracers and temperature profiles.

Several mathematical models have also been developed to explain the hyporheic flow in
meanders based on physical principles. Most of these are two-dimensional numerical models
that neglect any vertical flow (Boano et al., 2006, Cardenas, 2009a, Gomez et al., 2012,
Goldman et al., 2017). Cardenas (2008a) model captures two-dimensional behavior of
hyporheic flow in meandering streams due to lateral HE. This model considers the hydrostatic
head when calculating the pressure distribution along the WSI. Recently, several three-
dimensional numerical models have also been developed to describe hyporheic flow in
meandering rivers to examine water flow fields (Fossing et al., 2004, Balbarini et al., 2017,
Pescimoro et al., 2019, Stonedahl et al., 2013, Stonedahl et al., 2010). However, all these
studies use the river head gradient (based on the river valley slope) as the primary driver of the
hyporheic flow. Even though its well known that hyporheic flow at small scale topographic
features is typically characterized by river hydraulics (Boano et al., 2013, Cardenas and Wilson,
2007a, Chen et al., 2015, Tonina and Buffington, 2007, Tonina and Buffington, 2011),
meandering rivers have not been studied considering river flow conditions. Additionally,
natural meandering rivers are comprised of point bars at the inner bank of meanders spanning
from one side to the other (creating riffles and pools) and associated secondary currents within
the channel due to meandering curvature. These features are likely to produce significant
vertical hyporheic flow in addition to lateral flow, contrary to the assumptions used for two-

dimensional modeling.

Boano et al. (2010a) has been the first to study hyporheic flow induced by the meandering
channels considering surface flow and meandering morphology. This study highlights the
existence of vertical flux due to the point bar morphology. However, this theoretical
understanding requires field or laboratory validation in order to confirm the nature and extent

of exchange processes happening in the hyporheic zone of meandering channels. There is no
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published research based on laboratory investigation of hyporheic flow characteristics driven

by river meanders.

Furthermore, in section 2.1, we argue that hyporheic flow behavior needs to be understood at
the catchment scale. This requires a well-defined characterization of residence times and flux
at each scale of interest. Even though residence and flow characteristics are well defined for
dune-like bedforms (Cardenas and Wilson, 2007b, Cardenas et al., 2008, Elliott and Brooks,
1997a, Elliott and Brooks, 1997hb), fully submerged pool-riffle morphology (Marzadri et al.,
2010) and for partially submerged pool-riffle morphology (Tonina and Buffington, 2007,
Tonina and Buffington, 2011), there is a need for further analysis and characterization of these
properties for meanders.

2.4 Overall aim and research questions

Based on the above-mentioned research gaps in available literature, my PhD research is aimed
to identify the primary mechanisms that drive hyporheic flow in meandering rivers and
model hyporheic flow field within meanders and apply this model to establish the impacts
of meandering morphology and river flow conditions on water flux and residence time
distribution in the hyporheic zone. This overall aim will be achieved through a series of
specific research questions listed below:

1. How meandering wavelength, stream discharge, and slope affect the residence time
distribution (RTD) in the hyporheic zone?

2. What are the processes driving hyporheic flow in meandering streams?

3. How meandering morphology impacts flux and RTD in meandering streams?

4. How does meandering morphology impact hyporheic nitrogen cycling?
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Chapter 3: Stream meander wavelength affects
hyporheic residence time: Implications for

nitrogen processing

Chapter three presents the research methodology, results, and discussion to answer research
question one (How meandering wavelength, stream discharge, and slope effect on the residence
time distribution (RTD) in the hyporheic zone?) of my Ph.D. research and is presented as a
journal article (Paper 2). | have used a comprehensive experimental approach based on a range
of conservative tracer experiments conducted in a recirculating flume. There are no previous
laboratory simulations performed to estimate residence time distributions in river meandering
morphology, as most laboratory analyses are restricted to small scale topographic features such
as dunes and riffle-pools. Laboratory experiments were conducted at the University of
Melbourne, Burnley campus by varying channel discharge, meander wavelength and channel
slope. Experimental channels present three-dimensional morphology. Additional details on
experimental apparatus including physical dimensions, sediment properties, and experimental
design, are demonstrated in the method section of the paper. Experimental results demonstrated
that the hyporheic exchange (solute residing time and interfacial water flux into the surface)
through meanders are primarily influenced by channel flow rates and meander wavelength. To
better understand the interactions of channel flow and characteristics of the meandering
morphology, we require a more detailed understanding of processes occurring in the hyporheic
zone. The sound findings of these laboratory experiments motivated me to develop a model for

meandering streams, which is my second research question.
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Paper 2: Stream meander wavelength affects hyporheic residence time:

Implications for nitrogen processing

3.1 Abstract

The hyporheic zone has been identified as an important region for removing excess nitrogen
loads from rivers and wetlands. Of the many geomorphic features that contribute to hyporheic
flow, meanders are particularly crucial for these biogeochemical reactions. Meanders provide
longer residence times, which can support more significant improvements in water quality than
any other channel feature. However, residence times of meander-driven hyporheic flow is
poorly understood. We conducted a set of flume experiments to investigate the impact of
meander wavelength and discharge on solute transport. Experimental meanders were created
as low gradient sand bed rivers with three-dimensional meander morphologies extending over
a range of wavelengths and discharges. Residence time distributions and water fluxes into the
bed were estimated from an advective pumping model, and breakthrough curves of a
conservative tracer (Rhodamine WT) added into the surface flow. A comparison of the
observed residence time distributions demonstrated that both discharge and meander
wavelength affect the residence time distribution. However, hyporheic flow is most affected
by advection. The average residence time is proportional to the wavelength and inversely
proportional to the stream discharge. This study presents the first laboratory analysis of solute
transport through meandering streams. Meander induced hyporheic flow exhibits similar
behavior as bedforms and alternate bars in the field where flow and channel morphology
controls water transport into river sediments. Changing stream velocity and meander
wavelength affect residence times and water flux into the sediment bed, hence affecting rates
of biogeochemical reactions. These findings can potentially be incorporated into river
restoration practices to design rivers as natural nitrogen filters. This study represents a step
forward for the analysis of large-scale channel features and their residence times, which are
less understood in hyporheic literature but are very important for biogeochemical cycling in
rivers. Our results show that the meander wavelength has a major effect on hyporheic residence
time, demonstrating the importance of this little-studied aspect of channel structure. Most
importantly, the channel flow rate affects residence time highlighting the importance of

considering river hydraulics in modeling hyporheic flow through meanders.

Keywords: meandering rivers, hyporheic flow, residence time, downwelling flux, flow rate,

wavelength, sinuosity
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3.2 Introduction

Human activities are increasing the rate at which nitrogen compounds enter water bodies
(Evrard et al., 2012, Hoven et al., 2008, Zarnetske et al., 2012, Galloway et al., 2008). Even
though nitrogen is an essential element for ecological life, many adverse effects arise when
water bodies receive excessive amounts, including blue-green algal blooms, eutrophication,
emission of greenhouse gas (N20), and toxic on fish other aquatic life (Fields, 2004, Follett
and Hatfield, 2001). Catchment-scale interventions to reduce nitrogen delivery rates, such as
the construction of riparian buffer, can be costly. Therefore, major research and management

practices are essential to promote the processing and removal of nitrogen in streams.

Hyporheic zones of rivers, saturated sediment layer where exchange of surface and subsurface
water happens, provide significant benefits to the river ecosystem, especially for the natural
nitrogen removal processes of streams (Azizian et al., 2017, Bardini et al., 2012, Dahm et al.,
1998, Gomez-Velez and Harvey, 2014, Marzadri et al., 2014, Pinay et al., 2009, Zarnetske et
al., 2012). Portion of the river water continuously circulates through the hyporheic zone and
gets longer contact times with sediment biota and microorganisms. This flow occurs due to the
hydraulic head gradients at the water-sediment interface (Boano et al., 2014). Different
geomorphic features are associated with varying pressure gradients and flow path lengths,
hence the time that water flux spends in the hyporheic zone. From many different geomorphic
features that contribute to HE, such as ripples, dunes, riffle-pools, meanders, and alternate bars,
our previous study suggested that meanders provide sufficiently long residence times, which is
essential for nitrogen biogeochemical cycling (Chapter 2).

Residence time and flux are the key variables controlling the biogeochemical capacity of the
hyporheic zone (Boano et al., 2010a, Boano et al., 2010b, Cardenas, 2008b, Gomez-Velez et
al., 2017, Marzadri et al., 2011, Tonina and Buffington, 2007, Zarnetske et al., 2011). However,
there is a lack of understanding about how meanders influence the residence time and water
flux into the hyporheic zone. Even though several previous experimental and modeling studies
(Azizianetal., 2017, Cardenas et al., 2008, Cardenas and Wilson, 2007a, Cardenas and Wilson,
2007b, Elliott and Brooks, 1997a, Elliott and Brooks, 1997b) focus on HE occurring at small
scale features like bedforms; there is lack of studies investigating residence time through
meanders. A few mathematical models and laboratory experiments have dealt with meandering
morphology, but they do not provide a reasonable explanation for meander induced hyporheic
flow behavior (residence time distributions and flux). Stonedahl et al. (2010) conducted a flume
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experiment with meandering morphology, but this experiments only measures variations in the

hydraulic pressure at the water-sediment interface.

Hyporheic flow through meanders are known to be driven by river sinuosity and valley slope
of the river considering meanders as large channel features (Cardenas, 2009a, Stonedahl et al.,
2010, Tonina and Buffington, 2011). Flow is controlled by the gravitational variations induced
by water depths. Given the importance of the channel curvature (sinuosity), river velocity could
also exert a significant effect on the hyporheic flow. The literature reports generation of
secondary currents in rivers due to the channel curvature, which could change subsurface
hydraulics as well. Apart from that, the meander wavelength is also an important parameter
that determines the size of the river. Therefore, it is crucial to improve our understanding of
how these factors influence water flow through the hyporheic zone of meandering streams. The
objective of this study was to examine the hyporheic exchange and associated residence time
distributions of solute in the hyporheic zone of meandering streams (low gradient sand bed

streams) for a range of wavelengths and discharge.

To achieve this objective, we performed a series of dye tracer experiments in a recirculating
flume with meandering morphology. We introduced a known amount of Rhodamine WT as a
conservative tracer to the flume channel to capture surface subsurface solute exchange by
measuring tracer decay rates. Twelve experiments were carried out spanning over a range of

meander wavelengths, discharge, and river slopes.

3.3 Hyporheic flow experiments through meandering rivers: laboratory

tracer experiments
We conducted 12 conservative tracer experiments in a recirculating flume with uniform flow
conditions to examine the effect of meander morphology (wavelength and sinuosity) and river
discharge on residence time distribution in the hyporheic zone of meandering rivers. The
experiments included three different planform geometries, two meandering channels of varying
wavelengths, and a straight channel. Channel slope and flow rate were varied across each of
the four experiments for each of the three channel planforms (Table 3.1).
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Table 3.1 Channel morphology and hydraulic characteristics of experiments. The average
velocity at the outlet was calculated from the flow rate and the cross-sectional area at the
outlet. Meandering planform characteristics are defined in Figure 3.2. Sinuosity is the ratio
between channel length and the flume length.

Wavelength | Amplitude | Sinuosity | Flow rate Slope Average velocity

A, (m) A, (m) ML (L/s) at the outlet (m/s)
Expl 2.4 0.4 1.23 0.95 0.0033 0.06
Exp2 2.4 0.4 1.23 1.12 0.0033 0.07
Exp3 2.4 0.4 1.23 1.5 0.0033 0.10
Exp4 1.7 0.2 1.1 0.44 0.0033 0.03
Exp5 1.7 0.2 1.1 0.74 0.0033 0.05
Exp6 1.7 0.2 1.1 15 0.0033 0.10
Exp7 Straight - 1 0.44 0.0033 0.03
Exp8 Straight - 1 0.74 0.0033 0.05
Exp9 Straight - 1 0.44 0.0058 0.10
Expl10 Straight 1 0.74 0.0058 0.05
Expll 2.4 0.4 1.23 1.5 0.0058 0.10
Expl2 1.7 0.2 1.23 1.5 0.0058 0.10

3.3.1 Experimental setup

3.3.1.1 Flume setup and morphology generation
The experiments were conducted in a recirculating flume, 13.6m long, 1.6m wide, and 0.6m

deep (Figure 3.1) at the University of Melbourne, Burnley campus. The experimental sediment
bed was 12m long, which was five times the maximum experimental meander wavelength, and
the average sediment depth was 0.5m. The flume also had an upstream tank (0.6m long, 1.6m
wide and 0.6m deep) to deliver water into the channel smoothly by reducing turbulence at the
upstream end and a downstream tank (1m long, 1.6 wide and 0.6m deep) to receive water from
the channel and act as a sediment trap to protect the pump. The width of these tanks was
reduced in order to reduce the mixing time of the Rhodamine tracer (see below) outside of the
sediment bed. Effective widths of upstream and downstream tanks are 0.7m and 0.8m
respectively. A water level control unit (TUNZE 5017) in the downstream tank of the flume
compensated for water losses through evaporation to maintain a constant water volume through
the experiment. A V-notch flow meter attached at the end of the flume was used to measure

the discharge rate of the flume.
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Figure 3.1 Schematic diagram of the flume, including flow rate controlling arrangement.

The sediment bed was constructed using filter sand with a median grain size of 1.37mm (Table
3.2). The sand’s hydraulic conductivity was measured using a constant head permeameter in
the Geotechnical laboratory at The University of Melbourne and determined to be 0.11cm/s.

The sand’s porosity was 0.39.

Table 3.2 Grain size distribution (% retained).

Sieve (mm) Portion of sand by mass (%)
>3.35 0.0
3.35-28 14
2.8-2.35 5.8
2.35-2.0 9.5
20-17 14.2
1.7-14 30.3
14-1.18 23.7
1.18-1.0 6.2
<10 8.6

The experimental set-up in this study are designed to represent natural low gradient meandering
channels with a regular sequence of meander bends. The channel was created in two steps,
firstly a meandering channel was excavated in the sediment bed, and water was recirculated
through the flume with a higher velocity than the selected experimental flow conditions that
might mobilize sediments on the bed. The objective of this step was to create more natural
planforms.
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Published relationships between riverbed slope, discharge, channel cross-section, meander
wavelength, and amplitude were considered when designing the experimental conditions. The
two riverbed slopes and the corresponding discharges used in our experiments (Table 3.1) were
selected based on Lane, 1957’s threshold values for meandering streams to sustain the
meandering morphology; 0.004Q7 %25 > § > 7 x 107#Q %25, We used these relationships
combined with Manning’s equation to determine the channel width, depth, discharge, and slope
for each experiment. The average channel width was 40cm, and the average channel depth was
4cm, creating a depth to width ratio of 10.

The primary characteristics of meanders (i.e., Wavelength, sinuosity, and amplitude) were
designed based on meandering river planforms studies by Stonedahl et al. (2010) and Leopold
and Langbein (1966 ). We used 2.4m and 1.7m meander wavelengths with 0.4m and 0.2m
amplitudes respectively (Table 3.3)

Table 3.3 Planform dimensions.

Width, W /m 0.4
Meandering morphology 1 2 3
Wavelength, A /m 2.4 1.7 Straight
Amplitude, A /m 0.4 0.2 0
Belt width, Wy /m 1.2 0.4 0.4
Sinuosity, J 1.23 1.1 1

The shape of the meanders were developed using a sine-generated curve method (Mecklenburg
and Jayakaran, 2012, Mohamad et al., 2015). Equations for the radius of curvature (R) and arc

angle (0) are as follows:

}\]1.27

= — eql

16.34+//J—-1 ( g )

o _ cos-1 16R2—8AR+AV4A2—16RA+A? (eq 2)
- 4A2-16RA+ A2+16R2 g
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Wavelength, A

A
A 4
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Figure 3.2 Meandering planform (Williams, 1986) (Mecklenburg and Jayakaran, 2012,
Mohamad et al., 2015).

The sand bed was molded into pre-designed meandering channel shapes for each experiment
using wooden templates (Figures 3.3). The slope of the sediment bed was created by grading
the sand with a wooden block on top of two sidebars that had already been fixed to the flume

walls with the required slopes (Figure 3.3).

Meandering shapes of the channel were crafted by hand using plywood templates for the
desired cross-sections and planform shapes. The channels were initially constructed using a
uniform trapezoidal cross-section with a bankfull width of 40cm and a depth of 4cm.

Figure 3.3 Construction of meandering morphology using wooden structures.

A FARO Scanner was used to measure the bed morphology of the flume to enable us to use
real bed geometry in the model as well as to compare results with other studies such as
Stonedahl et al. (2010). The flume was emptied before taking scans. Four high-resolution scans

were taken for each experiment from four directions in order to capture hidden edges from each
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side. The scans were merged together in FARO software to get a final scan of the sediment

bed. Unnecessary parts were removed, and the final scan was meshed in CloudeCompare.

A manual point gauge was used to measure water depth elevation for each discharge and
channel shape. These measurements were taken along 15 longitudinal transects across stream

widths placed with 50cm spacing.

3.3.1.2 Dye tracer experiments
Rhodamine WT, a conservative tracer, was used to estimate volumetric flux across the

sediment-water interface and residence time distribution for solutes within the sediment bed.
Dye concertation was recorded every minute in the downstream tank using Stainless Steel
Cyclops-7 Rhodamine WT Optics to measure Rhodamine WT concentration change in each
experiment. Rhodamine WT was introduced into the channel in two places in order to create
the same concentration of Rhodamine in tanks and channel water as quickly as possible. We
introduced Rhodamine at the downstream end of the flume and at the upstream tank; at the
second location, we used manual mixing to ensure complete mixing. The concentration of
Rhodamine was continuously monitored until it approached equilibrium concentrations,

typically 3-4 days.

@ (b)

Figure 3.4 (a) example of a tracer experiment (b) scanned bathymetry of the channel bed (2.4m
meander wavelength, 0.8m amplitude, and 0.74 I/s discharge).
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3.3.2 Analytical development and calculation of hydraulic residence time

distribution and flux from tracer experiments

3.3.2.1 Calculation of residence time distribution and mass transfer
The residence time distribution (RTD) is very important for biogeochemical reactions
occurring in the sediment bed. Water parcels exhibit nested flow pathways in the sediment bed

and will exit the bed at different time intervals. Therefore, there is a distribution of residence
times in the sediment bed. This can be expressed as a probability density function E(rf). s IS
the final age of a water parcel when it exists in the sediment bed. The quantity E(rf)dr is the
fraction of water exiting the sediment bed that has spent between t and t + dt time in the bed.

In hyporheic literature, a cumulative distribution function R () of the RTD is mostly used and

defines the fraction of water that remains in the bed after an elapsed time .

The net mass transfer into the hyporheic zone is calculated using the residence time function,
R(7), used by Elliott and Brooks (1997b), defined as the fraction of solutes entering into the
stream bed at time t = 0 that remain in the bed after an elapsed time t. The net mass transfer
into the streambed, m(t), is a function of residence time, R(t) which is the averaged R(7) over
the whole sediment bed. Relationship among m(¢t) and R(t) can be given as Elliott and Brooks
(1997b);

m()Co = g [, R(x) C(t — 1) de (eq 3)

Where m(t) is defined as the mass accumulation per unit plan area of the stream bed divided
by the initial concentration, C, and has the dimensions of length. Also, g is the average water
flux into the sediment bed and C, is the initial in-stream solute concentration. C(t — ) is the

concentration of in-stream solute at time (t — 7).

The net mass transfer to the sediment bed is also related to the average solute penetration depth

into the stream bed through a simple mass balance (Salehin et al., 2004) as;

dr

() = a'+m(t) 0

(eq 4)

d' is the total volume of recirculating water in the flume per unit bed surface area (effective
depth). 6 is the porosity of the sediment bed. C*(t) = C(t)/C, is the normalized in-stream

solute concentration at time ¢.
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Rearranging the above equations, we arrive at the bellow expression for average cumulative

residence time distribution,

R@t) =11 {L{f{[g—iz;”} (eq 5)

The breakthrough curves of tracer concentration measured in flume experiments were used to
determine the average cumulative residence time distribution (R(t)) function and the net mass
transfer into the bed using the above relationships. This was solved using Wolfram
Mathematica.

We observed that solute breakthrough curves C*(t) = C(t)/Csiqre, (Where Ciqre 1S the initial
Rhodamine concentration in stream water) of our flume experiments follow an exponential
decay distribution. Therefore, when calculating experimental RTDs, we have first fitted solute
breakthrough curves with an exponential decay function. The fitted curve was with two decay

rates as shown in the expression below,
C*(t) = (1 =CL)ae ™™t + (1 —a)e™*2t] + C, (eq 6)

Where, C, is equilibrium concentration, a is the mixing factor and k,; and k; are first and

second exponential decay rates, respectively.

The fitted breakthrough curves of tracer concentration measured in flume experiments were
then used to determine the average cumulative residence time distribution (R (¢)) function using

the relationship in equation 5.

3.3.2.2 Calculation of hyporheic flux into the sediment bed

The flux of solute entering the sediment (q) is required to calculate residence time distribution
from flume tracer experiments. q is the volume flux into the sediment bed. In an ideal scenario,
the interfacial flux can be determined by the slope of the concentration decay curve at t=0
(Salehin et al., 2004). At this point, the concentration of tracer in the surface water is

maximized, and the concentration of tracer in the subsurface is zero.

Thus, the quantity of tracer concentration transferred into the sediment bed (downwelling) in
the first instance represents the actual flux of water to the hyporheic zone. However, at this
movement, water trapped in the bed comes back to the channel (upwelling), affecting solute
breakthrough curves. Therefore, the slope of the concentration decay curve at t=0 does not

exclusively represent the concentration loss due to hyporheic flux and requires further
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calibration. The interfacial flux calculated based on the concentration decay data represents the
maximum possible flux where no other exchange processes are occurring, and the actual flux
value is likely to be lower. Therefore, we applied a trial and error approach to calculate the
actual flux to the sediment bed. First, we started with the flux as the value of the slope of the
breakthrough curve at t=0. Then the cumulative residence time distribution was calculated
using this value. We already know that at t=0, the cumulative distribution function should equal
to 1 as none of the solutes has entered the sediment bed. Therefore, the flux value was iterated
until the cumulative residence time distribution curve started at 1 using Wolfram Mathematica

and used that flux value for further research.

3.4 Results

3.4.1 Residence time distributions

The exchange of solutes at the water-sediment interface happens in two stages (Figure 3.5).
Solutes are passed through the bed to the channel rapidly at the beginning of each experiment,
but the exchange rate decreases comparatively over time (Figure 3.5). More than 50% of the
solute exchange happens within this initial rapid exchange phase. The remainder of the

exchange happens slowly until the surface and subsurface water reach equilibrium.

1
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Figure 3.5 Average residence time distribution of Rhodamine in the sediment bed for different
channel flow rates for the meander wavelength of 2.4m and the slope of 0.0033. Red continuous
line shows the median residence time.

We observe that increasing the river discharge reduces the length of time solutes remain in the
subsurface for all the meander topographies used (Figure 3.6(a-c)). Higher discharges produce

comparatively rapid initial exchange, and hence large fraction of solutes are associated with
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shorter residence times. This is similar to previous results found for flume studies with dune-
riffle morphologies; (Elliott and Brooks, 1997a, Salehin et al., 2004) due to the advection
pumping induced by dynamic pressure gradient. However, in meandering channels higher
velocity induces larger warping of the water surface (superelevation) at the bed and hence
increase in piezometric head. Therefore, there are larger fraction of solutes that are associated

with shorter residence times.
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Figure 3.6 Average residence time distribution of Rhodamine in the sediment bed for different
channel flow rates grouped according to the meander wavelength (a) 2.4m wavelength (b)
1.7m wavelength and (c) straight channel.

Increasing the river slope decreases the residence time of solutes remaining in the subsurface
(Figure 3.7). This is due to the increased hydrostatic pressure acting on the stream bed. The
relative size of the meanders is large, and hence water surface would exert variation in water

depths and static pressure acting on the stream bed.
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Figure 3.7 Comparison of average RTDs with different slopes, but with same channel shapes
and flow conditions.

The effect of meander wavelength on RTD can be found by comparing experiments 3 to 6, 4
to 7 and 5 to 8, all of which were performed at the same flow rates and channel slopes but with
different meander wavelengths (Figure 3.8). Meander wavelength has a substantial impact on
hyporheic residence time. Water spends longer times in the sediment bed when meander
wavelengths are large. For a given discharge, an increase in wavelength increases the length of
water flow paths between meanders and hence, the residence times. In contrast, for a given
wavelength, an increase in sinuosity decreases the distance between meander peaks and flow
path lengths, decreasing solute residence times. Even though the meandering planform with
2.4m wavelength has a high sinuosity of 1.23 compared to 1.1 for the wavelength 1.7m case,
the distance between meanders is large for wavelength 2.4m. Experiments 7 and 8 were straight
channels with frequent dunes on the bed and shorter residence times compared to experiments
4 and 5 with a wavelength of 1.7m (Figures 3.8(b) and 3.8(c)). This is due to the high number

of short flow paths that would accelerate the surface water mixing with the sediment bed.

48



Chapter 3

(a) Q=1.5 I/s, s=0.0033

0.8
a 0.6
-
= 04 Exp3, A=2.4m
----- Exp6, A=1.7m
02 r
O L i 13313l L a3 a3l
0.01 0.1 1 10 100 1000
Time [hours]
(b) Q=0.44 I/s, s=0.0033
=TT
08 F
06 |
=
o Exp4, A=1.7m
04
----- Exp7, straight
02 Y
AY
\\
0 N ERTT] AR AR L™ ol blL]
0.01 0.1 1 Time [hodR) 100 1000
(c)Q=0.74 |/s, s=0.0033
08
06 |
[
= Exp5, A=1.7m
04 F - Exp8, straight
0.2
0
0.01 0.1 ITime [hours}0 100 1000

Figure 3.8 Average residence time distribution of Rhodamine in the sediment bed for different
channel planform morphologies grouped according to the channel flow rates (a) 1.5 I/s flow
rate (b) 0.44 |/s flow rate and (c) 0.74 I/s flow rate.
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3.4.2 Interfacial downwelling water fluxes into the sediment bed

Interfacial water flux represents total water volume that comes into the sediment bed per unit
time per unit volume. Interfacial water flux values for all twelve tracer experiments are
summarised in Figure 3.9. This represents how channel discharge, meander wavelength, and

channel slope effect on downwelling water flux.

Downwelling flux increases with an increase in river flow rate and slope (Figure 3.9). The
experimental results do not show a very clear relationship between meandering morphologies
and average downwelling flux (Figure 3.9). However, in general, |1 have observed higher
downwelling fluxes for wavelength 2.4m compared to that of wavelength 1.7m. However,
more experiments with varying meandering wavelengths are required to better conclude the

influence.
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Figure 3.9 average interfacial flux into the bed calculated from solute breakthrough curves,
q’x=q/q_max, where g max is the most significant mean interfacial flux (Exp 12: 1.7m
wavelength had the maximum interfacial flux value) verses channel discharge.

Higher river velocities generate more acceleration of river water (increased kinetic gradient)
near meander beds forcing more water fluxes into the sediment bed. Generally, downwelling
water flux increases with river slopes because of the increased hydrostatic head gradients.

Cardenas (2009a) also found that increasing the valley slope increased the downwelling flux.
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3.5 Discussion

3.5.1 What processes might drive hyporheic flow through meanders?
Breakthrough curves of the tracer experiments show that the exchange of solutes at the water-
sediment interface happens in two stages; 1) a rapid initial exchange of solutes that
characterizes either short flow paths or fast pore water velocities in the hyporheic zone and 2)
a second stage of slow mixing associated with either long flow paths or slow pore water
velocities. Solutes are passed through the bed to the channel rapidly at the beginning of each
experiment, but the exchange rates are reduced comparatively over time. Most of the exchange
happens in this first stage (more than 50% reduction in solute concentrations) of mixing. The
presence of two exchange rates has also been observed by Tonina and Buffington (2007) and
Salehin et al. (2004) for riffle-pool channels, characterized as shallow and deep sediment layer
mixing by the influence of surface water flow. However, for meandering streams, literature
ignore some of the processes when demonstrating the conceptual basis of these observed
hyporheic exchange rates.

Hyporheic flow occurs due to the hydraulic head gradient developed at the stream bed. This
accounts for both hydrostatic and dynamic pressure components. Hyporheic flow through small
topographic features such as (fully submerged bedforms) is known to be influenced by dynamic
pressure gradients, which is a function of channel flow rate (Cardenas and Wilson, 2007a,
Cardenas and Wilson, 2007b, Elliott and Brooks, 19973, Elliott and Brooks, 1997b, Tonina and
Buffington, 2007). Hydrostatic pressure has minimal impact as the differences due to bedform
morphology are small compared to river water heights. Therefore, hyporheic flow through
small bedforms are induced by variation in the dynamic head distribution over the bedform.
Previous literature has assumed that hyporheic flow through meandering beds is driven by the
hydrostatic head and is minimally affected by river hydraulics (Boano et al., 2006, Cardenas,
2009a, Gomez et al., 2012). This is caused by comparatively large size (and hence substantial
impacts of gravitational head) of water flow depths. However, residence time and downwelling
flux are influenced by both dynamic and gravitational pressure gradients.

We observed that increased channel flow rate reduces the residence time of solutes in the
sediment bed and increases interfacial water flux. On the other hand, large wavelengths provide
an increase in residence times, but sinuosity would decrease water residence times. At a
meander bend, high-velocity areas are generated near the outer bank of the bend due to the

point bar cross-section and bend curvature (Kasvi et al., 2017) and produce acceleration of
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river water. Therefore, the dynamic pressure component increases and exerts advective water
pumping into the sediment bed. For higher velocities and large meanders, water flow exerts a
dynamic pressure component due to water velocities and a static pressure component due to
water depths. Water can enter the sediment bed from the outer bank of the meander bed where
pressure is high (influenced by the high velocity and water depth) and may return to the channel
at the inner bank of the meander bend where pressure is low (due to the separation of the flow

from inner bank to the outer bank).

3.5.2 Effect of river discharge, meander morphology and channel slope on
downwelling water flux

The experimental results do not show a direct relationship between meandering wavelength
and average downwelling flux. For the lower river slope used, increasing meander wavelength
cause an increased in downwelling flux, but for the higher slope used in the experiments, we
observed a sharp reduction in flux with increasing the wavelength. Previous literature also
reports that increasing sinuosity causes increased downwelling flux due to the increased
hydraulic head on the bed(Boano et al., 2006, Cardenas, 2009a, Gomez et al., 2012, Stonedahl
et al., 2013). Generally, increasing meander wavelength causes a decrease in interfacial flux
(Figure 3.9). We cannot conclusively determine whether the change is directly caused by
wavelength or sinuosity, as we have only two cases. For a given discharge, an increase in
wavelength (or sinuosity) increases the surface area available for the exchange, hence
increasing the interfacial flux. Our results for the straight channels with dune-riffle
morphologies show high flux values compare to meandering channels for the same discharges.

Dunes have added more flux to the sediment bed compare to meander induced flux.

The fact that hyporheic residence times and downwelling flux are influenced by discharge and
river morphology suggest that there is a complex interaction between channel flow conditions
and channel morphologies on the solute transport characteristics. We believe that consideration
of river hydraulics in modeling of hyporheic flow through meanders are important as the
channel curvature would exert advective pumping of river water into the sediment bed. In our
experiments, we did not vary sediment properties and alluvium volume, which are also

influencing factors as identified in previous literature (Tonina and Buffington, 2007).
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3.5.3 Implications for management

The results of our experiments suggest that there is complex hydraulics in the subsurface layer
of meandering channels, which exerts complex spatial and temporal variations. Most of the
nitrogen biogeochemical reactions occurring in the hyporheic zone are primarily influenced by
the flux and residence time. Nitrogen oxidation reactions (i.e., nitrification and
ammonification) occur in aerobic conditions while most nitrogen reduction reactions (i.e.,
Denitrification and anammox) occur in anoxic environments. When river water first enters the
hyporheic zone, it is high in dissolved oxygen and create aerobic regions near downwelling
areas. As the water passes through the hyporheic flow paths, oxidation reactions use oxygen as
a terminal acceptor creating anaerobic conditions in the rest of the flow path. Reduction
reactions convert nitrate into dinitrogen gas, so it can escape from the river system. Therefore,
long residence times are essential to support anaerobic reactions. Our study shows that
favorable hyporheic residence times are achievable by controlling river flow rates, meander
wavelengths and river slope.

However, overall reaction rates are affected by the rate at which reactants are supplied, which
is dependent on the downwelling fluid flux and in-stream concentration. This leads to
competition between reactant supply and demand resulting in nonlinear and nonmonotonic
dependence of reaction rates on hyporheic flux (Chen et al., 2015). The results of our study
indicate that this nonlinear competition is potentially more complex for meanders because of
how hyporheic flux and volume depend on surface flow characteristics and meandering
morphology.

Therefore, the right balance between downwelling fluid flux and residence time is critical.
Rivers can be natural treatment units if these conditions are met. Dunes have large flux values
but short residence times, which would result in incomplete nitrogen removal. However,
meanders can induce considerably large interfacial flux and longer residence time, which could
effectively remove nitrogen from stream ecosystems.

Beside its ability in processing river nutrients, hyporheic zone contributes for stream ecological
services such as providing accommodation for macroinvertebrates and hyporheic organisms
(i.e., hyporheos), pollutant buffering and regulation of river water temperature (Hester and
Gooseff, 2010). For all these important ecological services, hyporheic residence time and flux
are important parameters. Hence hyporheic restoration by controlling these two factors are a
critical step toward restoration of stream ecosystem (Hester and Gooseff, 2010, Hester and
Gooseff, 2011).
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3.6 Conclusions

In this work, we performed laboratory tracer experiments to study flux and residence times of
solutes in the hyporheic zone of meandering rivers. This study would be the first flume
experiments to study solute transport in meandering rivers. Our experimental results suggest
that changing meander morphology and stream velocity will affect residence times and water
flux into the sediment bed. Solutes breakthrough curves of our experiments show that there are
two stages of mixing occurring in the hyporheic zone of meandering rivers, conveying possible
complex spatial and temporal variations of hyporheic flow. This will create different
surroundings (aerobic and anaerobic zones) for the microbial community, and hence affecting
rates of biogeochemical reactions. These findings can be incorporated in river restoration,
channelization, and environmental flow practices into design rivers as natural treatment units
for water-borne pollutants. We believe that future research must aim to get a deep
understanding of fate and transport processes of pollutants occurring in the hyporheic zone of
meandering rivers through numerical modeling and field experiments to support improved river

management solutions.
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Chapter 4: Modeling hyporheic flow in meandering

rivers

Chapter 4 describes the three-dimensional numerical model developed to answer research
question 2 (What are the processes driving hyporheic flow in meandering streams?) of my
Ph.D. research and presented as a journal paper (Paper 3). This model has been developed by
combining several existing models (Boano et al., 2006, Cardenas, 2009a, Gomez et al., 2012,
Stonedahl et al., 2013, Stonedahl et al., 2010, Boano et al., 2010a) and tested for six
experimental runs discussed in chapter 3. The methodology section of the paper presents
mathematical modeling of surface-subsurface flow, morphology modeling, and numerical
simulations conducted to determine hyporheic flow paths and solute transport characteristics
in the hyporheic zone. Numerical simulations and particle tracing were carried out in COMSOL
Multiphysics software. The model performed well (R? of 0.95) in reproducing residence time
distributions of laboratory tracer experiments. Graphical visualization of particle movement
showed that particle movements are not only in the direction (longitudinal flow) of streamflow
but also parallel (lateral pumping) to the stream flow direction at meander bends. This
longitudinal movement of particles is due to the channel slope at the scale of meander
wavelength, and lateral movements of particles are due to surface water acceleration at the
curvature of meander bends (at the scale of channel width). Given the two major processes
controlling flow in meandering rivers, | extend my research to identify the relative effect of
meandering morphology on residence time distributions and flux in the hyporheic zone as

research question 4 in chapter 5.

55



Chapter 4

Paper 3: Modelling hyporheic flow in meandering rivers

4.1 Abstract

Meandering channels are particularly important for solute transport in the hyporheic zone and
thus fate and transport of water-borne environmental contaminants, as meanders are large
topographic features and produce longer residence times in the hyporheic zone. However, our
understanding of water residence time distributions in the hyporheic zone of meandering
channels is limited, and a number of complex interactions that happen in the hyporheic zone
of meandering streams are yet to be discovered. In this paper, we present a three-dimensional
model using COMSOL Multiphysics and previous theories of hyporheic exchange to examine
primary mechanisms controlling meander induced hyporheic flow. The model is based on a
surface flow model with the Reynolds-averaged Navier-Stokes equation and subsurface flow
model with Darcy’s flow equation. The model performed well in reproducing residence time
distributions for a set of laboratory tracer experiments with a meandering morphology. Results
show that there are two major mechanisms driving hyporheic flow through meanders; 1. Lateral
flow caused by channel slope at the scale of meander wavelength and 2. vertical flow caused
by surface water acceleration due to the curvature of the channel at the scale of channel width.
Parametric analysis, which was carried out with a Taguchi design, showed that the residence
time of solute in the hyporheic zone (mean and standard deviation) is influenced by meander
wavelength, channel discharge, hydraulic conductivity, sinuosity, channel slope, Width to
depth ratio and alluvium volume. However, average water interfacial flux to the hyporheic zone
will depend mainly on river discharge, hydraulic conductivity, meander wavelength and
sinuosity. Previous studies do not deal with river discharge when estimating hyporheic flow
through river meanders. Our study highlights the importance of river discharge on hyporheic
flux and residence time distribution.

Keywords: Hyporheic flow, meanders, lateral flow, vertical flow
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4.2 Introduction

The hyporheic zone is the transition zone between surface and subsurface water. Hyporheic
flow is influenced by river morphology features such as bedforms (Azizian et al., 2017, Azizian
et al., 2015, Boano et al., 2010c, Cardenas and Wilson, 2007a, Elliott and Brooks, 1997b,
Tonina and Buffington, 2011), alternate bars (Marzadri et al., 2011, Marzadri et al., 2010) and
river meanders (Boano et al., 2006, Cardenas, 2009a, Stonedahl et al., 2013, Stonedahl et al.,
2010). These morphology features produce hydraulic head gradients along the water-sediment
interface (WSI), which drive stream water flows through the hyporheic zone. Referred to as
‘hyporheic pumping’, these gradients drive river water into the hyporheic zone at high-pressure
regions, and the flow returns to the stream from low-pressure regions (Azizian et al., 2015,
Elliott and Brooks, 1997a).

Hyporheic flow is known to produce biogeochemical gradients supporting important ecological
processes, including the transformation of pollutants, river metabolism, and provision of
habitats for microfauna and macrofauna (Azizian et al., 2015, Cardenas, 2009a, Tonina and
Buffington, 2007). Meanders are large topographic units and could provide an excellent
opportunity for efficient biogeochemical transformations. Downwelling water flux and the
residence time within the hyporheic zone are critical controls on the supply and reaction rates
of these biogeochemical compounds (Cardenas, 2009b). However, complex interactions
occurring in the hyporheic zone due to river morphology and the hydrodynamic variation of
surface and subsurface water create large spatial and temporal patterns in the hyporheic flow.
Therefore, it is essential to understand these complex interactions occurring in the hyporheic
zone and apply modeling methods to quantify the residence time and flux of water residing in

the hyporheic zone.

Previous studies have examined hyporheic flow in meandering rivers generally with field
experiments (Fossing et al., 2004, Burkholder et al., 2008, Hoven et al., 2008, Osenbriick et
al., 2013) and two-dimensional numerical models which neglect any possibility of forming
vertical flow (Boano et al., 2006, Cardenas, 2009a, Gomez et al., 2012). Recently, several new
three-dimensional numerical models have been developed to describe hyporheic flow in
meandering rivers to examine water flow fields (Fossing et al., 2004, Balbarini et al., 2017,
Pescimoro et al., 2019, Stonedahl et al., 2013, Stonedahl et al., 2010). However, all these prior
studies use river static head gradient (based on the river valley slope) as the primary driver of
the hyporheic flow. Even though the hyporheic flow through small topographic features are

typically characterized by river hydraulics (produced by dynamic head gradients) (Boano et
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al., 2013, Cardenas and Wilson, 2007a, Chen et al., 2015, Tonina and Buffington, 2007, Tonina
and Buffington, 2011), meandering rivers have not been studied considering river flow
conditions. Additionally, natural meandering rivers are comprised of point bars at the inner
bank of meanders spanning from one side to the other (creating riffles and pools) and associated
secondary currents within the channel due to meandering curvature. These features are likely
to produce significant vertical hyporheic flow in addition to lateral flow, violating the

assumptions made for two-dimensional modeling provided by some studies.

Boano et al. (2010a) has been the first to study hyporheic flow induced by the meandering
channels considering surface flow and meandering morphology. This study highlights the
existence of vertical flux produce by flow acceleration at meander bends. However, this
theoretical understanding requires field or laboratory validation in order to confirm the true
nature and extent of exchange processes happening in the hyporheic zone of meandering
channels. Therefore, in this study, we develop a three-dimensional numerical model to
investigate how meandering morphology and river hydraulics influence hyporheic flow and
use a set of laboratory tracer experiments to validate the model. The model involves coupled
surface flow modeled with Reynold averaged Navier-Stokes equation and subsurface flow
modeled with Darcy’s law. The primary outputs of this model are three-dimensional hyporheic

flow paths, average downwelling flux, and residence times within the hyporheic zone.

4.3 Methodology

We developed a three-dimensional numerical model with COMSOL Multiphysics, a finite
element analysis software to estimate the surface and subsurface flow and associated residence
time distribution with different flow and meandering topographic conditions. Our approach
includes four basics steps: generating river morphology, surface flow modeling, subsurface
flow modeling, and numerical particle tracing. The surface flow model provides pressure head
distributions at the water-sediment interface, which are then applied to the subsurface flow
model to evaluate hyporheic flow and water fluxes in the hyporheic zone. A particle tracking
method provides water travel paths in the hyporheic zone and associated residence time of
individual particles released at the riverbed.

We used the resulting model to conduct a sensitivity analysis of factors potentially affecting
residence time and interfacial flux at river meanders. This was conducted with Taguchi
orthogonal array design to capture all possible combinations but minimize the number of

simulations runs. Nine factors were considered in the analysis, including meander wavelength,
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sinuosity, slope, mean flow velocity, channel width/depth ratio, water density, the dynamic

viscosity of water, hydraulic conductivity, porosity, alluvium width, and alluvium depth.
4.3.1 Three-dimensional modeling

4.3.1.1 Generating computational geometry for meandering morphology

We used 6 flume experiments (Table 4.1) conducted with meandering channels (Chapter 2) to
validate the hyporheic flow model (conditions selected for these experiments are discussed
below). Bed morphology of these experiments was surveyed with a laser scanning procedure,
and water depth measurements were made at transacts alone the channel center and at each
meander bend and inflection point midway between meanders. Water depth measurements
were taken every second day of each experiment using a point gauge, and scanning was done
when the flume water is drained. Laser scans were taken from a FARO scanner, which has an
accuracy of 2mm. Four scans of the sediment were taken from four sides to capture all edges
of the channel morphology, which were merged and processed using Cloud Compare, a 3D
point cloud processing software. Later we used Creo Parametric software to generate channel
geometry for our model. As shown in Figure 4.1, we have manually drawn cross-sections at

each transect and interpolated along the channel centerline between adjacent cross-sections.

Figure 4.1 Creating river geometry with the Creo Parametric software.
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Table 4.1 Experimental conditions.

Wavelength | Amplitude | Sinuosity | Flow rate Slope Average velocity at
A, (m) A, (m) ML (I/s) the outlet (m/s)
El 2.4 0.4 1.23 0.95 0.0033 0.06
E2 2.4 0.4 1.23 1.12 0.0033 0.07
E3 2.4 0.4 1.23 1.5 0.0033 0.1
E4 1.7 0.2 1.1 0.44 0.0033 0.03
E5 1.7 0.2 1.1 0.74 0.0033 0.05
E6 1.7 0.2 1.1 15 0.0033 0.1

For the sensitivity analysis, we used a generalized geometry for meandering streams. For the
given parameters (Table 4.1) shape of the cross-section was designed based on Stonedahl et al.
(2013) using piecewise parabolas and meandering planform was estimated from Mecklenburg
and Jayakaran (2012) and Mohamad et al. (2015) using an improved method of sine-generated
curves. The full geometry was created from Creo Parametric software by interpolating channel
cross-sections along meander thalweg. The three-dimensional channel geometry was imported
into COMSOL Multiphysics interface and a homogeneous subsurface layer, of uniform depth

and width, was added using the geometry toolbox.

4.3.1.2 Modeling surface water flow for estimating pressure distribution on WSI
Calculation of pressure head distribution over WSI is one of the critical steps when modeling
hyporheic flow. This model considers both kinetic and potential head components at the same
time in a three-dimensional domain. This is achieved by creating the model domain with a
global coordinate system to include slope effect and hence, the gravitational head component
of overlying water flow and streambed elevation and considering Reynold Average Navier-
Stokes (RANS) equation to capture kinetic head component.

RANS equation have been used in many previous studies to model surface flow and then to
derive pressure head over the WSI (Cardenas, 2008b, Cardenas and Wilson, 2007a, Cardenas
and Wilson, 2007b, Chen et al., 2015) specially to simulate turbulent flow over three-
dimensional dunes (Cardenas and Wilson, 2007a, Chen et al., 2015). Chen et al. (2015) has
validated the equation with vertical velocity profiles of flume experiments. Therefore, we
directly used the RANS equation to model surface flow and then to generate pressure profiles
on the WSI. For an incompressible fluid, the steady-state RANS equation with k-w turbulence

model can be given as follow and numerically solved using COMSOL Multiphysics software.
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Turbulent kinetic energy equation;

p(uV)k=V - [(u + Z—Z) Vk] + P, — pe 1)
And the dissipation rate equation;

p(u.V)e=V - [(u + ’;—Z) Ve] + CgliPk — ngpsk—z 2

Where p and u are fluid density and dynamic viscosity. u is the time-averaged velocity field,
and p is the time-averaged pressure. k and ¢ are turbulent kinetic energy and dissipation rate
respectively. C.; and C,, are turbulent model constants, and o}, and o, are turbulent Prandtl

numbers for k and ¢ respectively.
In these expressions Py is;
Py = pr[Vu: (Vu + (Vu)")] 3

And turbulent viscosity is given by;
k2
ur = pC, = (4)

4.3.1.3 Calculating the hyporheic flow field and interfacial water flux

COMSOL is also used to model hyporheic velocity fields. We model hyporheic flow as water
flowing through a porous media using Darcy’s flow equation (Boano et al., 2006, Boano et al.,
2010c, Cardenas and Wilson, 2007b, Cardenas et al., 2008, Marzadri et al., 2011, Salehin et
al., 2004, Storey et al., 2003, Tonina and Buffington, 2007). RANS equation and Darcy’s
equation were coupled through the pressure distribution at the sediment-water interface.

Water flow through the hyporheic sediments is given by pore water velocity, u from Darcy’s

law,
ulu,v,w] = —g Vh (5)

Where 0 is the sediment porosity, and K is the hydraulic conductivity. Vh is the hydraulic head
gradient at any point in the porous media. Hydraulic conductivity and porosity were considered

as homogeneous properties in our simulations.

Our pore water flow field has the influence of dynamic pressure distribution along the model

boundaries and from the hydrostatic pressure component. Therefore Vh is given as,
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Vh = Vp + pgVD (6)

Where Vp is the dynamic pressure distribution calculated from the Navier Stokes equation, p

is the density of water, g is the acceleration of gravity, and D is the elevation of the stream bed.

Then, the steady state three-dimensional groundwater flow through the hyporheic zone was
simulated by COMSOL Multiphysics by the Laplace equation;

8%h  98%h | 8%h
ot Toyr v =0 0

The downwelling water flux into the sediment bed (discharge per unit area per unit time) at
location (x, y, 2);

u(x,y,z)-n ifulx,yz) - n<0

90y, 2) = {0 if u(x,y,z)'n =20 (8)

n is the unit vector orthogonal to the streambed surface.

4.3.1.4 Particle tracking and estimation of residence time distribution

The particle tracing module of COMSOL Multiphysics was used to estimate hyporheic flow
paths and associated residence time distribution in the hyporheic zone. Flow-through hyporheic
sediment is assumed to be laminar and does not mix with neighboring water paths (Azizian et
al., 2015). This implies that the solute transport through the hyporheic zone relies upon
advection alone (mechanical dispersion and molecular diffusion is negligible compare to
advection) (Azizian et al., 2015, Marzadri et al., 2011, Marzadri et al., 2012). However
mechanical dispersion may be significant for hyporheic exchange associated with larger scale
topographic features (Gelhar et al., 1992).The governing equation for particle tracing is as

follows.
a) _
? - u(x’y’ Z) (9)

Where i is the position (x, y, z) of a particle released at the streambed surface.

8000 weightless particles were released randomly distributed over the streambed surface
(%0, V0, Zo) at locations randomly selected from a probability distribution proportional to the
upwelling and downwelling flux, to calculate the individual residence time, t¢(xs, ys, z¢) of
each particle (Time of particles entering the bed at (x¢, yr, z¢) have spent in the sediment bed

before leaving the streambed). Hyporheic zone residence times were calculated only for the

particles that returned to the stream within the model domain (Pryshlak et al., 2015).
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The cumulative residence time distribution, RTD(t), can be calculated using the below

expression (Marzadri et al., 2010, Tonina and Buffington, 2007).

1

RTD(t) - fA q(xrylz) dA

[, a(x,y, 2)R(t) dA (10)

Where A is the downwelling area. R(t) is defined as the cumulative probability of water
entering at position (x,y, z) and remain in the bed after an elapsed time t. R(t) is a binary

variable that assumes to vary as equation 10 below.

if t< 17(x,y,2)

R(t) = {0 ift > 1:(x,y,2) (11)

4.3.1.5 Boundary conditions and mesh design

The model has two domains for separate analysis of surface flow and subsurface flow (Figure
4.2). The surface flow domain is defined with four boundary conditions. Inlet and outlet
boundaries were set using experimental boundary conditions so that our model represents
actual flow conditions to compare with laboratory observations. A slip (no flux) boundary
condition was applied on the top surface (Free water surface). Surface flow bottom (WSI) was
defined with a wall function boundary condition which changes according to the turbulence
effect from the RANS equation. The subsurface flow domain has six boundary conditions. The
upstream and downstream boundaries were defined as constant hydraulic heads, which were
set by the calculated pressure values from the surface layer (RANS domain) for each discharge
and shape. This formulation results in a continuous pressure distribution across two domains.
Two sidewalls and bottom were defined as a no-flow boundary (impervious layers). The free
surface outside the channel was modeled as atmospheric pressure conditions. More details on
boundary conditions and equations are shown in Figure 4.2. For all model runs, initial values

for velocity field and pressure were [0, 0, 0] m/s and O Pa.

The RANS simulation provides the average pressure distribution at the water-sediment
interface which is a no-slip boundary wall in the turbulent flow model. This pressure
distribution was then applied as a Dirichlet boundary condition at the top wall of the subsurface
model representing the hyporheic zone. This results in coupling two domains but embed the
importance of accurate estimate of RANS pressure solutions along the WSI. The mesh design

of the experiments is shown in Figure 4.3.
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Figure 4.2 Model geometry and boundary conditions.

Constant hydraulic
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We created grids (Figure 4.3) for the two domains using the geometry meshing module
“physics-based mesh” of COMSOL, which design the grid based on the physics and boundary

conditions of the system. The mesh design was independent for each model run and composed

of several tetrahedral, pyramid, prism, and triangular elements (Table 4.2). Number of mesh

elements ranged from ~3000000 to ~6000000. Simulations were tested for the convergence of

the grid for both domains.

03
0.1

z
Yn L,x

Figure 4.3 Grid design of the model geometry.
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Table 4.2 Mesh statistic for experiment 1 model run

Description Value
Minimum element size 0.0354m
Maximum element size 0.118m
Number of tetrahedral elements 347482
Number of pyramid elements 64
Number of prism elements 92016
Number of triangular elements 57088
Number of quadrilateral elements 100
Number of edge elements 1816
Number of vertex elements 12

4.3.2 Calculation of the residence time distribution of experiments

We observed that solute breakthrough curves C*(t) = C(t)/Cstare, (Where Csiqre 1S the initial

Rhodamine concentration in stream water) of our flume experiments follow an exponential

decay distribution. Therefore, when calculating experimental RTDs, we have first fitted solute

breakthrough curves with an exponential decay function (Table 4.3). The fitted curve was with

two decay rates as shown in the expression below,

C*(t) = (1 —C)ae ™t + (1 —a)e 2t + Cg

Where, Cg, is equilibrium concentration, a is the mixing factor and k, and k; are first and

second exponential decay rates, respectively.

Table 4.3 Fitted values of C..", ki, ko, and a for the six experimental runs.

El E2 E3 E4 E5 E6
Co 0.12 0.12 0.13 0.21 0.20 0.19
ky 0.06 0.06 0.10 0.04 0.05 0.14
ko, 1.11 1.34 1.50 1.00 1.16 1.34
a 0.34 0.27 0.13 0.48 0.35 0.26

The fitted breakthrough curves of tracer concentration measured in flume experiments were

then used to determine the average cumulative residence time distribution (R (t)) function using

the following relationship.
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R =1 {— %}mlﬂ} )

Where d’ is the effective depth (total volume of recirculating water in the flume per unit bed
surface area) and g is the average interfacial water flux (slope of the tracer time series at t = 0).

This relationship was solved using Wolfram Mathematica.

4.3.3 Sensitivity Analysis

Hyporheic flux and residence time could potentially be influenced by many factors including
meander wavelength, sinuosity, slope, mean flow velocity, channel width/depth ratio, water
density, the dynamic viscosity of water, hydraulic conductivity, porosity, alluvium width, and
alluvium depth. We use sensitivity analysis as a preliminary investigation of the relative
influence of these nine characteristics for the mean residence time in the hyporheic zone. This
analysis uses a Taguchi orthogonal array design (Factorial design of experiments) for the
parameters considered at three levels to study if there are significant differences when the said
parameters are varied. The response variables are taken as the average downwelling flux, in
addition to the mean and standard deviation of the residence time of each experiment. Taguchi
orthogonal array design is used to reduce the number of simulations required to carry out the
said sensitivity analysis owing to the length of time taken per simulation on a personal
computer. Most of the parameter values were obtained from the literature for naturally
observed rivers (Table 4.4). We have kept the width of the channel constant but have varied
depth according to three width/depth ratios; 10, 15, and 20 as representing the range typically
recorded in the literature. Sinuosity values of 1.1, 1.5 and 2 were taken as to represent low
sinuous sand-bed rivers. Slopes were within the range of Marzadri et al. (2016). Hydraulic
conductivity and porosity values were selected in order to represent fine, medium and coarse
sand. Table Al in the supporting document shows numerical simulation design according to
the Taguchi method used, L27(3"9).
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Table 4.4 Nine parameters and values range for each parameter.

: . Values varied
Variable Notation 1 | > | 3

Channel width, (m) W 0.5

1 | Sinuosity, (m/m) J 1.1 1.5 2
2 | Wavelength, (m) A 3 6 12
3 | Hydraulic conductivity, (m/s) K 2.00E-04 5.00E-04 | 6.00E-03
4 | Inlet velocity (m/s), \Y 0.01 0.08 0.4
5 | Porosity ] 0.3 0.35 0.4
6 | Slope, (m/m) S 0.005 0.008 0.01
7 | Channel width/depth W/D 10 15 20
8 | Alluvium width, (channel widths) Wa 1.5 3 4.5
9 | Alluvium depth, (channel depths) Da 5 10 15
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4.4 Results

4.4.1 Modeled Vs. experimental residence time distributions

We compared measured cumulative residence time distributions from flume tracer experiments
to that calculated from the three-dimensional numerical model presented in section 2.1 (Figure
4.4 and Figure 4.5). The three-dimensional numerical model driven by both dynamic and
hydrostatic pressure gradients predict the experimental residence time distributions reasonably
well with an R? in the range of 0.9 — 0.95 (Figure 4.5).

(a) 2.4m wavelenght and 0.0033 slope

-
-
-
-
-
-

©
[}
Ko}
[}
£ 0.8
c
g E1_0.951/s
g 06 - - —E2_1.121/s
[}
i E3_1.51/s
(O]
§ 0.4 X M1_0.951/s
s & M2_1121/s
S 0.2 ® M3_151/s
=
(8]
e
w

0

0.01 0.1 1 10 100 1000

Time [hours]

(b) 1.7m wavelenght and 0.0033 slope

-
Seeo
-~
-

o
[

E4_0.441/s

\
06 - = =E5.0741/s u N
----- E6_1.51/s m
0.4 X M4_0.441/s
B M6_151/s

A M5_0.741/s

Fraction of water remain in the bed
o
N

0.01 0.1 1 10 100 1000

Time [hours]

Figure 4.4 RTDs of experimental runs and corresponding numerical model for (a) 2.4m
wavelength and (b) 1.7m wavelength. E1-E6 represents experimental residence times, and M1-
M6 represents model predicted residence times.

68



Chapter 4

0.8

0.6

0.4

Model Predicted RT

0.2

X E1
A E2
W E3
Line 1:1

0.0 0.2 0.4 0.6 0.8 1.0
Experimenta; RTD

Model Predicted RTD

0.0 0.2 0.4 0.6 0.8 1.0

Experimrntal RTD

Figure 4.5 Q-Q plot of median residence time for wavelength 2.4m (top) and wavelength 1.7m
(bottom) comparing the simulated cumulative residence time distributions.

We analyzed the magnitude of model error (model RTD percentiles compared to experimental

percentiles); in Figure 4.6. The three-dimensional model predicts median residence times

reasonably well with error <1hr. It is also observed that 90% and 75% of RTD percentiles of

the experimental runs have been predicted by the model reasonably well (error <l1hr) for all

cases. However, the model shows errors for 10% and 25% percentiles, especially up to 8hr

difference between the experimental and model-predicted residence times for 1.7m

wavelength.
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Figure 4.6 Box and whisker plot comparing model RTD percentiles to experimental percentiles
relative to variations with flow and meander wavelength. Top and bottom whiskers represent
the residence time when 10% and 90% of the solutes remain in the bed, respectively. Top,
bottom, and middle lines of boxes show residence time when 25%, 75%, and 50% of the solutes
remain in the bed, respectively.

For a given wavelength, we observe that increasing the river discharge decreases the time
solutes remain in the subsurface for all the meander topographies used (Figure 3.6). An increase
in wavelength increases the length of water flow paths between meanders and hence the

residence times for a given discharge (experiments 3 and 6).

4.4.2 Properties of hyporheic flow through meandering morphology

The simulation results of run_S10 (J = 1.5, A =3m, K=5E-4m/s, V=04 m/s,6=0.3,S =
0.008, W/D =20, W, = 1.5m and D, = 15m) is used as a reference case to explore the hyporheic
flow patterns through meanders including interfacial water flux, associated pressure
distribution at the water-sediment interface and hyporheic flow pathways. Channel
morphologies used in the sensitivity analysis represent typical meandering channels assumed,
according to Stonedahl et al. (2013), Mecklenburg and Jayakaran (2012), and Mohamad et al.
(2015).
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4.4.2.1 Pressure distribution and hyporheic flux

Spatial distribution of the water flux in a meander bend is shown in Figure 4.7(a), negative,
and positive values represent downwelling and upwelling water flux respectively.
Downwelling and upwelling zones are previously defined for vertical hyporheic exchange
occurring at river bedforms, such as dunes-ripple and pool-riffles. For consistency, we use
these words although, for meanders, there is both lateral and vertical exchange. Downwelling
describes any flow from surface to subsurface and upwelling for any flow from subsurface to

the surface, regardless of orientation.

(a) Flux (m/s) (b) Hydraulic head (m)

I,

X

(d) Free surface elevation (m)

— Water flow direction

Figure 4.7 Plan view of the (a) distribution of upwelling and downwelling flux observed for the
simulation S10 and (b) pressure distribution at the sediment bed. Dark blue represents high
downwelling water flux and red the upwelling water flux. Spatial distribution of (c) stream bed
elevation and (d) free surface elevation.

The effect of the hydraulic pressure head at the water-sediment interface is given in (Figure
4.7(b). Water enters the hyporheic zone at high-pressure zones and returns to the channel at
low-pressure zones. It is noted that the hydraulic head is not directly proportional to streambed
morphology nor the elevation of the streambed alone (Figure 4.7). It is the sum of both

components. In a typical meandering river, point bars are developed at the inner bank of the
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bend (Figure 4.7(a)). The location of these point bars are sensitive to the channel curvature and
the geometry of the river (Boano et al., 2010a). Variation of the streambed elevation due to
point bars exert a variation in the static pressure (from the weight of the overlying water) at the
streambed. Free surface elevation decreases downstream as the channel slope decreases (Figure
4.7 (d)). The variation in free surface elevation (Figure 4.7(d)) is clearly correlated to the total
hydraulic head gradient in Figure 4.7(b). Therefore, the magnitude of the total hydraulic head

at the stream bed surface is the sum of channel slope and the streambed morphology.

4.4.2.2 Hyporheic flow paths

Flow paths for water particles traveling in the sediment bed (Figure 4.8 for the reference case)
show two exchange processes occurring in the sediment bed; horizontal cross-meander flow
and lateral hyporheic pumping. Cross-meander flows occur from the outer bank of the meander
bend towards the outer bank of the adjacent downstream meander bend. Typical flow path
lengths are around one meander wavelength. Lateral hyporheic pumping represents water flow
from the meander outer bank towards the inner bank of the meander bend (point bars) parallel
to the flow direction. Flow path lengths re around one river widths. These streamlines are a
hyporheic form of river secondary currents. These lateral hyporheic currents have higher
velocities than horizontal fluxes (Figure 4.8). Previous studies have explicitly reported the
existence of a horizontal flow between meander bends (Boano et al., 2006, Cardenas, 2008a,
Cardenas, 2009a, Gomez-Velez et al., 2017, Revelli et al., 2008, Stonedahl et al., 2013,
Stonedahl et al., 2010) induced due to the sinuosity and the channel slope of the river. Boano
et al. (2010a) was the first to report the existence of both vertical and lateral exchange

processes.
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Figure 4.8 Pore water flow paths within the hyporheic zone for simulation S_10.

At t=0, particles are distributed on the bed proportional to the initial pore water velocity at the
bed (Figure 4.9). We assigned the river bed to act as the outlet as well as the inlet; therefore,
particles that got inward velocities will stick onto the bed at the beginning (second in Figure
4.9). When t=5h, particles move towards the adjusted meander. The rest of the graphs in Figure
4.9 shows how particles gradually move. The final graph in Figure 4.9 presents that all the
particles end up at the inner bank of the meander where point bars are.
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Figure 4.9 Movement of tracers in the subsurface model domain (lateral movement of
particles) for simulation run S_10. Colour legend represents the velocity of particles in m/s.

Particle velocities near meander inner and outer banks are generally higher than velocities at
the rest of the flow path. Particles enter the hyporheic zone at a high velocity, then start to move
with a low velocity until it reaches the stream back. This behavior implies that there are two
stages of mixing in the hyporheic zone by faster and slow rates of flow. Tonina and Buffington
(2007) reported similar observations for the hyporheic flow in riffle-pool channels. Moreover,
it is observed that the particles moving across the stream width have higher velocities than that

are observed for the particles moving through intra-meanders.

Figure 4.10 presents the three-dimensional movement of particles in the subsurface domain for
the reference case (side view). Both particles that move in cross-meanders and particles that

move across the stream width have the same vertical penetration depths.
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Figure 4.10 Three-dimensional representation of particle movement at t=15h.

4.4.3 Factor affecting hyporheic flow in meandering rivers

As previously discussed, residence time and downwelling interfacial flux are the two important
parameters characterizing the hyporheic flow regime and biogeochemical potential. Therefore,
we examined how these two factors are influenced by varying river flow conditions, river
morphology, and properties of water, and the sediment bed, as discussed in section 2.2. Figure
4.11 summarises the results of the parametric analysis carried out. Delta is defined as the
maximum difference of the Tmean, Tsa, and flux for the three values considered for each of the
factors. Therefore, a large delta implies that the Tmean, Tsd, and flux are sensitive to that
parameter. In order to compare all parameters together, we defined a normalized delta value as

the maximum delta observed for each parameter.

Meander wavelength and channel velocity seem to be the most significant factors in solute
residence times in the hyporheic zone of meandering rivers (Figure 4.11). Secondary influence
comes from the hydraulic conductivity of the sediment bed. The porosity and width of the
alluvium have less impact on the average residence time. All the other parameters (sinuosity,
the slope of the valley, width to depth ratio, and alluvium depth) have a slight influence on the
residence time. The standard deviation of the residence time defines the width of the
distribution, and it seems that all the parameters have an impact on it.
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Figure 4.11 Sensitivity analysis results.

4.5 Discussion

4.5.1 Hyporheic flow

The results of my research show that there are two major mechanisms driving hyporheic flow
through meanders; 1) Longitudinal flow caused by channel slope at the scale of meander
wavelength and 2) lateral flow caused by surface water acceleration due to the curvature of the
channel at the scale of channel width. It is observed that the two exchange mechanisms are
controlled by two pressure components discussed in section 3.2. Longitudinal cross-meander
flow is produced by the downstream hydraulic gradient due to the channel slope. Lateral
pumping is caused by the variation of bed surface elevation (point bars) and hence, stream
water depths at the meander curvature. The formation of point bar profiles in a meandering
river depends on the channel curvature and the surface water flow. Moreover, superelevation
of the free water surface occurs at the meander bend resulting in higher water depths at the
outer bank and low water depths at the inner banks. This generates a total pressure gradient

towards the inner bank and pumping of water flow through the hyporheic zone.

Downwelling flux is concentrated near the outer bank on the meander bend while upwelling
flux is concentrated near the inner bank. These patterns are similar to flux profiles reported by
Boano et al. (2010a), which have been simulated considering morphodynamics in meandering
rivers. They have observed that hyporheic flux is concentrated near the stream banks where
river curvature is high, and flux at straight river sections are much lower. However, these results

contradict Stonedahl et al. (2013) that reported smooth, symmetrical patterns, where
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downwelling flux develops in the middle of the outer banks of the bend and extending along

the straight part up to the inner bank middle of the next bend.

Water penetration depths in the hyporheic zone depends on the depth of the alluvium (Boano
et al., 2010a, Tonina and Buffington, 2007). Shallow impervious layer used in this reference
case does not allow water to penetrate into the subsurface. However, hyporheic depths are also
a function of total hydraulic head gradient at the sediment bed and hence vary according to the

channel slope and meander geometry.

4.5.2 Factors affecting hyporheic flow in meandering rivers

The result shown in Figure 4.11 indicates that velocity, hydraulic conductivity, wavelength,
and sinuosity have a substantial impact on the average downwelling flux, respectively.
Sediment porosity, river slope, W/D, and the width and depth of the alluvium seems to be
insensitive to the downwelling flux. These results were observed to be similar to some of the
hyporheic zone analysis. Velocity of the river seems to be the most influencing factor for
downwelling flux. This effect has also been seen through river bedforms such as dunes (ref)
and riffle-pools (Ref). However, there are not many studies that have looked for the impact of
stream discharge on the hyporheic exchange through meandering streams. Previous studies
have only look into variation of hyporheic flow with regard to sinuosity (Boano et al., 2006,
Cardenas, 2009a) and river head gradient (Cardenas, 2009a, Stonedahl et al., 2013).

Previous studies reported that the increase in sinuosity leads to increased interfacial fluxes
(Boano et al., 2006, Cardenas, 2009a, Revelli et al., 2008, Stonedahl et al., 2013). Our results
also show that the sinuosity does affect downwelling flux. As reported by Storey et al. (2003),

we also observed a relationship of downwelling flux with the hydraulic conductivity.

Storey et al. (2003) observed that the depth of the alluvium does not affect downwelling flux.
But in contrast, Tonina and Buffington (2011) have observed a relationship of flux with the
alluvium thickness for riffle-pool channels. In riffle-pool channels, more exchange occurs
vertically, and the hyporheic volume available is important to develop the hyporheic flow. As
we have discussed in the above sections, hyporheic flow through meandering channels
observed to occur from meander chest to chest, basically in the lateral direction. Hence the
hyporheic volume available for the flow is mainly depend on the sinuosity and wavelength not

on the alluvium volume.
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4.6 Conclusions

In this paper, we present a three-dimensional model to predict water flux and residence time
distribution in the hyporheic zone of meandering streams. Surface flow was modeled using the
Navier Stokes equation with given discharge and valley slope. This surface model is used to
predict the pressure distribution on the WSI, and then the subsurface water flow field was
modeled using Darcy’s flow equation. A comparison between predicted and observed
residence time showed a good agreement. Our results showed that the river discharge and

meander morphology have an impact on the residence time distribution.

Results also show that hyporheic flow paths within the hyporheic zone are quite complex, and
there is only one study (Stonedahl et al., 2010) available to compare our results. We observed

a secondary current in the subsurface parallel to the river flow direction.

We conducted a sensitivity analysis with Taguchi design to see the effect of nine factors on the
hyporheic exchange, including sinuosity, wavelength, hydraulic conductivity, river discharge,
porosity, W/D, alluvium width and alluvium depth. We found that the residence time (mean
and standard deviation) depends on the all factors we considered except porosity. However,
average downwelling water flux mainly is only connected with river discharge, hydraulic

conductivity, wavelength, and sinuosity.

Most importantly, we find that there is a significant impact from river discharge on both water

flux and residence time, which has not been discovered in previous studies.
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Chapter 5: Residence time of meander-driven

hyporheic exchange

Chapter 5 presents the research methodology, results, and discussion for research question 3
(How does meandering morphology impact on flux and RTD in meandering streams?). This
section is also presented in the journal paper format (Paper 4). Residence time distribution and
flux are important parameters that determine the extent of nitrogen transformations in the
hyporheic zone. However, running numerical models to determine those parameters is time-
consuming and expensive. Even though many empirical relationships have been derived to
estimate these parameters for small scale topographic features, there is still a significant gap in
understanding these in meandering streams. Therefore, the effect of meander morphology
(sinuosity and meander wavelength) on residence time and water flux in the hyporheic zone
were analyzed using a series of numerical simulations using the model presented in chapter 4.
| considered a low gradient river reach, which was three times the meander wavelength.
Channel widths considered in the simulations ranged from 1m t0o1000m. There were thirty-six
numerical simulations with all possible combinations of six wavelengths and six sinuosities.
Results show that hyporheic residence time distribution induced by three-dimensional
meanders follows a log-normal distribution. Our study showed that the meander wavelength
has a significant effect on the hyporheic residence time as well as the downwelling water flux,
demonstrating the importance of channel size on the hyporheic flow processes. However, the
sinuosity of the river does not affect much on the time that water spends in the hyporheic zone

but will alter the volume of water entering the hyporheic zone.
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Paper 4: Residence time of meander-driven hyporheic exchange

5.1 Abstract

Hyporheic flow, the exchange of surface and subsurface water, is known to provide valuable
ecological services in streams, including pollutant reduction and biogeochemical cycling. The
volumetric flux and hydraulic residence times in the hyporheic zone are critical factors
governing these processes. Meanders are extensive morphology features that drive hyporheic
flow; three-dimensional morphology and the channel curvature of meanders could generate a
complex spatial and temporal pattern of the hyporheic flow. In this study, we used a series of
three-dimensional numerical simulations to study the effect of meander morphology on the
hyporheic residence time distribution and water flux, and we propose three empirical
relationships to predict downwelling water flux and characteristics of residence time
distribution (mean and standard deviation). We found that the hyporheic residence time
distribution induced by three-dimensional meanders follows a log-normal distribution. Our
study showed that the meander wavelength has a significant effect on the hyporheic residence
time as well as the downwelling water flux. River channel sinuosity has a small effect on the
residence time but a substantial influence on the volume of water entering the hyporheic zone.
These results imply that there is a complex interaction of channel sinuosity and wavelength in
controlling the intensity and extent of hyporheic exchange in meandering rivers. Therefore,
river restoration methods aiming to improve natural nitrogen attenuation in streams should

incorporate these interactions to achieve improved biogeochemical rates in the hyporheic zone.

Keywords: Hyporheic flow, meandering streams, wavelength, sinuosity, residence times,

water flux
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5.2 Introduction

The hyporheic zone is a permeable saturated sediment layer that connects surface and
subsurface water bodies in the stream ecosystem. Transport of stream water in this zone
(termed hyporheic flow or hyporheic exchange) is thought to provide useful natural
mechanisms in streams including cycling of organic carbons and nutrients, fish spawning and
attenuation of water-born pollutants (Bardini et al., 2012, Boano et al., 2014, Cardenas, 2008a,
Marzadri et al., 2013, Mulholland et al., 2008, Rivett et al., 2008, Zarnetske et al., 2011). The
hyporheic zone can serve as a highly reactive biocatalytic filter characterized by; transport of
water and dissolved solutes by physical and biological processes and the existence of microbial
colonies and high chemical gradient compare to river water (Azizian et al., 2015). As noted in
the literature, 75% of nitrogen added by agricultural activities are found to be denitrified in

river sediments (Azizian et al., 2015).

Coupled aerobic-anaerobic microbial reactions play a significant role in nitrogen removal and
nitrogen cycling in the hyporheic zone, including nitrification, denitrification, and
ANAMMOX. (Gu et al., 2007, Jones et al., 1995, Mulholland et al., 2008, Zhou et al., 2014,
Zhu et al., 2008, Zhu et al., 2013). These processes convert reactive nitrogen compounds such
as Ammonia (NHa), Nitrate (NO3), and Nitrite (NO>) to nitrogen gas (N2) that is harmlessly
emitted into the atmosphere. However, hydraulic residence times within the streambed can
limit the extent of these processes where it is less than the biogeochemical reaction rates for
nitrogen removal. Further, overall reaction rates are affected by the rate at which reactants are
supplied, which depends on the downwelling water flux. Therefore, downwelling water flux
and hydraulic residence time distribution within the hyporheic zone are important features of

hyporheic flow influencing nitrogen fate in streams.

The concept of cumulative residence time distribution (CRTD) has become an essential tool to
analyse the retention time of solutes in the hyporheic zone, proposed by Elliott and Brooks
(1997) for river bedforms (Azizian et al., 2015, Cardenas, 2008b, Cardenas, 2008a, Elliott and
Brooks, 1997a, Elliott and Brooks, 1997b, Gomez et al., 2012, Tonina and Buffington, 2011).
CRTD can be coupled with the critical dissolved concentration of oxygen to explore the
prevailing redox environment within the hyporheic zone and the extent of these
biogeochemical processes. Given the CRTD and downwelling water volumes, the hyporheic
zone can be modeled as a biochemical reactor to enhance our understanding of fate and
transport of reactive solutes in the hyporheic zone. Therefore, most of the previous research

tries to understand and model variation of CRTD over a range of stream systems, from small
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scale to large catchment scale. Thus, these relationships can be used to predict the fate and
transport of reactive nitrogen, and other contaminants in the hyporheic zone, without numerical

modeling and field investigations.

Hyporheic flow occurs across a wide range of river morphologic features, including vertical
exchange over river bedforms such as pool-riffle, ripples-dunes, and bars and horizontal
exchange over river side forms such as alternate bars and meanders. The exchange of stream
water across these features is controlled by the variation in hydraulic head gradient at the water-
sediment interface (Elliott and Brooks, 1997a, Azizian et al., 2015, Grant et al., 2014, Boano
et al., 2014). Surface flow interactions with the channel morphology control spatial variation
of these hydraulic heads and consequence changes in hyporheic flow. From many different
geomorphic features that contribute to hyporheic exchange, our previous study suggested that
hyporheic flow through meanders produces the residence times required for nitrogen

biogeochemical cycling (Chapter 1).

Several studies have used numerical models to study hyporheic flow in river meanders through
two-dimensional models (Boano et al., 2006, Cardenas, 2009b, Cardenas, 2008a, Gomez et al.,
2012, Gomez-Velez et al., 2017) and three-dimensional models (Balbarini et al., 2017, Boano
et al., 2010a, Stonedahl et al., 2013, Stonedahl et al., 2010). Cumulative hyporheic residence
time distribution through river meanders have been found to be exponential when applying a
two-dimensional model under homogeneous aquifer conditions (Cardenas, 2008a). However,
three-dimensional morphological features have received little attention. Previous three-
dimensional models have quantified hyporheic residence time and hyporheic flow fields, but
the residence times haven’t been characterized by the effect of morphology parameters. In most
previous studies, hyporheic flow induced by river meanders is assumed to be horizontal.
However, our previous study results showed that there is a relatively significant contribution
from the vertical exchange component through shallow riffle-pool morphology in meandering
rivers, as observed in Boano et al. (2010a). In previous literature, there is a lack of a validated

three-dimensional model for characterization of the residence time in meandering rivers.

Therefore, in this paper, we analyzed residence time distribution for meandering rivers using a
three-dimensional numerical model that has been validated with a set of laboratory tracer
experiments. Previous three-dimensional models consider hydrostatic head (based on the river
valley slope) alone to determine the hydraulic gradient at the sediment bed. However, our
model extends the two-dimensional models proposed by Boano et al. (2006) and Cardenas
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(2009Db) to a three-dimensional domain and have include consideration of the hydrodynamic
head component when estimating pressure distribution on the river bed. Numerical simulations

are undertaken over a range of meander wavelengths and sinuosities.

5.3 Methodology

We conduct a series of three-dimensional numerical simulations to examine how residence
time distribution and average interfacial flux in meandering rivers are influenced by channel
wavelength and sinuosity. We use COMSOL Multiphysics software to predict residence time
and average flux into the hyporheic zone (Chapter 4). Modeling subsurface flow include four
basics steps: 1) Generating a model of the three-dimensional channel geometry; 2) applying
surface flow model using Reynold Averaged Navier-Stokes equation, 3) modeling subsurface
flow with Darcy’s flow equation for porous media; and 4) particle tracing in the subsurface to
estimate residence time distributions. This modeling procedure has been validated with

experimental data previously (Chapter 4).

5.3.1 CFD modeling with COMSOL Multiphysics

A finite element model, COMSOL Multiphysics software, was to model river flow over three-
dimensional meanders using Reynold Average Navier-Stokes (RANS) equation and hyporheic
flow using Darcy’s law (Chapter 4). This is similar to the computational fluid dynamics (CFD)
approach used in many previous models for river bedforms (Cardenas and Wilson, 2007a, Chen
et al., 2015, Sawyer et al., 2011). The model domain was designed to represent both the
hydrostatic component that results from the slope of the river reach and gravity effect of
overlying water depth and hydrodynamic component produced by flow acceleration at meander
bends. This contrasts with previous studies that use hydrostatic head alone based on the river
valley slope (Stonedahl et al., 2013, Stonedahl et al., 2010).

Steady-state RANS model for incompressible flow with k-w turbulence model is expressed as;

Turbulent kinetic energy equation;
Pk =7 - [(u+ ‘;—:) Vk| + P — pe )
And the dissipation rate equation;

p(u.V)e=V - [(u + ’;—Z) Vs] + CsliPk - ngpi—2 2
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Where p and u are fluid density and dynamic viscosity. u is the time-averaged velocity field,
and p is the time-averaged pressure. k and ¢ are turbulent kinetic energy and dissipation rate,
respectively. C.; and C,, are turbulent model constants, and o}, and o, are turbulent Prandtl

numbers for k and ¢ respectively.
In these expressions Py is;
P = pur[Vu: (Vu + (Vu))] 3)

And turbulent viscosity is given by;

k2
ur = pCy = (4)

The water flow field in the hyporheic zone was estimated using Darcy’s flow equation for

porous media and the continuity equation.
U=~ (Yp+pgVD) 5)

Where U is the three-dimensional Darcy velocity vector. D is the elevation of the stream bed.
p is the pressure on the stream bed from the RANS solution. Kand u are permeability of the

porous media and viscosity of water, respectively.

The residence time distribution, R(t) is defined as the cumulative probability that a tracer
entering the bed at position (X, y, z) and at t=0 remains in the bed after an elapsed time t. R(t)
=1 when none of the fluid particles have left the hyporheic zone and R(t) =0, after all fluid
particles, leave the bed. R(t) is defined as (Elliott and Brooks, 1997b, Tonina and Buffington,
2011);

1 whent < 5

R = | (6)

0 whent > 1y
Where 7, is the final age or the residence time of fluid particles.

Downwelling flux into the hyporheic zone varies according to the position and R(t) must be
weighted by local downwelling flux g(x, y, z) to estimate spatially averaged residence time.

Therefore, in our simulations R(t) is calculated using the below expression.
1
R®) =7 [, 4Gy, 2) 1(x,y,2) dA ()
Where q is the average downwelling flux over the total area of the stream bed, A.
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The two parameters most commonly used to characterize the R(t) are mean residence time, t
and standard deviation, 2. Probability distribution E(t) and cumulative distribution R(t) of
residence times of fluid particles can be related as; E(t) = dR(t)/dt. Therefore, T and 6 have

the following forms;
T= [ tE(t)dt (8)
o2 = [(t—1)2E(t)dt ©)

We use 1 and o2 to characterize the hyporheic residence time for hyporheic flow through river

meanders.

5.3.2 Parameters varied in simulations

All variables and values used in our simulations are presented in Table 5.1. We consider six
river widths and corresponding meander wavelengths calculated using, A = 7.5 W12
(Williams, 1986) and six sinuosities. Sinuosity (S) is defined as the ratio of channel length to
down valley length and wavelength (1) is defined as the distance of one meander along the
down-valley axis. River widths are selected to represent a large range of natural rivers.
Sinuosities are chosen to represent a large range of sinuous rivers which haven’t been studied
much previously. Meander wavelength of streams reported to be 6.28-10 stream widths
(Leopold and Wolman, 1960, Williams, 1986). Our wavelengths also remain in this range.
River slope for each simulation is 0.001, which was in the range of some reported for
meandering rivers (Callander, 1978, Schumm, 1963). Mean flow velocity was decided based
on Manning’s n value. For natural rivers, Manning’s n should be in the range 0.01-0.08, so we
calculated river mean velocity taking Manning’s n as 0.08. The average water depth was
calculated using, d = 0.027 1%¢ (Williams, 1986). Water density and dynamic viscosity were
taken as 1000 kg/m* and 8.9 x 10™*Pa s ,respectively. Hydraulic conductivity and porosity of
the sediment was 0.005 m/s and 0.34, respectively for all model runs. Alluvium volume was
selected in order to keep enough space to develop the hyporheic flow; alluvium width was

assumed as four times meander amplitude and the alluvium depth as ten times the river depth.
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Table 5.1 Variables and values used in simulations.

Variable Values
1 2 3 4 5 6
1 |channel width, W (m) 1 3 10 30 100 1000
2 [meander wavelength, A (m)| 7.50 [25.67| 98.87 |338.41(1303.35|17181.51
Morphology - -
3 [Sinuosity, J 1 1.05| 1.2 1.5 2 3.3
4 |Slope, S 0.001
o 5 |mean flow velocity, v (m/s)] 0.08 [ 0.13 [ 0.14 [ 05 | 09 | 3.7
ow
6 laverage water depth, d (m) 0.027 A%-6¢
t ity, p (kg/m® 1
Properties of] I ;va o d.ens.1 - p.( g/fm ) 000
[ water g [dynamic viscosity of water, 8.9 x 10
p (Pas)
Hydraulic Conductivity, K
| 9 ) 0.005
Sediment [0 [porosity, 0 0.34
propertics 11 jalluvium width, W, 4A
12 falluvium depth, da 10d

5.3.3 Generating meandering planforms

In this study, we use a generalized topographic geometry for meandering channels. Meander
planform was designed as sine-generated meanders according to (Mecklenburg and Jayakaran,
2012, Mohamad et al., 2015), and thalweg cross-sections were predicted using piecewise
parabolas according to Stonedahl et al. (2013). Creo Parametric software was used to

interpolate meander cross-sectional shapes along the meander thalweg.

5.3.3.1 Meander planform

We present our meandering planforms using an improved sine-generated curve (SGC) as an
idealized version of river meanders (Mecklenburg and Jayakaran, 2012, Mohamad et al., 2015).
These idealized patterns (Figure 5.1) have been proven to approximate actual planform
sufficiently (Mecklenburg and Jayakaran, 2012, Mohamad et al., 2015). We used six humbers
of wavelengths and sinuosities. For each combination of wavelength and sinuosity, meander

amplitude was calculated using the following equation (Hagerman and Williams, 2000),
A = 2(0.9743 In(J) + 0.0803) (10)

The average radius of curvature has been reported to be in the range of 1.1-4.7 stream widths
(Leopold and Langbein, 1966 , Stonedahl et al., 2013, Williams, 1986). Relationship for the
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radius of curvature R., with meander wavelength and sinuosity, is as follows (Mecklenburg
and Jayakaran, 2012).

151.25

c = 17(50.5_1)0.5 (11)

Arc angle can be calculated using equation 12 for a given wavelength, sinuosity, amplitude and
curvature radius (Mecklenburg and Jayakaran, 2012, Mohamad et al., 2015),

0 _1 (16R?~8AR+AV4A2—16RA+A?
— = cos

4A2—-16RA+ A2+16R2 (12)

We use the above parameters to build the meandering planform in Creo parametric software.
Creo Parametric has widely been used as a 3D CAD software in engineering applications. For
this analysis, we created the channel with three meander bends.

Sine-generated
curve

— arc

Figure 5.1 Plan view of meander illustrating the arc lines and notations.

5.3.3.2 Channel cross-sections

Channel cross-section along with the meandering channel changes, as shown in Figure 5.2.
Point bars are observed at the inner bank of meandering bends. The maximum depth of the
channel is observed close to the outer bank of the meander bend (thalweg). This thalweg usually
shifts one side to the other. Formula for the depths of channel cross-sections (Figure 5.2) based

on piecewise parabolas as given by Stonedahl et al. (2013),
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Gmax (5 — §)2 — dygn §<s
d(6) = Sdmax 2 (13)
sy (6 —s)* —dymax 6d>s

Where & is the transverse coordinates and d(&) is the stream depth at the transverse
coordinates. d,,,, and W are the maximum depth and width of the channel. s represents a

transverse distance of the location of the maximum depth.
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Figure 5.2 Meander cross-sectional shapes at the bend and at the meander chest (modified
from Stonedahl et al. (2013)).

River topographies used in simulations for wavelength 7.5m are given in Figure 5.3. Sinuosity

of one represents straight channels with alternate bars.
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o m
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Figure 5.3 Streambed topographies used in the simulations and their sinuosities for wavelength
7.5m.

5.3.4 Taguchi orthogonal design and numerical simulations

We applied the model described in section 2.1 to analyze the hyporheic flow behavior through
a range of meandering topographies. These numerical simulations were used to develop
empirical equations for predicting characteristic values of the residence time distribution (mean
and standard deviation) and average downwelling flux. Taguchi array design was used to
reduce the number of simulations required. This is a highly fractional orthogonal design that is
based on a design matrix proposed by Dr. Genichi Taguchi. Taguchi design consider a selected
subset of combinations of multiple factors at multiple levels. Taguchi design of numerical

simulations is given in Table 5.2.
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Table 5.2 Taguchi design of the numerical simulations.

Run | W A J displacement Rc A Beta_deg Length of the channel D D max | W/D Wa Da A (m?) V_inlet
1 1 750 1 22.50 0.00 0.60 9.12 22.50 0.10 0.15 9.80 5 15 0.1 0.08
2 1 7.50 1.05 | 22.50 2.98 0.96 19.33 23.37 0.10 0.15 9.80 9 15 0.1 0.08
3 1 750 12 | 2250 1.79 1.93 37.30 27.03 0.10 0.15 9.80 12 15 0.1 0.08
4 1 750 15 | 2250 1.54 357 62.05 35.49 0.10 0.15 9.80 17 15 0.1 0.08
5 1 750 2 22.50 1.63 5.67 79.73 4431 0.10 0.15 9.80 23 15 0.1 0.08
6 1 750 33 | 2250 2.17 9.33 97.17 74.42 0.10 0.15 9.80 34 15 0.1 0.08
7 3 25.67 1 77.01 0.00 2.06 9.12 77.01 0.23 0.34 | 13.05 24 3.4 0.59 0.13
8 3 25.67 1.05 | 77.01 10.21 3.28 19.33 86.63 0.23 0.34 | 13.05 28 3.4 0.59 0.13
9 3 25.67 12 77.01 6.14 6.62 37.30 88.46 0.23 0.34 | 13.05 38 3.4 0.59 0.13
10 |3 25.67 15 | 77.01 5.29 12.20 62.05 119.01 0.23 0.34 | 13.05 55 3.4 0.59 0.13
1 |3 25.67 2 77.01 5.58 19.40 79.73 155.45 0.23 0.34 | 13.05 76 3.4 0.59 0.13
12 |3 25.67 33 | 77.01 7.43 31.92 97.17 247.92 0.23 0.34 | 13.05 114 3.4 0.59 0.13
13 | 10 98.87 1 296.61 0.00 7.94 9.12 98.87 0.56 0.84 | 17.86 84 8.4 3.99 0.14
14 | 10 98.87 1.05 | 296.61 39.34 12.64 19.33 307.86 0.56 0.84 | 17.86 98 8.4 3.99 0.14
15 | 10 98.87 12 | 296.61 23.64 25.50 37.30 340.74 0.56 0.84 | 17.86 137 8.4 3.99 0.14
16 | 10 98.87 15 | 296.61 20.36 47.00 62.05 436.81 0.56 0.84 | 17.86 201 8.4 3.99 0.14
17 | 10 98.87 2 296.61 21.49 74.71 79.73 598.66 0.56 0.84 | 17.86 284 8.4 3.99 0.14
18 | 10 98.87 33 | 296.61 28.63 122.95 97.17 934.94 0.56 0.84 | 17.86 429 8.4 3.99 0.14
19 | 30 338.41 1 1015.22 0.00 27.17 9.12 338.41 1.26 1.89 | 23.79 262 18.9 42.00 05
20 | 30 338.41 1.05 | 1015.22 134.64 43.26 19.33 1053.68 1.26 1.89 | 23.79 310 18.9 42.00 05
21 | 30 338.41 12 | 1015.22 80.93 87.29 37.30 1169.39 1.26 1.89 | 23.79 442 18.9 42.00 05
22 |30 338.41 15 | 1015.22 69.70 160.86 62.05 1495.10 1.26 1.89 | 23.79 663 18.9 42.00 05
23 |30 338.41 2 1015.22 73.56 255.71 79.73 2049.08 1.26 1.89 | 23.79 947 18.9 42.00 05
24 | 30 338.41 3.3 | 101522 97.98 420.82 97.17 3204.11 1.26 1.89 | 23.79 1442 18.9 42.00 05
25 | 100 1303.35 1 3910.05 0.00 104.66 9.12 1303.35 3.07 461 | 3256 914 46.1 354.20 0.9
26 | 100 1303.35 1.05 | 3910.05 518.55 166.62 19.33 4058.19 3.07 461 | 3256 1100 46.1 354.20 0.9
27 | 100 1303.35 1.2 | 3910.05 311.68 336.18 37.30 4491.64 3.07 461 | 3256 1609 46.1 354.20 0.9
28 | 100 1303.35 15 | 3910.05 268.46 619.54 62.05 5756.32 3.07 461 | 3256 2459 46.1 354.20 0.9
29 | 100 1303.35 2 3910.05 283.33 984.86 79.73 7889.09 3.07 461 | 3256 3555 46.1 354.20 0.9
30 | 100 1303.35 33 | 3910.05 52.97 1620.77 70.41 12341.00 3.07 461 | 3256 5462 46.1 354.20 0.9
31 | 1000 | 17181.51 1 51544.52 0.00 1379.68 9.12 1718151 24.88 37.32 | 40.19 10139 373.2 28490.00 3.7
32 | 1000 | 17181.51 1.05 | 5154452 6835.87 2196.42 19.33 53497.20 24.88 37.32 | 40.19 12589 373.2 28490.00 3.7
33 | 1000 | 17181.51 1.2 | 5154452 4108.77 4431.73 37.30 59210.30 24.88 37.32 | 40.19 19295 3732 28490.00 37
34 | 1000 | 17181.51 15 | 5154452 3539.01 8167.14 62.05 75902.40 24.88 37.32 | 40.19 30501 3732 28490.00 37
35 | 1000 | 17181.51 2 51544.52 3734.97 12982.92 79.73 104016.00 24.88 37.32 | 40.19 44949 373.2 28490.00 3.7
36 | 1000 | 17181.51 3.3 | 5154452 4974.54 21365.87 97.17 162699.00 24.88 37.32 | 40.19 70098 373.2 28490.00 3.7
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5.3.5 Statistical analysis

5.3.5.1 Residence time distribution

Several probability functions have been proposed for the residence time distribution of
the hyporheic zone, including exponential (Bencala and Walters, 1983, Runkel, 1998),
lognormal (Marzadri et al., 2010, Tonina and Buffington, 2011, Wérman et al., 2002) and
power law distribution (Cardenas, 2008b, Cardenas, 2008a, Haggerty, 2002). Specially
Cardenas (2008b) has reported that hyporheic residence time through all channel features
follows a power-law distribution, and meandering flow through the two-dimensional
point bars has been shown to be a power-law distribution (Cardenas, 2008a). Gomez et
al. (2012) has also reported the residence time through two-dimensional meanders follow
a power low behavior when characterized by aquifer dispersity. Additionally, Tonina and
Buffington (2011) showed that residence time distribution around partially submerged
riffle-pools (hence flow meanders around these bedforms) follow a lognormal
distribution. Considering these previous results, we examined residence time distribution
through a meandering channel with three-dimensional meander topographies. We tested
the fit of simulated residence times for the distributions (Equations 14 — 17) previously

reported and Weibull distribution.

Lognormal distribution can be presented as (Marzadri et al., 2010, Tonina and Buffington,
2011);

1 (_(lnt—u)z)
Lognormal (t) = NoroeAd 202

(14)

Where u and o2 are the natural log of the mean and standard deviation of the residence
time (Tonina and Buffington, 2011).

We also fit the observed residence time distribution with exponential distribution (eq 15)

and power law (eq 16) according to (Tonina and Buffington, 2011);
exponential (t) = A,e %t (15)

Where A, is the rate parameter, inverse of the mean residence time (Tonina and
Buffington, 2011).

Power law (t) = (tL)a e Mt (16)

min
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Where t,,;, is a threshold parameter which was set equal to the shortest residence time
observed (Tonina and Buffington, 2011). « and 4,, were estimated using the maximum

likelihood method in Excel.

Weibull probability density function can be expressed as;
(r-1 _(ty"
Weibull (t) =X(3)" e @ (17)

Where y is the shape parameter, and « is the scale parameter, which was estimated

through the maximum likelihood method in Excel.

We applied the Kolmogorov-Smirnov test (KS test) to compare residence time
distributions to the proposed probability distribution functions discussed above (Figure
5.4). KS test is based on the maximum distance between two cumulative probability

distribution curves (KS statistics).

5.3.5.2 Predicting downwelling water flux and residence time

We use our simulation results to predict empirical relationships for average downwelling
flux and residence times. These two parameters are important when making management
decisions in practice. Empirical prediction of these parameters will make the process
easier without any requirement of mathematical and numerical modeling. This study used
a method similar to Tonina and Buffington (2011), where they have derived empirical
formulas for residence time and mean hyporheic depths for riffle-pool channels. For river
management, it is vital to understand the characteristics of residence time for all channel
features which drive hyporheic flow, and there is paucity for such understanding for

meanders.

In this analysis, we assumed that mean and standard deviation of the residence time are
function of river width W, meander wavelength A, sinuosity J, mean channel flow velocity
v, average water depth d, valley slope S, density of water p, dynamic viscosity of water
u, acceleration of gravity g, hydraulic conductivity K, sediment porosity 0, width of the
alluvium W, and the depth of the alluvium d.. We use the Buckingham pi theorem to
reduce the number of variables. Hydraulic conductivity, mean flow velocity, and water
density were considered as dimensionally independent variables for the analysis. There
was a total of fifteen variables including flux, the mean, and standard deviation of

residence time.
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Residence time distribution was approximated with regression models;

= = exp[XL, A; In(m)] (18)
Sﬁ; = exp|Xi-, B; In(m;)] (19)
7= = exp[Zi,; G In(m)] (20)

We conducted a linear regression analysis similar to Tonina and Buffington (2011) to
determine regression coefficients for the above-proposed equations. Relationships were
considered using forward and backward Akaike Information Criteria (AIC) method in R
software. During the regression analysis, it was observed that only some of the pi terms
have an impact on the residence time, and other pi terms could be removed from the
empirical formula. Since we have not varied valley slope in our simulations (because we
were interested in exploring the influence of meandering topography on residence time
and hence we kept other factors constant to reduce the number of simulation required),
the slope was not used in the final equation. Sediment porosity and alluvium volume were
not used in the final form. The sensitivity analysis described in chapter 4 showed that
porosity have little impact on the residence time. Hoever the hydraulic conductivity plays
an important role in controlling residence time. Since we used a sufficiently large
alluvium volume, there is no impact from the alluvium volume as well. This is because
our objective was to explore the effect of meandering topography on residence time and

hence keeping other parameters constant to reduce the number of simulations.

5.4 Results

5.4.1 Residence time distribution

Kolmogorov-Smirnov test (KS test) results were compared for possible distribution
functions for residence time distributions (Figure 5.4). We use a significance level of 0.01
to specify the most appropriate probability distribution for the residence time distribution.

In total, there were 36 numerical simulation results for the test. For a 0.01 significant level
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and 36 numerical simulations, the critical statistics value was 0.27. Our hypothesis
regarding the distribution form can be accepted if KS statistics are below the critical
value. Results (Figure 5.4) indicate that residence time distribution is log-normal, having
more than 75% of the model runs below the critical value (only run 12 and 18 show KS
statistics higher than the critical value). All the other distributions had more significant

deviations from our observed residence time distribution.

08

07 F

05 |

04 |

KS statistics

02 |

0.1 . 1

Log-normal Weibull Exponential Power law

Figure 5.4 Kolmogorov Smirnov test results for the four distributions we considered.

Variation in the mean and standard deviation of residence time distribution with different
meander wavelengths and sinuosities are shown in Figures 5.5 and 5.6. Both mean and
standard deviation of the residence time increases with the wavelength for all the
sinuosities. However, there is no pronounced relationship visible for residence times with
various sinuosities. This is further examined in Figure 5.5, which compares the variation
of mean and SD of residence time with respect to the sinuosity. Generally, when the
wavelength increases, the distance between two meander peaks increases resulting in long

hyporheic flow paths. Longer flow paths generally leads to increased residence times.
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Figure 5.5 Mean (up) and standard deviation (bottom) of the residence time with respect
to the meander wavelength. Different symbols show different sinuosities used for
simulations.

We cannot see a clear relationship between residence time and river sinuosity (Figure
5.6). There is a slight increase in the residence time with the sinuosity for the shortest
wavelengths used (7.5m and 25.7m). For all the other wavelengths, residence time shows
a decreasing pattern with the sinuosity for low sinuosities and then an increase with high
sinuous meanders. However, sinuosity does not represent direct influence for the

hyporheic residence time.

95



Chapter 5

Yo
o
LT.I _
- ° [ J
[ J [ J
- o o
£ 3 |
w L
£ m = L
P XX
°c < X A
c X F X X
g = A 3 yy A %
8 RTINS . *
c [s2) + +
(5] o
2 & + + +
-
+
§ 1 1 1 1 1 )
w
= 0.5 1 1.5 2 2.5 3 3.5
Sinuosity

+75 €257 A989 X3384 E13034 @171815

o
o
o
o
o
o
o
—
3
v 8 [ J [ J
c 8 [
% - ®e o
E 8 m
> S L] m [ | ]
e < K A
X
3 3 M X X A %
g 3 * & * b 4
Y= - L 2 +
o + + +
a o
o5 +
o
—
§ 1 1 1 1 1 J
0.5 1 15 2 2.5 3 3.5
Sinuosity
+7.5 €257 A98.9 X338.4 W 13034 ®17181.5

Figure 5.6 Mean (up) and standard deviation (bottom) of the residence time with respect
to the meander sinuosity. Different symbols show different wavelengths used for
simulations.
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5.4.2 Average downwelling flow

Average downwelling water flux represents the total water volume that comes into the
sediment bed per unit volume per unit time and unit area of the stream bed and has units
equivalent to a velocity, m/s. The model results show that average downwelling flux
shows a decreasing trend with increasing meander wavelength regardless of sinuosity
(Figure 5.7). Higher interfacial flux has been observed for the shortest wavelength (7.5m)
used in the simulations, and the flux gradually decreases with increasing wavelength. It

is also apparent that interfacial flux generally increases with the sinuosity.
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Figure 5.7 Normalised average downwelling interfacial flux (g/gmax, where gmax is the
maximum predicted average downwelling flux) with respect to the meander wavelength.
Different notations show different sinuosities used for simulations.

The model results show that for a given wavelength, average downwelling water flux
increases as the sinuosity increases (Figure 5.8). Low downwelling flux has been

observed in the straight channel.
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Figure 5.8 Normalised average downwelling interfacial flux (g/gmax, where gmax is the
maximum predicted average downwelling flux) with respect to the meander sinuosity.
Different notations show different wavelengths used for simulations.

5.4.3 Predicting downwelling water flux and residence time

We attained the following empirical relationships (equations 21, 22, and 23) for the mean
and standard deviation of the residence time and downwelling water flux using a linear
regression procedure described in section 5.3.5.2. Predicted values show an excellent

approximation with the simulated values with an R? of 0.9997 and 1 (Figure 5.9).

wo_ - w A 4 _ _H_
7% = oxp [-5:43731In 72+ 5.0970In 7= + 0.2436 In ] + 1.0342In 7= — 0.5029 In "]

(21)

SDty _ _ w L i_ u
T = exXp [ 9.51251n\/17+ 8.47081nﬁ +0.3237InJ + 1.29561nﬁ 0.55951n—pv\/1?]

(22)
C LA —12.042In % + 8359In-~ — 1.4491In/ — 2.611In—*— + 1.588In %
\/I?—exp[ . nz=+8. nzz—1 nj—2. nowtL n\/E]
(23)
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Figure 5.9 Simulated and predicted mean residence time, Standard deviation of the
average residence time, and downwelling water flux (in the log domain).
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5.5 Discussion

5.5.1 Effect of meander topography on residence time and downwelling
water flux

The results of the model simulations showed that meander morphology affects hydraulic
residence times in the hyporheic zone. For a given sinuosity, high wavelengths have high
residence times. Generally, when the wavelength increases, the distance between two
meander peaks increases, resulting in long hyporheic flow paths. Longer flow paths
generally leads to increased residence times. This effect has also been observed by Boano
et al. (2010a), indicating that large meandering rivers tent to have long residence times,
but less surface water exchange with the streambed compare to small rivers. River
sinuosity does not represent direct influence for the hyporheic residence time. In contrast,
Gomez et al. (2012) have found that increasing river sinuosity has increased residence
times in the hyporheic zone. However, similar results have been reported by Stonedahl et
al. (2013), where residence time does not follow a direct relationship with sinuosity.

When wavelength increases, it is obvious to see an increase in residence time due to the
increase in flow path lengths. However, the reduction in interfacial fluxes is more
challenging to interpret. Tonina and Buffington (2011) reported an increase in flux with
the alluvium volume of riffle-pool channels, arguing that a larger hyporheic zone volume
would develop higher hyporheic flux. In contrast, we observed reduced flux with
increasing alluvium volume. This is due to the flow resistance at the bend curvature. As
discussed in chapter 4, there are two major transport processes occurring within the
hyporheic zone of meandering rivers, lateral and longitudinal pumping. Therefore, high
wavelengths have low curvature causing reduced lateral pumping compared to
longitudinal pumping of water; therefore, a decrease in downwelling flux. This is due to
the acceleration and declaration of flow due to the curvature. Therefore, when the
meander curvature is small (small wavelengths), streamflow pump more lateral pumping
of stream water into the hyporheic zone, increasing the total sum of downwelling flux.
When the radius of curvature is large, the secondary current is small, resulting in reduced
flux into the hyporheic zone. This shows that the large rivers tend to exchange less river

water with the hyporheic zone compared to smaller rivers.

The model results show that for a given wavelength, average downwelling water flux

increases as the sinuosity increases. Similar behavior of downwelling flux with meander
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sinuosity has been reported in previous literature (Cardenas, 2009a, Stonedahl et al.,
2013). When sinuosity increases, channel length perpendicular to the channel head
gradient increases. Therefore, the inter-meander distance will occupy a more significant
head gradient resulting in higher flux into the subsurface. The lowest flux has been
observed in the straight channel. Our straight channel geometry includes a three-
dimensional alternate bars and hydraulic head gradient acting on the bed is smaller

compared to a meandering channel.

5.5.2 Predicting downwelling flux and residence time

We derived three empirical relationships to predict residence time distribution and
downwelling water flux in meandering rivers with isotropic and homogeneous alluvium.
These relationships can provide a good approximation for flux and residence time
distribution of hyporheic flow in low gradient meandering channels. Channel width,
depth, sinuosity, wavelength, channel discharge, hydraulic conductivity, and alluvium
width are the basic parameters required for estimations. These parameters can be

estimated in the field.

Estimate for average residence time (equation 18) suggest high water retention time in
the hyporheic zone and dominating biogeochemical conditions. High T would allow for
both aerobic conditions and anaerobic conditions, supporting complete biogeochemical
nitrogen reactions. However, small T could only support aerobic conditions facilitating

oxidation reactions such as nitrification and ammonification.

5.6 Conclusions

We studied residence time distribution and downwelling water flux in the hyporheic zone
of meandering rivers through a set of three-dimensional simulations. Distribution of the
residence time was approximated by a log-normal distribution. Many factors influence
the hyporheic flow, including, meander wavelength, sinuosity, river discharge, width and
depth of the river, hydraulic conductivity, and alluvium volume. We investigated the
importance of these factors in controlling the hyporheic flow characteristics. We have
considered three-dimensional channel topographies (including point bar profiles) in our
model geometry. Therefore, complex interactions, vertical flow (secondary currents), and

lateral connectivity through meander bends occur.
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The magnitude of downwelling water flux and downwelling locations are primarily
controlled by the curvature of the meander. When meander wavelength increases (high
radius of curvature), the flow turbulence at the meander bend decreases, reducing the
secondary currents through the hyporheic zone. A similar phenomenon exists for low
sinuous cases. Additionally, there is less hydraulic gradient acting on the low sinuosity

rivers, and the water pump is low.

Even though sinuosity does not directly impact on the residence time, wavelength is one
of the critical factors impacts on the residence time. Long wavelengths are associated

with long hyporheic flow paths, eventually resulting in longer residence times.

We develop three empirical formulas to estimate characteristics of residence time and

downwelling flux in the hyporheic zone of meandering rivers.
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Chapter 6: Hyporheic flow through river
meanders and implications for nitrogen

processing

6.1 Background

Dissolved organic nitrogen compounds are essential nutrients in the stream ecosystem.
Nitrate (NO3’), nitrite (NO2") and ammonium (NH4*) are some commonly found forms of
reactive nitrogen in rives (Taylor et al., 2005, Zhou et al., 2014). However, agricultural
runoffs and discharges from urban areas can increase the load of nitrogen compounds in
rivers beyond their carrying capacity (Marzadri et al., 2011). Severe effects include blue-
green algal blooms, eutrophication with excessive phytoplankton growth leading to
depletion of oxygen (Lee et al., 2006, Omnes et al., 1996) and deadly effects on quality
of drinking water for terrestrial animals and human (Cook et al., 2010, Rivett et al., 2008).
Depletion of oxygen in rivers severely affects aquatic species; for instance, massive fish
kill took place in Murray River, Australia, in 2019 due to high nutrient loads and low
oxygen levels. Massive efforts are made in Australia as well as in other countries to
mitigate the impacts of excessive nitrogen loads in rivers. Catchment-scale interventions
to reduce nitrogen delivery rates, such as the construction of riparian buffer, can be costly.
Therefore, major research and management practices are essential to promote the

processing and removal of nitrogen in streams.

Microbial processes are the primary mechanisms of reducing nitrogen loads from stream

water (Marzadri et al. 2012). The hyporheic zone, where surface-subsurface water
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exchange happens, is rich with the microbial community (Marzadri et al. 2012) and an
important location to assimilate nitrogen. Therefore, recent research focus has been on
the understanding of biogeochemical processes that occur in the hyporheic zone (Hill et
al. 1998). This exchange is controlled by both physical transport and biogeochemical
reaction kinetics (Haggerty et al., 2002, Zarnetske et al., 2012). Hyporheic zone increases
hydrologic retention time and the volume of stream water in contact with sediment biota,
enhancing biologic reactions supporting pollutant reduction and biogeochemical cycling
(Sheibley et al. 2003).

Most nitrogen removal reactions occur in an anaerobic environment. When river water
first enters the hyporheic zone, it is high in dissolved oxygen, producing an aerobic region
near downwelling areas. Under aerobic conditions, ammonification microorganisms
convert organic nitrogen into ammonium, and nitrification microorganisms convert
ammonium into nitrate. As the water travels through the hyporheic flow paths, these
oxidation reactions use oxygen as a terminal acceptor creating an anaerobic environment.
Denitrification and anammox reactions occur under an anaerobic environment. These
reactions convert nitrate into dinitrogen gas, which can escape from the river system.
Previous chapters determined that meandering morphology is an essential channel feature
for nitrogen removal reactions. There is a complex interaction between meandering
morphology and channel flow rate in controlling hydraulic residence times and

downwelling water flux in the hyporheic zone.

Given these potentially significant interactions in the riverbed, there is a lack of
understanding of how to control river bed morphology to achieve sufficient nitrogen
attenuation (Marzadri et al., 2012). For the complete transformation of ammonia and
nitrates to harmless nitrogen gas, residence time distribution and average interfacial
fluxes through the hyporheic zone are important. In this chapter, | have present how
meandering morphology impacts the nitrogen reactions, transforming ammonium and
nitrates to nitrogen gas and removing from the streambed. To address this aim, | have
considered an approach of using a dimensionless number (Da, Damkohler number),
defined as the ratio between the median residence time and the critical concentration of
dissolved oxygen below which nitrogen removal reactions occur (Marzadri et al., 2012).
We have used the numerical simulations conducted in the previous chapter when
estimating empirical relationships for the characteristics of residence time distributions

induced by river meanders.

104



Chapter 6

6.2 Median hyporheic residence time

The median hyporheic residence time, for which 50% of the solutes have a residence time
shorter than its value (which is the time when half of the solutes has left the sediment
bed), can be used as a good parameter to estimate the available time for biogeochemical
reactions (Marzadri et al., 2012, Tonina and Buffington, 2011). Figure 6.1 shows the
variation of median residence time with meander wavelength. Channel widths range from

1m to 1000m.
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Figure 6.1 Hyporheic median residence time as a function of meander wavelength.
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6.3 Damkolar number and hyporheic aerobic-anaerobic zones

Nitrogen transformation processes occurring in the hyporheic zone depend on the time
required to achieve anaerobic conditions. Therefore, a limiting residence time, 7;;,, IS
defined as the time needed to deplete oxygen concentration to a threshold value, Cy ;i
reaching anaerobic conditions. Previous literature identifies this limiting oxygen
concentration as 4mg/l (Marzadri et al., 2012). We use Marzadri et al. (2012)
biogeochemical model to define limiting residence time. This model considers
nitrification, respiration, denitrification, and nitrogen consumption by living
microorganisms. The limiting residence time, 7;;,,, assumes the following expression
(Marzadri et al., 2011, Marzadri et al., 2012).

Tl = 1 ln<CO’O>
T Kew T \Couim

Where Ky is the rate coefficients of nitrification and respiration reactions. C, , is the in-

stream dissolved oxygen concentration.

Given the importance of limiting residence time on nitrogen transformations in the
hyporheic zone, we consider dimensionless Damkohler number to evaluate prevailing
biogeochemical conditions in the hyporheic zone of meandering rivers. Therefore an
indication of the biogeochemical conditions of the hyporheic zone can be provided by the

dimensionless Damkohler number, Da (Marzadri et al., 2012).
— Tso
Da = /Tlim

Values of Da <1 indicate prevailing aerobic conditions, and Da >1 indicates that more
than 50% of the solutes are in the anaerobic conditions. The Da allows us to analyze the
redox conditions of the hyporheic zone induced by meanders as a function of meander
wavelength (Figure 6.2). In simulations, hydraulic conductivity and sediment porosity

were kept constant at 0.005 m/s and 0.34, respectively.

106



Chapter 6

100000
10000 |
——1
1000 |
1.05
a
1.2
100 |
1.5
—e—2
10 r —0—3.3

1 1 1 1 1 J
1 10 100 1000 10000 100000

A(m)

Figure 6.2 Damkohler number as a function of meander wavelengths for different
sinuosities.

Results show that meander sinuosity has less impact on the Da, hence less impact for the
redox conditions within the hyporheic zone. However, it is noticed that Da increases as
the wavelength increases showing that the areas with anaerobic conditions increase with
wavelength. For the given biogeochemical and hydraulic characteristics of the subsurface,
all channel reaches showed prevailing anaerobic conditions in the hyporheic zone. This
suggests that all the channels we considered in the study (widths >1m) are potential areas

to drive anaerobic nitrogen reactions (denitrification and ANAMOX).
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Chapter 7: Discussion

The overall aim of this research was to establish the impact of meandering morphology
and river flow rates on water flux and residence time distribution in the hyporheic zone
and to identify primary mechanisms that drive hyporheic flow in meandering rivers. This
aim was achieved through a combination of two consecutive approaches: Laboratory-
based conservative tracer experiments performed for various meander wavelengths and
channel flow rates, and numerical simulations (with numerical particle tracking analysis)
performed through a three-dimensional model. The experiment and model results
discussed in chapters 3, 4 and 5 indicate that meander morphology affects both residence
time distribution and average downwelling flux for a given stream flow rate. One of the
primary findings of my study is that meander sinuosity, and channel valley slope in
meandering rivers (which were considered as major controlling factors in previous
studies) are not the only key factors that control hyporheic exchange, but there is also a
complex interaction between meander morphology (both sinuosity and wavelength),

channel valley slope and river flow rate.

There is limited progress in understanding surface water — subsurface water exchange
processes through river meanders (Boano et al., 2010a). Solute breakthrough curves in
the tracer experiments showed that there are two stages of mixing occurring in the
hyporheic zone of meandering rivers. My model results confirmed the observed mixing
behavior, demonstrating two-directional transport of particles in the hyporheic zone; the
longitudinal movement of particles between meanders and the lateral movement of the

particle across meander point bars at the bend apex. The presence of two exchange stages
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has also been discussed by Tonina and Buffington (2007) and Salehin et al. (2004) for
riffle-pool channels, shallow (fast rates), and deep (slower rates) mixing areas in the
streambed. Shallow mixing rates are subjected to strong influence by the surface water,
and the deep mixing layer is less sensitive to the surface water. For meanders; previous
studies have explicitly reported the existence of a horizontal flow between meander bends
(Boano et al., 2006, Cardenas, 2008a, Cardenas, 2009a, Gomez-Velez et al., 2017, Revelli
et al., 2008, Stonedahl et al., 2013, Stonedahl et al., 2010) and long timescales. These
studies do not identify different hyporheic exchange rates through meandering
morphology. However, Boano et al. (2010a) report similar observations as in this work
(longitudinal and lateral exchange processes through meanders) highlighting possible
complex spatial and temporal variations of hyporheic flow (residence time distributions
and downwelling water flux), which could affect nitrogen biogeochemical processes as

discussed in section 6.2.

Longitudinal cross-meander flow is produced by the downstream hydraulic head gradient
due to the channel valley slope and the sinuosity of the river. Lateral pumping is caused
by the acceleration of river water at the meander curvature, and it is sensitive to channel
flow rate and curvature of the river. Variability in the hydraulic gradient, channel
curvature, and flow path lengths are important factors in determining the transit times and
downwelling flux through meanders. The results of this study show that lateral hyporheic
currents have higher velocities and short flow paths compare to longitudinal fluxes.
Therefore, lateral flow paths are associated with short residence times and large fluxes
compare to longitudinal flow paths. This will create different surroundings (aerobic and
anaerobic zones) for the microbial community; and hence affect the rates of

biogeochemical reactions, which is discussed in section 6.2 of this chapter.

The results of my experiments and model simulations showed that meander morphology
affects water volume and transit times in the hyporheic zone (Table 6.1). For a given
sinuosity, high wavelengths have low curvature causing a reduction in lateral pumping
compared to longitudinal pumping of water; therefore, a decrease in downwelling flux.
Further, long wavelengths have long flow paths (due to more longitudinal pumping) and
hence long residence times. This effect was also observed by Boano et al. (2010a),

indicating that large meandering rivers tent to have long residence times, but less surface
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water exchange with the streambed compare to small rivers. For a given wavelength,
sinuosity increases curvature effect on hyporheic flow resulting in higher flux into the
hyporheic zone. Similarly, previous literature reports that increasing sinuosity causes an
increase in downwelling flux due to the increased hydraulic head on the bed (Boano et
al., 2006, Cardenas, 2009a, Gomez et al., 2012, Stonedahl et al., 2013). However, my
results did not show a clear relationship between sinuosity and residence time, contrasting
with previous results by Stonedahl et al. (2013) and Gomez et al. (2012). These studies
report a decrease in residence time with increasing sinuosity. However, at very high
sinuosities, flow paths become very short (very low wavelength) and can have short
residence time. Sinuosity and wavelength, coupled with the flow path and curvature
variability, result in complex residence time distribution and downwelling flux patterns

in the hyporheic zone.

Table 7.1 Effect of meander morphology and channel flow rate on residence time and
downwelling water flux within the hyporheic zone. Green arrows show miner increase or
decrease of the parameter.

Parameter Flow path Channel Lateral Residence Flux
lengths curvature | pumping time

Wavelength T T l l T l

Sinuosity T A T T A T
Flow rate T - - T l T

Higher discharges produce comparatively rapid lateral exchange, and hence large fraction
of solutes are associated with shorter residence times. This is due to the increased
acceleration of water at the meander bend pumping lateral water currents through the
subsurface at meander apex. Increased advective pumping has been reported for flume
and studies associated with dune-riffle morphologies (Elliott and Brooks, 1997a, Salehin
et al., 2004) and riffle-pool morphologies (Tonina and Buffington, 2007, Tonina and
Buffington, 2011). But, none of the previous studies have investigated the effect of
channel discharge on hyporheic flow in meandering rivers, and assume valley slope and
meander sinuosity as the major controlling factors. Results of the sensitivity analysis
identify river discharge as the primary factor controlling downwelling water flux and a
secondary influencing factor on residence time distribution. Therefore, the effect of river

discharge cannot be ignored. These findings may be applied in stream ecosystems to
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manage biogeochemical nitrogen transformations by controlling the environmental water

delivery and flow rates.

Numerical simulations show that surface water - groundwater exchange across meanders
occurs across a broad timescale and follow a lognormal distribution. The timescale of this
exchange is sensitive to the meander morphology of the river, particularly curvature and
the length of hyporheic flow paths. This has implications for nitrogen transformation as
the above-mentioned variables control both the rate at which substrates are supplied and
the contact time with sediments in the hyporheic zone. This leads to competition between
reactant supply and demand, resulting in nonlinear dependency of reaction rates on
hyporheic flux (Chen et al., 2015). The results of this study indicate that this competition
is potentially more complex for meanders because of the impact of surface flow
characteristics and meandering morphology (wavelength and sinuosity) on hyporheic flux

and volume. This is further discussed in detail in the next section.

7.1 Effect of Meanders on nitrogen processing

7.1.1 Use of Damkdhler number

As discussed in the previous Chapter 6, Da provides an indication of prevailing redox
conditions within the hyporheic zone from the downwelling area to the upwelling area.
The use of median residence time for estimating Da implies that 50% of dissolved solutes
are in the desired redox environment. However, this does not guarantee that the channel
feature can support complete nitrogen removal reactions. Generally, stream nitrogen
loads travel through the hyporheic zone without change when Da number is small and
partially or entirely removed when Da number is large. | have re-introduced Figure 2.4
of chapter 2 to show the effect of channel size on nitrogen reactions (Figure 6.3). The

light blue area in Figure 6.3 shows Da >1 indicating prevailing anaerobic conditions.
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Figure 7.1 3 Effect of residence times of different geomorphic features on nitrogen

evolution in the hyporheic zone. Residence time on the horizontal axis denotes the travel
time of water entering the hyporheic zone, and the first vertical dashed line shows the
transition of the aerobic region into anaerobic (Da =1). Light blue area represents Da
>1; indicating prevailing anaerobic reactions.

At the start of the hyporheic flow path (low Da), stream water contains high oxygen
concentration and will support nitrification and ammonification reactions which consume
oxygen and increase nitrates in the system. This promotes denitrification reaction when
oxygen concentration depletes beyond the limiting threshold for anaerobic conditions
(Da = 1) and increased nitrate concentration. Water spends more time in the flow paths
promoting dominant denitrification reaction (and other nitrogen removal reactions) as
traveling towards the end of the flow paths (high Da) before reaching the river. However,
Zarnetske et al. (2012) observed that the denitrification does not precisely occur at the
assumed Da = 1 but at values closer to 10. This is because of the additional time required
to denitrify nitrate mass generated from the nitrification reaction. If the system has low
nitrification reaction rates, denitrification is possible at Da < 1, and on the other hand,

high nitrification reactions will shift net denitrification to much longer time scales
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(Zarnetske et al., 2012). The presence of high ammonium and organic nitrogen

concentrations would further shift denitrification time scales to higher values.

Previous studies define Da number as a simple and effective approach of investigating
systems as reaction-limited and transport-limited, enhancing the ability to identify
nitrogen behavior within the hyporheic zone of streams (Marzadri et al., 2012, Zarnetske
etal., 2012, Marzadri et al., 2016). Da number can be effectively calculated for any river
system using simple field measurements of oxygen decay rate and quantifying residence
times. This method has been used to assess biogeochemical redox potential at microzones
(Briggs et al., 2015a), bedforms (Marzadri et al., 2016, Azizian et al., 2015) and alternate
bar morphology (Marzadri et al., 2012) in the hyporheic zones.

The Damkdohler number increases with rapid dissolved oxygen utilization rates and/ or
increases in water residence times in the hyporheic zone, providing more opportunities
for denitrification reaction. Based on Da < 1, we are confident that the hyporheic zone
act as a source of nitrate to the river. However, further analysis is needed to identify
critical Da numbers for complete denitrification and for identifying equilibrium
conditions for nitrous oxide emission (due to incomplete denitrification reaction).
Previous studies provide possible ranges for Da numbers by comparison of nitrate uptake
rates and nitrous oxide emission rates applied to field and model data. Azizian et al.
(2015) proposes Da > 103 for complete nitrate removal. Removal of nitrate within the
hyporheic zone stabilises when Da > 102 which we can call critical Da, above which the
hyporheic zone act as a sink of nitrate (Marzadri et al., 2012). According to (Marzadri et
al., 2012) model predictions, nitrous oxide production rates peak at Da = 5. This implies
that the hyporheic zones can act as sink of nitrate and nitrous oxide when Da > 5.
However, this will depend on the availability of dissolved oxygen, nitrate, ammonium

and organic nitrogen in stream water as discussed above.

| advocate that critical Damkohler numbers (for peak nitrous oxide production and
complete denitrification reaction) must be established by considering the time to reach
equilibrium nitrous oxide and nitrate concentration rather than the time to reach limiting

oxygen concentration (z;;,)-
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7.1.2 Effect of meandering morphology on hyporheic nitrogen removal

Results of this study show that wavelength increases the potential of denitrification
reaction by enhancing the available anaerobic area within the hyporheic zone. However,
sinuosity is less sensitive in determining aerobic — anaerobic redox potential within the
hyporheic zone. It was observed that all river reaches (A = 7.5m and W > 1m) used in
the study could facilitate anaerobic nitrogen removal reactions, but this does not ensure
If these can support the full transformation of nitrate and ammonia into nitrogen gas. Da
numbers range from 20 to 3000, which are relatively large. | have analyzed simulated Da

numbers for the critical values that were identified from literature (Figure 6.4).
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Figure 7.2 Damkohler number as a function of meander wavelengths for different
sinuosities and critical Damkéhler numbers for peak nitrous oxide production and
complete denitrification reaction.

Figure 6.4 indicates that all meander morphologies (A = 7.5m and W > 1m) are
associated with high Da numbers beyond the critical value for peak nitrous oxide
production, and consequently, the hyporheic zone act as a sink for nitrous oxide. Previous
results show that complete nitrogen removal is possible in rivers with wavelengths above
11m, according to the observed nitrate removal rates in Marzadri et al. (2012). Similarly,
the critical wavelength of 600m will be required to achieve complete nitrate removal with
respect to the Da number reported in Azizian et al. (2015). However, rethe duction in

nitrate loads relative to in-stream concentration reduces with steam flowrates.
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As discussed in chapter 4, there are two important processes occurring within the
hyporheic zones of meandering rivers, lateral pumping, and longitudinal pumping.
Lateral pumping of water at the meander neck (fluvial HE) was observed to have short
flow path length and higher velocities compared to longitudinal flow through intra-
meanders (Floodplain HE). Therefore, it is essential to quantify residence time
distributions and the magnitude of downwelling fluxes for each of the hyporheic
processes to understand the combined effect that meanders could have on nitrogen fate
and transport. | hypothesize that fluvial HE will produce nitrate and nitrous oxide masses,

while floodplain HE generates a full transformation of nitrates and ammonia into nitrogen

gas (Figure 6.5).
Floodplain HE (hir D7 i
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Figure 7.3 Interaction of transport processes and Damkohler number in estimating
nitrogen source and sink functionality within the hyporheic zone of meandering rivers.

Overall, the results of this research suggest that meandering morphology is an important
feature in the river ecosystem. Additionally, the hyporheic zone can also be a source or a
sink of nitrate depending on other parameters such as demand for biological nitrogen,
availability of required substrates, and abiotic factors such as pH and temperature.
Therefore, more research is needed to understand the combined effect of these parameters

on nitrogen fate and transport processes.
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Chapter 8: Conclusions

This research aims to understand hyporheic flow behavior in meandering rivers as an
important ecosystem mechanism of removing excess nitrogen loads in rivers. Mainly |
looked at flux and residence time of solutes in the hyporheic zone through meandering
morphology. | conducted laboratory flume experiments and numerical modeling to study
the effect of flow and morphology characteristics in modifying flux and residence times

of solutes in the hyporheic zone.

The results of this research show that there are two significant mechanisms driving
hyporheic flow through meanders; 1). Longitudinal flow caused by channel slope at the
scale of meander wavelength and 2). lateral flow caused by surface water acceleration
due to the curvature of the channel at the scale of channel width. There is a complex
interaction between meander wavelength and sinuosity in controlling these two processes,
as discussed in chapters two and three. The experimental results suggest that residence
time is sensitive to the length of the hyporheic flow path; increasing wavelength increases
length scale and hence increase in residence time; sinuosity does not effectively increase
or decrease length scales or vary the residence times. However, flux is sensitive to the
curvature of the meandering stream; high sinuosity increases the curvature resulting in
higher water flux into the hyporheic zone; increasing wavelength decreases curvature
effect and also decrease in flux. This study also demonstrates that flux and residence times
of solutes are dependent on river flow rates. We advocate that future research must be
directed to conduct more intensive field experiments to advance our understanding of the
role of meandering morphology in controlling flux and hydraulic residence times in the

hyporheic zone.
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8.1 Research Outcome and recommendations

My research explores a critical knowledge gap in understanding a large-scale channel
feature (meandering morphology) and its flux and residence distribution, which were less
understood in hyporheic literature but are very important for nitrogen biogeochemical
cycling in rivers. This study presents the first-ever laboratory examination of solute
transport through meandering streams. Another novel feature of my research
methodology is the development of an experimentally validated three-dimensional model
to examine hyporheic flow in the hyporheic zone. My thesis proposes three empirical
relationships to predict downwelling water flux and characteristics of residence time
distribution (mean and standard deviation) for low gradient meandering streams with
widths ranging from 1m to 1000m. Thus, these empirical relationships can approximate

the retention of solutes in the hyporheic zone without the need for a numerical model.

Even though the focus of this study is on nitrogen removal, these findings can be
potentially applied in investigating the fate and transport of other waterborne
contaminants. The outcome of this research could be used to inform river and catchment
management authorities to improve the ecosystem services provided by rivers, thereby
providing improved natural mechanisms of the environment as well as extending current
knowledge to include more biogeochemical processes happening in the hyporheic zone.
This study extends the existing knowledge in the science supporting improved river
management solutions by exploring if we can use the hyporheic exchange as a future

ecosystem engineering tool to protect our rivers from excess nitrogen.

8.2 Recommendation for future research

Laboratory flume and numerical experiments carried out in this study were for ideal
meandering morphology, which does not accurately represent the real-world river
systems. Therefore, the developed numerical model should be tested against the field
observed morphology for its application in catchment management practices. Therefore,
this approach could potentially be expanded, using field-specific parameters such as

morphology, streamflow conditions, and sediment characteristics.

In this study, we did not vary sediment properties and alluvium volume, which are also

major influencing factors, as identified in previous literature (Tonina and Buffington,
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2007). Using different sand material with varied grain size distribution would enhance

further understanding of water transport in the subsurface.

We used a smaller number of tracer experiments without replication due to time and
resource constraints, which might have potentially led to some uncertainties in tracer
breakthrough curves. Therefore, | believe that future research must be done with more
intensive laboratory and field experiments to increase our understanding of hyporheic

flow processes through river meanders.
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Appendix

Supplementary materials for Chapter 4

Table Al: Taguchi design of numerical simulations for sensitivity analysis

1 2 3 4 5 6 7 8| 9

K \Y Theta Slope W/D | Wa | Da

1] 11 3| 2.00E-04 | 0.01 0.3 0.005 10| 15| 5
2] 1.1 3| 2.00E-04 | 0.01 0.35 0.008 15 3] 10
3] 11 3| 2.00E-04 | 0.01 0.4 0.01 20| 45| 15
41 1.1 6 | 5.00E-04 | 0.08 0.3 0.005 10 3] 10
5/ 11 6 | 5.00E-04 | 0.08 0.35 0.008 15| 45| 15
6| 1.1 6 | 5.00E-04 | 0.08 0.4 0.01 200 15] 5
7] 11 12 | 6.00E-03| 0.4 0.3 0.005 10| 45| 15
8] 1.1 12 | 6.00E-03| 0.4 0.35 0.008 15| 15| 5
9] 1.1 12 | 6.00E-03| 0.4 0.4 0.01 20 3] 10
10| 15 3| 5.00E-04| 0.4 0.3 0.008 200 15] 10
11| 15 3| 5.00E-04| 0.4 0.35 0.01 10 3] 15
12| 15 3| 5.00E-04| 04 0.4 0.005 15| 45| 5
13| 15 6 | 6.00E-03 | 0.01 0.3 0.008 20 3] 15
14| 15 6 | 6.00E-03 | 0.01 0.35 0.01 10| 45| 5
15| 15 6 | 6.00E-03 | 0.01 0.4 0.005 15| 15| 10
16| 15 12 | 2.00E-04 | 0.08 0.3 0.008 200 45| 5
17| 15 12 | 2.00E-04 | 0.08 0.35 0.01 10| 15| 10
18| 15 12 | 2.00E-04 | 0.08 0.4 0.005 15 3] 15
19| 2.0 3| 6.00E-03 | 0.08 0.3 0.01 15| 15| 15
20| 20 3 | 6.00E-03 | 0.08 0.35 0.005 20 3] 5
21| 20 3 | 6.00E-03 | 0.08 0.4 0.008 10| 45| 10
22| 20 6| 2.00E-04| 0.4 0.3 0.01 15 3| 5
23] 2.0 6| 2.00E-04| 0.4 0.35 0.005 20| 45| 10
24| 2.0 6| 2.00E-04| 0.4 0.4 0.008 10| 15| 15
25| 2.0 12 | 5.00E-04 | 0.01 0.3 0.01 15| 45| 10
26| 2.0 12 | 5.00E-04 | 0.01 0.35 0.005 20| 15| 15
27| 2.0 12 | 5.00E-04 | 0.01 0.4 0.008 10 3] 5
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